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Summary

In the present power delivery environment, both end-users and network operators have
become increasingly concerned about the quality of supply. Because of an enormous
increase of micro- and power electronic applications, modern electrical equipment and
controls have become highly dependent on the deviations of the supply voltage, and
energy users are highly dependent on the quality of supply delivered to them. Many
industrial and commercial customers often have equipment that are sensitive to power
disturbances, and, therefore, it is more important to understand the quality of supply being
provided. When the proper supply voltage is not delivered, electrical devices may
malfunction, fail prematurely or not operate at all. End-users have increased their
awareness on voltage quality and they are challenging the network operators for getting
appropriate information and better quality of supply delivered to them. The regulatory
body also requests the network operators to provide information on the actual voltage
quality levels.

System performance analysis is usually an issue for a network operator. To deal with the
growing pressure from the customers and regulatory body, the network operators have to
be aware of the quality of the supply in the networks. The growing interest in voltage
quality has demanded the network operators to install more monitoring tools for
measuring more data continuously. This has enabled network operators to get enough
information about the overall quality of supply at different voltage levels, and to provide
the customers and regulatory agency with appropriate information on the actual voltage
quality levels. Voltage quality monitoring is also useful to check customer complaints and
to verify if there is any link between the reported complaints and voltage quality limits.

From global and national point of view, voltage dip is one of the power quality (PQ)
problems that causes large inconveniences and major financial losses for industrial and
commercial customers. In the Netherlands, voltage dips are continuously monitored in the
HV- and MV-networks and the customers are provided with annual reports. However, no
indicative reference (maximum limit) on the acceptable number of voltage dips has been
defined in the grid code. The customers, therefore, face challenges to make economic
analysis to choose appropriate mitigation methods for reducing the expected economic
damages caused by voltage dips. Recently, there has been a growing interest from the
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Dutch regulatory body to include a limit for voltage dips in the national grid code and this
PhD project aims to develop a proposal on voltage dip regulation for the Dutch MV-
networks. This doctoral dissertation therefore examines the following central research
question: Where is the most optimal PQ-meter placement for monitoring voltage dips in
the MV-networks; and which method can be used for estimating the impact of different
types of voltage dips on aggregated customers and for building a voltage dip regulation
proposal for the Dutch MV-network?

To answer the research question, the necessary results obtained using approaches of
computer simulations for a developed network model, analysis of practical field
measurement data and laboratory experiments are presented in different chapters of this
thesis.

The characteristics of voltage dips, with more emphasis in the MV distribution network,
is explored in Chapter 2 using computer simulations and based on the statistical failure
rates of network components and probability of faults distribution. For the modelled
generic MV-network, the frequency and severity of voltage dips are estimated at different
points of connections (POCs). The main contributions of this chapter are the comparative
studies performed to find the most optimal PQ-meter placement for monitoring voltage
dips in the MV-network, and to analyze the effect of network modifications (such as
changes in protection schemes, applications of coils and distributed generators) on the
frequency and severity of voltage dips at a particular POC and on the choice of PQ-meter
placement.

In Chapter 3, datasets of voltage events (voltage waveforms with high time resolution)
collected from the PQ-meters in several Dutch MV-networks measured over long period
are used to assess the frequency and characteristics of voltage dips occurring in the
networks. The detection, characterization, classification and presentation dips from the
recorded waveforms are described in several literature and standards. Even though the
assessment technique has existed for many years, Chapter 3 contributes to treating
different types of dips separately and applying aggregation techniques for representing
multiple-dips by a single dip for the customer reports or regulatory purpose. It is noticed
that multiple-dips are common in the Dutch networks and the use of an aggregation
technique with such events has reduced the average numbers of dips related to phase-to-
ground and phase-phase voltages by 45% and 15% respectively. Besides, it was also
necessary do the detailed assessment as the obtained results are needed in the succeeding
chapters (Chapters 4 — 7).

The behaviors of industrial equipment commonly sensitive to voltage dips are described
in Chapter 4 based on results obtained from laboratory experiments. One of the aspects
that define the effect of a voltage dip on a process is the robustness of equipment that
make up the process. For a simple process, voltage-tolerance curves of the equipment
within the process are compared with the sensitivity of the process at the same test
conditions for analyzing the weak link component and for checking if the process dip
immunity is always governed by the immunity of the weakest link component in the
process. The equipment and process performances are also evaluated and compared
against the voltage dip parameters from practical field measurement data.
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Industrial processes are usually composed of several equipment and many customers of
different category are connected to the MV distribution networks. The effect of voltage
dips on the combined customers is, therefore, more complicated than the equipment dip
immunity requirements specified by some industrial and national/international standards.
An approach for estimating the impact of voltage dips on the aggregated customers
connected to the MV distribution networks is described in Chapter 5. The approach
considers the change of power for all customers connected to the MV-network between
the pre-dip and post-dip event. Based on the weighted average of the relative loss of power
for the aggregated customers, the estimation method is extended to obtain weighting
factors representing the system average severity indices for various types of voltage dips.
The obtained indices show a strong correlation between the severity of voltage dips and
their impact on aggregated customers. That is, the relative loss of power and thus the
impact on the combined customers increases when the dip gets deeper and longer; and the
impact even gets worse when more phase-phase voltages are affected in the MV-network.

The difficulty of assessing the economic losses caused by voltage dips is still a challenge
both for the network operators and the customers. Two approaches of estimating the
economic impact of voltage dips relative to that of a complete interruption are elaborated
in Chapter 6. In the first approach, a methodology based on equipment sensitivity analysis
is demonstrated for estimating the economic impact of voltage dips in a fictitious
industrial facility. The composition of process equipment (tested in Chapter 4), and their
behavior and interaction against various types of voltage dips are considered for obtaining
the plant-specific sensitivity indices; and this can easily be applicable in small industries.
In the second method, the system dip severity indices obtained using the weighting factor
method (in Chapter 5) are translated into a matrix of coefficients for making a rough
economic loss estimation at a network-level.

In Chapter 7, a proposal on voltage dip regulation is developed for the Dutch MV-
networks. When building the proposal for the regulatory purpose, different aspects
including the frequency and severity of voltage dips occurring in the networks, the
propagation of voltage dips, the classification of voltage dips, the aggregation of multiple-
dips, and the effect of voltage dips on customers are taken into account. Based on system
severity indices of dips, the weighting factor method is applied to make different clusters
of voltage dips that define the responsibility-sharing of different parties involved in the
delivery and usage of power. Because of the limited number of voltage dips occurring
yearly, it is recommended that the maximum limits on the number of dips for the clusters
are set and updated based on the historical performance of the networks in several years.
For the network operators, this proposal can be important for evaluating the quality of
supply in the grid, and for investigating the source of the disturbance and improving the
supply voltage when the value is below the indicative minimum requirement. For the
customers, this is useful to make economic analysis on the required mitigation measures
for reducing the expected economic damages due to voltage dips.

Finally, Chapter 8 summarizes the main findings of this dissertation. The main
conclusions from this thesis are the following:
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It is found that a PQ-meter at the main MV busbar sees relatively higher number
of voltage dips than at any other POCs of the feeder, and this can be considered
as the most optimal meter placement for monitoring voltage dips in the MV-
networks. The choice of optimal monitor placement is also hardly affected by
the future network modifications.

It is shown that the number and severity of voltage dips assessed for the
customer reports or regulatory purpose can be significantly affected by the
location of monitors, the type of monitor connection, and the method of
aggregation with multiple-dips. Applying the proposed aggregation method
with multiple-dip events over all monitoring locations has reduced the average
numbers of dips related to phase-to-ground and phase-phase voltages from 27
and 10 dips per year to about 15 and 8.5 dips per year.

It is shown that the process dip immunity can be significantly affected by the
types of dips and loading conditions. In most cases, the equipment with the
shortest process immunity time (PIT) is also found the weakest link component
within the (tested) process. However, the actual PIT and voltage dip immunity
of the process can be different from the PIT and voltage dip immunity of the
weakest link component in the process.

A new approach for estimating the impact of voltage dips on the aggregated
customers connected to the MV-networks is proposed. Based on the approach,
it is found that the relative loss of power and thus the impact on the combined
customers becomes higher when the dip gets deeper and longer; and even gets
worse when more phase-phase voltages are affected in the MV-networks.
Moreover, the proposed approach is applied to obtain system severity indices
(or weighting factors) which are very useful for estimating the economic loss
of voltage dips and for setting voltage dip limits in the MV distribution
networks for the regulatory purpose.
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Introduction

1.1 Background

Historically, the quality of supply was determined mainly based on the reliability of the
network. In the delivery of power, electrical networks supplying energy without being
interrupted too frequently were considered to sustain sufficient quality. With the increase
of micro- and power electronic applications in highly automated industrial processes over
the years, energy users have become highly dependent on the quality of supply delivered
to them. As a result, there has been a transition of interest towards the quality of supply
which both the network operators and the customers are more and more interested mainly
because:

e Equipment that are sensitive to voltage disturbances in the electrical system can
significantly affect the proper operation of modern industries. Because of the huge
costs, industrial customers have become less tolerant of the incorrect operation of
equipment and poor quality of supply [1-3].

e End-users have increased their awareness on voltage quality. They are challenging
the network operators for the appropriate information and better quality of supply
delivered to them. This has increased the need for more PQ indicators and for better
regulation [4, 5].

1.1.1 Definition of power quality

In a global term, power quality (PQ) is defined by the International Electrotechnical
Commission (IEC) in the standard IEC 61000-4-30 [6] as:

“Characteristics of the electricity at a given point on an electrical system, evaluated
against a set of reference technical parameters”.

The characteristics of the electricity are related to both voltage and current which need
to be satisfied by the supplier and the users. The reference parameters refer to the limits
for both quantities which are defined in several standards. Without the proper supply
voltage, electrical devices may malfunction, fail prematurely or not operate at all leading
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to significant inconveniences and large amount of financial losses for the (industrial)
customers.

1.1.2 PQ related complaints and costs

PQ is an important issue for electricity consumers at all levels of usage, particularly for
industrial and commercial sectors. As the quality of supply deteriorates below the limits
in the standards and requirements in the contract, it may cause financial and technical
problems to the customers. The network operators control the quality of supply in the grid
and customers report their complaints to the network operator when they receive poor
voltage quality at their points of connection (POC). Figure 1.1 shows an overview of the
sources of PQ problems leading to the complaints received by Continuon (currently
known by Liander), a grid operator in the Netherlands, during 2002-2005 [4]. Low voltage
problems (56%) followed by the flickering (36%) are the main causes of complaints for
domestic customers. For customers with a contracted power of more than 50 kVA,
flickering is the leading cause of complaints (53%) followed by low voltage problems
(41%).

= Low voltage = Low voltage
= Flickering = Flickering

High voltage High voltage

= others = others

@

Figure 1.1: PQ complaints [4] — (a) domestic customers, and (b) contracted customers.

In general, the survey in the Netherlands shows that flicker and low voltage problems
are the main cause of customer complaints. However, all the reported complaints may not
always be a violation of the standard limits and the grid operator should check if the
voltage quality is insufficient, in accordance with the standards and contracts, and if there
is any link between the reported complaint and the voltage quality limits. For these
reasons, PQ monitoring programs have been implemented by the grid operators to obtain
more information about the quality of supply and to provide customers with sufficient
information.

During the delivery of power to the customers, a PQ problem originating at one part
of the network can also propagate to other parts of the network leading to damage of
capital-intensive appliances, safety concerns, loss of reliability and above all a huge
economic loss to industrial and commercial customers. Figure 1.2 shows an overview of
percentage share of costs associated with different PQ disturbances in the Netherlands and
in the EU-25 countries.

As described in [7] and indicated Figure 1.2(a), most of the cost to PQ problems in the
Netherlands are related to the voltage dip problems (48%) followed by harmonics
problems (22%). According to the survey report by the Leonardo PQ initiative team
conducted on 62 companies from different industrial and service sectors in the EU-25
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countries during 2003-2004, PQ problems caused a financial loss of more than 150 billion
Euros per year [3]. It was also found that about 90% of the total financial losses accounted
for the industries. As it can be seen in Figure 1.2(b), about 56% of the total financial loss
in the EU-25 countries is also because of voltage dips and interruptions, while 28% of the
costs are because of transients and surges. PQ problems including harmonics, flicker,
earthing and other EMC related problems only account for 16% of the total financial
losses in the EU-25 countries.

= Voltage dips = Voltage dips

= Harmonics = Harmonics

= Flicker = Transients&
= Transients . ?rlitregrerfjptions
= Earthing = Other

= Other

Figure 1.2: Share of costs for PQ problems in — (a) the Netherlands [7], and (b) EU-25 countries [3].

It can be noted that the level of PQ cost is not directly proportional to the frequency
of customer complaints on the PQ disturbance. This can be seen from the flicker problem
to which customers complain most (Figure 1.1) but its share of the economic impact is
low (Figure 1.2). From the surveys, voltage dips and interruptions are PQ problems which
have high economic impact on the customers. These PQ problems mostly originate from
the grid and the grid operators can influence these phenomena.

1.2 Voltage variation and voltage dips

In different European countries, the National Regulators use the Standard EN 50160 [8]
as a basis to describe the expected quality of the supply. The standard gives an overview
of most voltage quality disturbances and sets limits or indicatives for many of them.
According to the Dutch national grid code, which is also based on the standard EN 50160,
the slow supply voltage variations at the point of connection of an MV ! distribution
system is considered as normal operation when 95% of the ten minute average RMS
values during each period of one week are within +/- 10% of the nominal voltage, and all
ten minute average RMS values are within +10%/-15% of the nominal voltage. The
sudden and significant deviations of the supply voltage from the normal value are treated
as voltage events and indicative values are given in the EN 50160. Because of changes in
the system parameters following a disturbance, the voltage level may exceed these limits
or indicative values and this can lead to voltage quality problems.

1.2.1 Voltage-level related problems

Figure 1.3 shows various voltage quality problems related to the deviation in the voltage
levels with focus on voltage dips. Events shorter than % cycle in duration are considered
as transients while events with magnitudes of RMS voltages below the lower threshold

1 Value for phase-to-phase nominal RMS voltage is between 1 kV to 36 kV.
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(Upt) value are considered as interruptions. In the EN 50160 [8] and IEC 61000-2-8 [9],
5% of the nominal voltage on all phases of a polyphase system is considered as the lower
threshold value while 10% of the nominal voltage on any phase is used in the IEEE 1159
[10]. Voltage swell happens when the RMS voltage at a point in the electrical supply
system temporarily increases to above 110% of the reference voltage for a duration
ranging from % cycle to 1 minute, and becomes an overvoltage when this is maintained
for longer than 1 minute. When the remaining voltage is maintained at less than 90% of
the nominal and for longer than 1 minute, the problem is classified as an undervoltage.
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Figure 1.3: Power quality problems related to voltage magnitude events [8-10].

1.2.2 Voltage dip definitions
In several standards [8-10], a voltage dip (sag) is defined as:

“A temporary reduction of the RMS voltage at a particular point on an electricity supply
system below a specified dip start threshold followed by its quick recovery to the dip end
threshold after a brief interval™. It is a two dimensional electromagnetic disturbance the
level of which is determined by magnitude of the remaining voltage and duration.

The dip magnitude refers to the remaining voltage between the upper and lower
threshold limits. The upper threshold limit separates the event from the allowed normal
operating voltage and the lower threshold limit defines a voltage dip from interruption.
These threshold limits are defined in the standards [8-10] usually expressed in percentage
or per-unit relative to the reference voltage or nominal voltage or declared voltage. As
with the dip magnitude, all power-quality standards define dip duration with regards to
the upper and lower limits which are determined by the moments of dip start threshold
and dip end threshold respectively. The upper limit is the longest allowed duration of a
voltage reduction event for which it can be still identified as a voltage dip and this
separates voltage dip events from undervoltage events. The lower limit is the shortest
duration of a voltage disturbance that can be termed as a voltage dip and this separates
voltage dip events from voltage transient.

In all PQ standards, a voltage event is counted as a dip when the remaining voltage
magnitude is between the upper and lower thresholds during a period of % cycle to 1
minute. For a polyphase system, the dip magnitude is the lowest value of RMS voltage in
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all phases and the dip duration is the interval between the instant at which the RMS voltage
for any phase falls below the start threshold and the instant at which the voltages in all
phases rise to the end threshold. According to the standards EN 50160 [8] and IEC 61000-
2-8 [9], an event in polyphase systems is treated as an interruption when the voltage on
all phases falls below 5% of the reference voltage (otherwise, it is considered to be a dip).

Typically, a voltage dip is associated with the current increase on the system or
installations during short-circuit faults mostly occurring in the grid, connection of heavy
loads (such as big motors), or excitation of high-power transformers [1, 4, 11]. An
example of simulated dip event affecting the two phase voltages is plotted in Figure 1.4.
The dip is caused by a phase-to-phase fault created at a busbar 2 km away from the
observation point in the 10 kV network detailed in Section 2.4. The upper plot shows the
instantaneous voltages as a function of time and the lower plot shows the RMS voltages
of the three phases (represented by solid, dashed and dotted lines) calculated using half-
cycle sliding window. The dip is characterized by a magnitude of 0.45 pu and duration of
300 ms obtained from the RMS voltages.
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Figure 1.4: Example a simulated voltage dip in two phases — (a) Instantaneous voltages, and (b) RMS voltages.

1.3 Research objectives

In the Netherlands, voltage dips are monitored and there has been a growing interest from
the regulatory body to include a limit for voltage dips in the national grid code. This PhD
project is initiated by the Dutch network operators and aims to develop a regulatory
framework regarding voltage dips in the MV-networks. To achieve this objective, the
main research questions are formulated as follows:

e  Where is the most optimal PQ-meter placement for monitoring voltage dips in
the MV-networks? How will the monitor connection, transformers between the
monitor and end-users, and aggregation techniques of multiple-dip events affect
the assessment and reporting of voltage dips for customers?
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How can industrial customers utilize information of equipment and process
sensitivities against voltage dips for analyzing the weak link component of a
process and for estimating the expected economic losses in their facilities due to
voltage dips?

How can the impact of voltage dips on the aggregated customers be estimated?
In what ways can the severity of voltage dips be correlated with their impact on
all customers connected to the MV-networks? How can the system dip severity
indices be estimated for various types of voltage dips and applied for estimating
the economic impact of voltage dips?

How can the dip severity indices (also called dip severity weighting factors) be
applied for making a voltage dip regulation proposal, and which information
needs to be considered in the setting of voltage dips limits in the MV-network
for the regulatory framework?

Research approach

To achieve the main objectives, the research is approached in the following order:

Stochastic analysis of voltage dips: An MV-network with isolated system
grounding is modelled using DIGSILENT PowerFactory and the method of
stochastic analysis is applied to find the most optimal PQ-meter placement for
monitoring voltage dips in the MV-networks. Using input data about the network
parameters and fault statistics, the expected frequency and severity of voltage
dips are estimated at different points of connections (POCs) and comparative
studies are made based on several simulations. Computers simulations are also
performed to analyze the effect of network modifications (such as changes in
protection schemes, applications of coils and distributed generators) on the
frequency and severity of voltage dips at a particular POC and on the choice of
PQ-meter placement.

Statistical assessment of voltage dips: Datasets of voltage events (voltage
waveforms with high time resolution) collected from several MV-networks
measured over longer period are used to assess the frequency and characteristics
of different types of voltage dips occurring in the Dutch MV-networks. Different
methods of aggregation are described for representing multiple-dip events by a
single dip per event for customer reports or regulatory purpose and different
types of voltage dips are treated separately. Besides to this, an approach for
estimating the impact of voltage dips on the aggregated customers connected to
the MV-networks is described based on load changes from the field measurement
data. Taking the frequency and severity of voltage dips affecting the end-users
into consideration, system severity indices (or weighting factors) are obtained
for various types of voltage dips.

Experimental tests on the voltage dip immunity of devices: To investigate the
effect of different voltage dip parameters on industrial equipment, immunity tests
are conducted on several equipment and on a simple process. A short survey was
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conducted on 11 Dutch industrial customers to get better insight into the
equipment that are commonly sensitive to voltage dips and causing problems in
their industries. For a simple process, voltage-tolerance curves of the equipment
that make up the process are compared with the sensitivity of the process at
similar test conditions. This helps to analyze the weakest link component of the
process and to compare the voltage dip immunity of the process with the voltage
dip immunity of the weakest link component within the process. This is also
useful for evaluating and comparing the equipment and process performance to
field measured data. From the behavior and interaction of the tested equipment,
an approach based on equipment sensitivity analysis is described for estimating
the economic impact of voltage dips in a fictitious industrial facility.

e Voltage dip regulation: Information of voltage dips data along with the system
severity indices, obtained using the weighting factor (WF) method based on the
loss of power for the aggregated customers in the MV system, are used for
building a proposal on voltage dip regulation.

1.5 Thesis outline

As graphically depicted in Figure 1.5, this thesis consists of three major parts which are
described in Chapter 2 through Chapter 7. The first part of the thesis focuses on studying
the characteristics of voltage dips in the distribution networks based on stochastic and
statistical analysis. The second part of the thesis deals with the impact of voltage dips on
end-user equipment and processes. This also covers the economic impact of voltage dips
on customers. The last part of the thesis is about a voltage dip regulation proposal for the
Dutch grid code. When building the proposal for the regulatory framework, different
aspects including the frequency and severity of voltage dips occurring in the networks,
the propagation of voltage dips, classification of voltage dips, aggregation of multiple-
dips, and the effect of dips on individual devices and on the aggregated customers are
taken into account along with the responsibility-sharing of different parties involved in
the delivery and usage of power.

The content of each chapter, after the introductory chapter (Chapter 1), is as follows:

Chapter 2: This chapter provides an insight into the probabilistic voltage dips estimation
using the fault positions method. Based on the input data of the network parameters and
assumptions about the reliability of the network components, an MV-network is modelled
using DIGSILENT PowerFactory and computer simulations are performed to estimate the
number and severity of voltage dips at different POCs. This chapter describes the
propagation of voltage dips caused by different types of faults to the LV-network. It
presents comparative studies on the optimal meter placement for monitoring voltage dips
in the MV-networks. Furthermore, the effect of network modifications (such as change of
protection schemes, application of coils and distributed generators) on the expected
number of voltage dips at a POC and on the choice of meter placement are also explored.

Chapter 3: This chapter focuses on several important aspects regarding monitoring data
of voltage events in the Dutch MV-networks, including the detection, characterization,
classification and reporting of voltage dips. Effects of the type of monitor connections and
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transformers between the monitoring locations and end-user equipment terminals are
taken into account when assessing the number and severity of various types of voltage
dips affecting end-user. Different aggregation techniques are described to avoid multiple-
dip events occurring within short-intervals from counting several times.

Chapter 1
Research background, Research
objectives and Approaches

Chapter2 & 3
Assessment of voltage dips frequency
and severity in the MV-networks

\ 4 \ 4
~Chapter2 Chapter 3
Stochastic voltage dips estimation, Monitoring voltage dips, Assessment of
Optimal monitor placement, and effects field measurement data, and Multiple-dips
of network modifications aggregation techniques

Chapter 7
Voltage dip regulation proposal for the
Dutch MV distribution network

Chapter 8
Conclusions, Contributions and
Recommendations

Figure 1.5: Thesis outline.

Chapter 4: In this chapter, several laboratory tests are conducted to study the equipment
dip immunity. The effects variations in voltage dip parameters on the ride-through
capabilities of devices commonly used in industries are studied. Using a simple process,
the equipment sensitivities are compared with the process sensitivity against the same
disturbance parameters to demonstrate the behavior and interaction of individual
equipment that make up the process. The voltage-tolerance curves of the equipment and
process are compared to check if the process dip immunity is governed by the immunity
of the weakest link component in the process. Moreover, the performance of the tested
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process is described by comparing the severity of voltage dips from field measurements
with the voltage-tolerance curves of the process under different conditions.

Chapter 5: A new approach for estimating the impact of voltage dips on the aggregated
customers connected to the MV distribution networks is proposed in this chapter. Using
monitoring data from several MV substations during several period of years, the
estimation approach is extended to obtain system severity indices for various types of
voltage dips. The correlation between the severity of voltage dips and the obtained
severity indices is also explored in this chapter.

Chapter 6: This chapter presents two approaches of estimating the economic impact of
voltage dips. Sensitivity indices and severity weighting factors, obtained from the
equipment sensitivity analysis of a facility and from the relative impact of voltage dips on
the aggregated customers, are described for evaluating the expected economic losses
caused by voltage dips relative to that of an interruption.

Chapter 7: In this chapter, a voltage dip regulation proposal based on weighting factors
is developed for defining different clusters for various types of voltage dips and for setting
limits on the expected number of dips for the regulatory framework. The proposed method
is also compared with another approach based on equipment dip immunity levels.

Chapter 8: Main findings and contributions of the thesis work are summarized in this
chapter, and several recommendations for future research are presented.






Stochastic analysis of voltage dips

2.1 Introduction

The voltage dip performance of electric networks can be evaluated by simulation or by
measurement. With the simulation approach, which is also called probabilistic approach,
the method of fault positions is used. With the help of computer simulation, electric
networks can be modelled and various types of faults can be considered at numerous
locations throughout the network to obtain the expected number of voltage dips. The
overall accuracy of the result depends on input data of the network model and assumptions
made about the reliability of network components. The network model data comprises all
parameters relevant to the network components, like the type and size of transformers,
cables, loads, etc., and these data are obtained from the manufacturer specifications. The
network reliability data deals with the failure probability of network components and fault
distributions in the electric networks, and these values are obtained from observations on
the behavior of components over several years in the past. Because of the changes of
maintenance methods, the developments of new types of components, and variations of
different activities by the third-party, the component failure-rate and fault-frequency
values of the next years can be different from the previous years, leading to uncertainties
about the network reliability data. Taking the uncertainties into account, the simulation
approach can be used to assess the voltage dip performance of electric networks,
especially with networks that have no continuous monitoring tools installed. The main
advantages of using simulation approach are:

e To study the expected performance of electric networks that have no installed
continuous monitoring tools,

e To estimate the expected performance of present networks instantly unlike to the
field measurement approach which needs continuous measurements for a long
time,

e To integrate the dynamic nature of network modifications (e.g. change of
protection scheme, introduction of DGs, application of coils, adding new feeders,
etc.) and to obtain indicative results about the possible future problems in the
network that helps to make scenarios of the supply performance of electric
networks for future planning,

11
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e To observe the performance of customers’ points of connections (POCs) that are

far away from monitoring points,

e To compare different points of observations in order to find the most optimal

placement of monitoring.

In this chapter, the characteristics of voltage dips caused by balanced and unbalanced
short-circuit faults are studied using the method of symmetrical components. The
propagation of voltage dips from one point to another and the transfer of dips from the
MV-network to the LV-network are discussed. Then, a generic MV-network is modelled
using DIGSILENT PowerFactory and computer simulations are performed to determine
the expected frequency and distribution of voltage dips at a POC. Comparative studies are
made for finding the optimal PQ-meter placement for monitoring voltage dips in the MV-
networks. Effects of network modifications (such as change of protection schemes,
application of coils and distributed generators) on the expected number and severity of
voltage dips and on the choice of PQ-meter placement are also explored.

2.2 Distribution network in the Netherlands

The Dutch MV distribution networks almost entirely consist of underground cables
mainly operating on 10 kV. Other voltage levels include 3, 6, 12, 20 and 25 kV, and the
LV-networks are operated on 230/400 V. Figure 2.1 shows a general overview about the
Dutch distribution network. The secondary side of the HV/MV transformer can be
connected in delta or star. When the secondary side of the HV/MV transformer is
connected in delta, the MV substation is isolated or an artificial neutral point can be
created by means of an earthing transformer. When the secondary side of the HV/MV is
connected in star, the neutral point can be earthed with impedance grounding and the cable
sheaths of the MV cables are connected to the earthing system of the HV/MV substation
and to the earthing system of the MV/LV transformers.

HV-network MV-network HV-network MV-network
| Earthing _ et
i transformer Earthing -
fereeeeeseensssnsseenanes AN : impedance
LV-network LV-network
@ ()

Figure 2.1: Structure of the Dutch distribution network with MV side of HV/MV transformer in — (a) delta, and (b) star.

Every MV/LV transformer feeds just a small amount of end-users that are connected
to the MV-network through Dyn transformers. The primary delta winding of the MV/LV
transformer converts the asymmetrical LV currents into symmetrical MV currents,
preventing the zero-sequence currents from penetrating into the MV-networks [12].
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2.3 Symmetrical component method

Voltage dips with detrimental impact on customers are mainly caused by short-circuit
faults [9]. Short-circuit faults can be caused due to atmospheric events (by lightning and
wind storms, snow, ice, deposition of salt), mechanical interference and damage (due to
contact by vehicle, construction equipment, excavation equipment, animals, growing
trees), breakdown of network plant (due to deterioration with age, corrosion, construction
faults), accidents or errors in operation and maintenance, or major natural events (due to
floods, landslides, earthquakes, avalanches).

The severity of voltage dips is expressed in terms of the magnitude of the remaining
voltage and duration. Magnitude of voltage dips depends on the network impedance and
type of short-circuit faults [1, 4]. The network impedance in turn depends on the system
grounding type, location of fault and type of lines/cables between the fault location and
observation point. The duration of voltage dips is related to the fault clearing time of
protection devices installed in the electrical networks.

As described in many literatures [1, 13, 14], the symmetrical component method helps
to study the variation of voltage dip magnitude caused by different types of faults
occurring in the networks. For a radial network of a distribution system shown in Figure
2.2, short-circuit faults occurring along the cables in the MV-network or LV-network are
considered and dependency of the dip magnitude on fault location is studied using the
symmetrical component method. Network parameters used for the calculations and
simulations are given in Table 2.1.

MV

Udip 4 1

i
HV K PoG

Fault

T2

Lv

External grid
T

, Other loads

PCC End-user

Figure 2.2: Simplified radial network for calculating voltage dips during short-circuit faults.

Table 2.1: Network parameters used for calculation and simulation

External grid 150 kV, Sk=5427 MVA, X/R=10

Transformer T1: 150/10 kV, 150 MVA, Ynd, u=22%; Z=0.029 + j0.147 Q (MV side)
T: 10/0.4 KV, 400 KVA, Dy, U=4%; Z=0.005 +j0.015 Q (LV side)
Type 21=2, [Q/km] Zo [Q/km]
240 mm? Al 0.125 +j0.085 0.500 +j0.340
150 mm2 Al 0.214 +0.079 0.642 +0.147

Cables 95 mm?2Al 0.323 +j0.082 1.292 +j0.398

50 mm2 Al 0.643 +j0.109 2.573 +j0.437
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When a balanced three-phase fault (3pf) occurs along the feeder in the MV-network,
the short-circuit current (Isc) at the fault location can be estimated using (2.1),
U

-7 _7xd 2.1
SC ZS +ZF F X ( )

where Unom is the nominal voltage at the point of common coupling (PCC),
Zs is the source impedance from grid to the PCC,
Zg is the fault impedance from the PCC to the fault location,
z is cable impedance per unit length, and
d is the distance of the fault from the PCC.

The source impedance includes impedance of the external grid, HV/MV transformer
and grounding of the HV/MV substation. The fault impedance depends on the fault
location and the impedance of the cable between the fault location and observation point.
At the PCC, the nominal voltage and the source impedance are fixed for a certain type of
system grounding while the fault impedance changes depending on the fault location.

Using the principle of symmetrical components [15], the phase-to-ground voltages (in
pu) obtained at the PCC can be expressed by (2.2),

U, U, U ]=|=-% a2_%e o % 2.2)
Zs+7Z; Zo+7Z, Z,+7Z;

.27

i
where ‘a’ is phasor rotation operator (a=¢e 3 ). With balanced faults, the source and
fault impedances depend only on their respective positive sequence components (i.e.,
Zs=Zs; and Zg=Zr1). The voltages on the three phases have the same magnitude and
phases are 120° shifted from each other. Therefore, a simple voltage divider model [1] is
commonly used for one of the phases and the magnitude of the voltage dip (in pu) at the
PCC can be expressed by (2.3).

% 7. —7xd 2.3)

®z.+2,

The variations of short-circuit currents and magnitudes of the remaining voltage at the
PCC during three-phase faults occurring at different locations along the feeder from the
PCC are shown in Figure 2.3. It can be observed (Figure 2.3(a)) that a maximum short-
circuit current is expected when the fault occurs at the PCC and the value decreases when
the fault occurs far away from the PCC. Cables with smaller cross-section have higher
intrinsic impedance and thus carry lower short circuit currents than cables with larger
cross-sections. With regard to the dip magnitude, it can be seen from Figure 2.3(b) that
the closer the fault location is to the PCC, the smaller the remaining voltage and thus the
deeper the depth of the voltage dip is. When the fault distance increases, the impedance
to the fault increases and thus the remaining voltages also increase. The higher the cable
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cross-section (the smaller the fault impedance) is, the higher the short-circuit current and
thus the deeper the depth of the voltage dip is.
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Figure 2.3: Effect of fault location with three-phase faults on — (a) short-circuit currents, and (b) dip magnitudes.

To demonstrate the propagation of voltage dips originating in the LV-network, an
MV/LV transformer is considered 5 km from the PCC and the short-circuit power at the
MV side of the transformer is estimated to be 130 MVA. As can be seen from Figure
2.4(a), the customer at the LV-busbar experiences voltage dips ranging from deeper to
shallow magnitudes depending on the location of the fault. Figure 2.4(b) shows the
propagation of the dips to the MV side of the transformer. In this case, the fault impedance
component in (2.3) includes impedance of the LV cables and that of the MV/LV
transformer (Zy.,) transferred to the MV side. Because of the large transfer ratio of the

transformer (k:(UM% j), the fault impedance seen from the MV side of the
LV

2 .. . .
transformer (Z, =k (Zm +Zxd)) is incredibly large. Even if the fault occurs on the LV

busbar, the ratio of impedances ZZ— is large and the customers at the MV side
S K2 +2Z.

of the transformer experience very shallow dips (in this case, u~85%). When the fault
distance increases, impedance of the cable along with the transformer referred to the MV
side becomes larger and the voltage dip rises rapidly. In general, the propagation of dips
from the LV- to the MV-network causes negligible effect for most of the customers.
Unbalanced faults, including single phase-to-ground, phase-to-phase, and two phase-
to-ground faults, in a three-phase system result in asymmetrical voltages. With the help
of symmetrical components, each phase voltage can be decomposed and represented by
the three symmetrical components (positive, negative and zero sequence components).
An overview of the symmetrical component analysis for unbalanced faults can be found
in Appendix-A. The zero sequence component of the source impedance can be affected by
the grounding topology in the MV-networks. This has an influence on the remaining
voltages during single phase-ground and two phase-to-ground faults while the voltages
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during phase-to-phase fault are independent of the zero sequence component of

impedances.
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Figure 2.4: Voltage dips due to three-phase faults in the LV-network and observed at the — (a) LV side of the transformer, and
(b) MV side of the transformer.

2.4 Voltage dip propagation

The variation in voltage dip characteristics (e.g. magnitude and phase-angle) depends on
the fault conditions and system conditions of the three phase power system. The fault
location can be close to or remote from the point of interest. System conditions including
the number and type of transformers between the fault location and point of observation,
type of system grounding affect the magnitude and phasor of the voltage during its
propagation. To demonstrate the variation in magnitude and phase-angle jumps of voltage
dips caused by balanced and unbalanced faults in the MV-network and to study their
propagation to the LV-network, computer simulations are performed on a three-phase
generic system shown in Figure 2.5.

External grid

BB

T1

Ls

BB2
i i Component Details
L . Source (grid) 150 KV, Si=5427 MVA, X/R=10
| BBs Transformer Tz 150/10 kV, 25 MVA, ux=22%, YNd5
T Transformer T2 10/0.4 kV, 2 MVA, ui=6%, Dyn5
Css| VL, Loads [1=65MVA, L, = Ls= 15 MVA,
Ls=5MVA, Ls=133MVA,
P N PF=0.9
T, Cables C23=Cas=Co5=Css=1km,
ae Z1=0.0413+j0.0320 Q/km; Z,=2Z
7

Z0=0.1653+j0.1281 Q/km

Figure 2.5: Generic model of a distribution system for simulation.
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Single phase-to-ground, phase-to-phase, two phase-to-ground and three-phase faults
are created at busbar BB,4 and the protection device CB; is set to clear the fault in about
300 ms. The change in phase-angle of the voltage following the voltage drop caused by
the short-circuit faults in the system, called phase-angle jump (PAJ), is obtained by
comparing the phase-angle of the voltage during the fault with the phase-angle of the
voltage before the fault. Depending on whether the during-fault voltage leads or lags the
pre-fault voltage, the phase-angle jump could be positive or negative. Magnitudes and
PAJ associated with phase-to-ground and phase-to-phase voltage characteristics are
observed at the PCC and the LV side of transformer To.

2.4.1 Single phase-to-ground fault

For a single phase-to-ground fault at BB, the variation in voltage magnitudes and PAJs
in the MV- and LV-network are depicted by the phasor diagrams in Figure 2.6. At the
PCC, the magnitude of the remaining voltage in the faulted phase (A) dropped to about
5% of the nominal voltage with +11° PAJ while fault-free phases show swells with phase-
jumps of +28° and -30°. The large PAJ of the fault-free phases relative to the faulted phase
should be due to the overvoltage on the fault-free phases. Figure 2.6(b, c) addresses that
phase-phase voltages in the MV-network become phase-voltages in the LV-network, and
the PAJs of the phase-phase voltages in the MV-network are the same as the PAJs of the
phase-to-neutral voltages in the LV-network. Despite the large drop in magnitude with
large PAJs of the phase-voltages in the MV-network, it can be seen in Figure 2.6(c, d)
that star- or delta-connected devices in the LV-network will be negligibly affected by the
magnitude and PAJs of voltage events caused by single phase-to-ground faults occurring
in the MV-network.

i 00 i
270 20

@ ©

Figure 2.6: Phasors of pre-fault voltages (dotted lines) and during-fault voltages (solid lines) for — (a) MV-network phase-
ground voltages, (b) MV-network phase-phase voltages, (c) LV-network phase-ground voltages, and (d) LV-network phase-
phase voltages. (Note: x/y/z may refer to phase-ground or phase-phase voltage).

2.4.2 Two phase-to-ground fault

Figure 2.7 shows the variation in magnitudes and PAJs associated with the phase-to-
ground and phase-phase voltages in the MV- and LV-networks during a two phase-to-
ground fault. It can be clearly noticed that voltages drop in the faulted phases (u,=0.39
pu, uc=0.37 pu with PAJs 0° and -58°) while the fault-free phase shows voltage swell
(ua=1.5 pu with -1.5° PAJ). The phase-phase voltages in the MV-network become phase-
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to-neutral voltages in the LV-network. During this type of fault, Y- and A-connected
devices in the LV-network will experience voltage dips of different magnitude and PAJs
(Y-loads: u’x=uap=1 pu; u’y=un:=0.47 pu, U’;=Uc=0.83 pu with PAJs A¥",=-19°, A" =-
30°, 4¥’,=+16°; and A-loads: u’=0.81 pu, U'n:=0.48 pu, U'ca=1 pu with PAJS A 5=-
35°, AP pc=+13°, AP =0°).

2"!0 2.;0
(@) (b) (© (d)
Figure 2.7: Phasors of pre-fault voltages (dotted lines) and during-fault voltages (solid lines) for — (a) MV-network phase-

ground voltages, (b) MV-network phase-phase voltages, (c) LV-network phase-ground voltages, and (d) LV-network phase-
phase voltages. (Note: x/y/z may refer to phase-ground or phase-phase voltage).

2.4.3 Phase-phase fault

As shown in Figure 2.8, a phase-phase fault at the same location considered earlier with
the other faults results in voltage dips with remaining voltage magnitudes relatively
shallower (uy=0.75 pu, uc=0.45 pu) than two phase-to-ground fault while magnitude of
the fault-free phase is not affected (u,=1 pu). Such faults also cause significant PAJs on
the faulted phases (-35°, +13°), and no PAJ on the fault-free phase. Y-connected loads in
the LV-network will experience two-phase dips with the same magnitude as the phase-
phase dips in the MV-network, but PAJs in all phases (-19°, -30°, +16°). On the other
hand, A-connected loads will experience two-phase dips with the same PAJs (-35°, +13°,
0°) as phase-dips in the MV but on different phases. Unlike the two phase-to-ground fault,
the PAJs associated with the phase-voltages in the MV- and LV-network are comparable
with phase-phase faults.

(b)

Figure 2.8: Phasors of pre-fault voltages (dotted lines) and during-fault voltages (solid lines) for — (a) MV-network phase-
ground voltages, (b) MV-network phase-phase voltages, (c) LV-network phase-ground voltages, and (d) LV-network phase-
phase voltages. (Note: x/y/z may refer to phase-ground or phase-phase voltage).
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2.4.4 Three-phase fault

With a three-phase fault in the MV-network, Figure 2.9 shows voltages in the three phases
drop to 0.44 pu with the same PAJs (-30°) relative to the phase-angles before the fault.
The phase-phase voltages in the MV-network also show the same magnitude of voltages
and PAJs. Furthermore, Y- or A-connected loads in the LV-network will experience
voltage dips with the same magnitude of remaining voltages and PAJs as in the MV-
networks.

270

(b) (d)

Figure 2.9: Phasors of pre-fault voltages (dotted lines) and during-fault voltages (solid lines) for- (a) MV-network phase-ground
voltages, (b) MV-network phase-phase voltages, (c) LV-network phase-ground voltages, and (d) LV-network phase-phase
voltages. (Note: x/y/z may refer to phase-ground or phase-phase voltage).

2.5 Voltage dip estimation

Information about the frequency and characteristics of voltage dips in the electric system
is important for the network operators and customers. This information can be obtained
from historical data or from monitoring. When there are no records available, voltage dip
profiles can be obtained using computer simulations. In this case, the fault positions
method is used.

The fault positions method [16-20] is a common method for determining the expected
characteristics of voltage dips resulting from the short-circuit faults in the network. For
any type of fault at every fault position (e.g. along cables, cable joints and busbars), the
remaining voltage at a point of connection (POC) can be computed. From the magnitudes
of remaining voltages, the exposed area leading to voltage dips can be determined. Based
on the magnitude of the remaining voltage, voltage dips caused by a fault can be shallow
or deep and this varies among different points of observations. Besides, the dips can be
shorter or longer depending on the fault location and reaction of protection devices. The
severity of a dip, therefore, depends on both magnitude of the remaining voltage and dip
duration. Using the network parameters and fault statistics on the network, the number of
voltage dips, their remaining voltages and durations can be estimated for every connection
point.
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2.5.1 Network description

The Dutch MV-network is mostly a meshed grid but it is operating as radial. Underground
cables, mostly operating on 10 kV are used in the MV-network. Various types of cables
are used and the length between two terminals also varies. To estimate the number and
severity of voltage dips due to different types of faults occurring in the MV-network, a
generic 10 kV Dutch network shown in Figure 2.10 is modeled using DIgSILENT
PowerFactory.
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PCC m cB,
N
2 L
s |
:% £ R Additional information on cables
> 377 Ns
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g- 4L From To [km] R X
= I 0 1| 1811 | 0125 0085
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I L J 2 3| 0233|0125 0085
s 6 Ns _ ) 3 4 1.100 | 0.125 0.085
2 .% CB: ] ce, Neighboring feeders 4 5| 0444 | 0125  0.085
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z. 4 9 10 | 0419 | 0125 0.085
gk 6 11 | 0646 | 0.323 0.100
<3 1 11 12 | 0300 | 0323 0.100
X! Nio I End-user 12 13 | 0.646 | 0.323 0.100
E4 13 14 | 0571 | 0.643 0.109
L 153’ Nis 14 15| 0976 | 0643  0.109

Local feeder
Figure 2.10: Schematic of a generic MV-network for simulation.

The MV-network comprises ten evenly placed outgoing feeders connected to the PCC
at the main busbar. The maximum length of the feeder that consists of three types of cables
is 8.127 km. Each feeder consists of 15 busbars where end-users are connected through
Dyn transformers. The LV customers are aggregated and represented by uniform loads of
0.4 MW connected to each terminal of the POCs. Some customers are connected really
far from the HV/MV substation while others are really close. Depending on the distance
of the observation point and the fault location from the PCC, the severity of voltage dips
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caused due to faults cleared by the secondary protection can be different at various POCs
in the same feeder.

In each feeder, primary and secondary protection devices are considered. Primary
protection (CB,) is used at the beginning of each feeder and clears faults occurring
between No and Ng in 600 ms. During such conditions, all customers in the same feeder
experience interruption while customers on the neighboring feeders connected to the main
substation may experience voltage dips. The secondary protections (CB,) are used in the
branches of the feeders to clear faults occurring along the branches Ng—N1o or Ng—Nis in
300 ms. When CB; clears the fault, customers in the same branch will be interrupted while
other customers in the same feeder and in the other neighboring feeders may experience
voltage dips. If it happens that CB; fails, the primary device (CB;) clears the fault after
some delay. Network parameters used for simulation are summarized in Table 2.1.

2.5.2 Voltage dip exposed area

When estimating the annual frequency of voltage dips, the magnitude of remaining
voltages are first obtained for various types of faults created at every terminal, cable joints
and along the cables between two terminals. For a given POC, the total length of cables
and number of terminals/joints within which faults will lead to voltage dips at the POC is
called the total exposed area. To study the dependency of magnitude of the remaining
voltage on fault location and type, four types of faults are considered. These are single
phase-to-ground fault (pgf), phase-phase fault (ppf), two phase-to-ground fault (2pgf) and
three-phase fault (3pf). For each type of fault, short-circuits are created at the terminals,
cable joints and every 10% of the cables between two terminals/joints of the feeder.
According to the EN 50160 standard, magnitude drops below 90%, 80%, 70%, 40%
and 5% of the nominal voltage are considered as standardized voltage-level variations for
presenting the occurrence of voltage dips. For phase-ground voltages at the PCC, the
exposed distances for different types of faults are summarized in Table 2.2. Single phase-
to-ground fault has the longest exposed distance and three-phase fault has the shortest
exposed distance to cause voltage dips with less than 90% of the nominal voltage.

Table 2.2: Exposed distance of faults leading to phase-dips with voltage levels according to the EN 50160 standard

Exposed distance [km] from PCC for various faults

Critical voltage pgf ppf 2pgf 3pf
u<90% >8.127 7.734 >8.127 6.515
u<80% >8.127 5.814 >8.127 5.343
u<70% >8.127 4.668 5.472 3.634
u<40% >8.127 0 1.629 1.267
us<5% 5.182 0 0 0

In radial MV-networks with no distributed generation, voltage dip magnitudes can
also be estimated from the short-circuit powers. If the short-circuit powers at the feeding
busbar and other POCs are known, the voltage magnitudes at the PCC can be estimated
from the fault levels using (2.4),

U zl_M (2.4)

pcc
sc, pcc
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where the short-circuit power (Sscpoc) at any connection point, which depends on the
nominal line-voltage (Unom), the source impedance (Zs), and the short-circuit fault
impedance (Zg), can be estimated by (2.5).
U2
S — nom 25
SC, poc ZS + ZF ( )

With a three-phase fault at the PCC of the network considered here, the short-circuit
power is estimated to be 707 MV A and the source impedance is 0.245 Q. The variations
of short-circuit power and network impedance with faults along the local feeder are shown
in Figure 2.11. It can be observed that the short-circuit power gets its maximum value at
the feeding station when the network impedance is minimum, and decreases along the
feeder reaching minimum at the furthest end of the feeder when the network impedance
is maximum. Table 2.3 gives the estimated magnitude of remaining voltages at the PCC
calculated from short-circuit powers at the POCs along the local feeder.

700 k — 43
== = = = Short-circuit power / =
g‘ 600 K == » == = = Network impedance /' :Z.SE
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Faults at the point of connections

Figure 2.11: Short-circuit power and network impedance with three-phase faults at POCs along the local feeder.

Table 2.3: Dip magnitudes at the PCC from short-circuit powers of three-phase faults at various POCs

POC __ Distance [km] Ssc[MVA] () Ze+Z51Q]  Uap [%]
No 0.000 706.752 0.000 0.245 0
Ny 1811 286.364 0.274 0519 59
N 2411 233.741 0.364 0.610 67
N 2.644 217.999 0.400 0.645 69
Na 3.744 164.976 0.566 0.811 77
Ns 4.188 150120 0.633 0.878 79
N 4.988 129.096 0.754 0.999 82
Ny 5518 114.381 0.869 1.114 84
[\ 5.943 105.208 0.954 1.200 85
No 6.086 102.779 0.981 1.226 85
N1o 6.505 93.650 1.090 1.335 87
Nu 5.634 95.116 1.431 1.676 87
Nz 5.934 87.732 1532 1777 88
Nz 6.580 69.795 1.873 2118 90
Nu 7.151 56.913 2245 2.490 92

Nis 8.127 43.086 2.882 3.127 94
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2.5.3 Transfer of voltage dips

Most end-users are in the LV-networks and they are connected to the MV-networks
through Dyn transformers. The delta winding of such transformers block the zero-
sequence component of the source impedance and this affects the transfer of voltage dips
due to unbalanced faults. With a Dyn transformer between the MV- and LV-network, the
phase-phase voltages in the MV-network transfer to phase-to-ground voltages in the LV-
networks [21, 22].

For the network under consideration, variations of the remaining voltage magnitudes
of the phase-to-ground voltages and phase-phase voltages as a function of the fault
distance from the PCC are shown in Figure 2.12. One-phase faults occurring in the entire
network cause deeper phase-dips but they are not seen as phase-phase dips. Moreover, the
exposed distances with two-phase faults (phase-phase and double phase-ground faults)
that lead to phase-phase dips at the PCC are smaller than the equivalent distance for phase-
ground voltages. However, the exposed length of three-phase faults along the feeder
resulting in phase-phase voltage dips is the same as the case for phase-dips. In contrast to
the case for phase-dips, the exposed distance of multi-phase faults causing phase-phase
dips at the PCC is the same.
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Figure 2.12: Variation of voltage magnitudes with fault location in the MV-network with isolated system grounding for — (a)
phase-voltages, and (b) phase-phase voltages.

As compared to phase-dips (Table 2.2), the exposed distance of various types of faults
resulting in different remaining voltage magnitudes is shown in Table 2.4 for the phase-
phase dips at No. It should be recalled that the decrease in critical distance of unbalanced
faults will attribute to the reduction in the expected number of phase-phase dips that end-
users can see as phase-dips at their connection points.
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Table 2.4: Exposed distance of faults leading to phase-phase dips with voltage levels according to the EN 50160 standard

Exposed distance [km] from PCC for various faults

Critical voltage pgf ppf 2pgf 3pf
u<90% 0 6.515 6.515 6.515
u<80% 0 5.343 5.343 5.343
u<70% 0 3.634 3.634 3.634
u<40% 0 1.267 1.267 1.267
us5% 0 0 0 0

2.5.4 Number of voltage dips

Once of the voltage dip exposed area from a POC is determined for a particular fault type,
the number of terminals and cable joints, and the length of cables within the exposed area
can be used to calculate the number of dips with a critical voltage ucr. For a three-phase
fault, for instance, the number of dips with the voltage magnitude below ucr can be
expressed by (2.6),

f
= w2 (zﬂ’clc(uc,,a‘pl) + Zﬂ’tTl(uw,Bpl)\J (26)
t=1

No, 100
c=1

where N, , . is the number of dips caused by three-phase faults and with magnitude

.3 pf

below the critical voltage; f, , , is the fault distribution (share) of three-phase faults (%);

A, is the failure rate of cables (-/yr/km); | is the exposed length of cable for three-

c(ugr ,3pf)

phase fault and the critical voltage uc (km); A, is the failure rate for the terminals (or

cable joints) (-/yr per component); e om) is every terminal and cable joint exposed to

three-phase faults and the critical voltage ucr.. In the same way, the numbers of dips caused
by single phase-to-ground, phase-to-phase and two phase-to-ground faults can be
determined. The total number of dips with magnitude below the critical voltage and
caused by all types of faults becomes

N, =N, ;. +N

cr Ucr ’3 p

f +N f + Nucr,pgf' (2-7)

Ugr . PP Uer 2 P9

The majority of faults in the Dutch distribution network occur due to ground digging,
cable erection work and aging effects of the network components. The use of underground
and relatively short cables in the Dutch distribution networks attribute to much lower
failure frequency of network components than in most other European networks [23]. The
average failure rates of cables and terminals used in the simulation are 0.0243/km/year
and 0.012/year respectively [24]. Also, type I, type Il and type 111 faults commonly occur
in the Dutch distribution networks with the fault distributions of 50%, 25% and 25%
respectively [4]. For estimating the annual frequency of voltage dips at a POC caused by
short-circuit faults in the MV-network, the following points are taken into consideration:

e A voltage event is considered as a dip if the remaining voltage on any phase is
below 90% of the nominal voltage and as interruption when the voltage in all
phases is below 5% for a duration between % cycle and 1 minute [8, 9].
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e Fault frequencies of 25-25-50% are used for three-phase, two-phase (phase-
phase and two phase-to-ground) and one-phase faults [4].

e  Same average failure rate of 0.0243/yr/km for all cables and same failure rate of
0.012/yr/component for all terminals and cable joints [24].

e Loads at all bushars are considered during the simulation of fault analysis.

e  Only faults in the (isolated) MV-network with the secondary side of the HV/MV
transformer connected in delta are considered in this simulation.

Based on computer simulations and using the fault position method, the number and
distribution of phase-dips as compared to phase-phase dips at the feeding busbar is shown
in Figure 2.13. Due to the fact that one-phase faults have larger exposed area than the
other faults, a majority of the total phase-dips (58%) are one-phase dips. Moreover, about
60% of the phase-dips, mostly (~96%) caused by one-phase faults, are deeper with
remaining voltages less than 50% of the nominal voltage. Two-phase and three-phase dips
share 26% and 16% of the total phase-dips respectively. From Figure 2.13(b), it can be
observed that the number of phase-phase dips is significantly lower than that of phase-
dips. The reason for this is that phase-dips caused by one-phase faults are not seen as
phase-phase dips in the MV networks. Besides, phase-phase dips caused by two-phase
(phase-to-phase and two phase-to-ground) faults encompass shorter critical distance than
the case for phase-dips.
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Figure 2.13: Distribution of voltage dips? frequency at the PCC for — (a) phase-dips, and (b) phase-phase dips.

2.6  Placement of monitoring systems

The actual quality of supply delivered to each customer may be evaluated if PQ monitors
are permanently installed at every POCs. This can, however, incur substantial investments
for the grid operator which may not be affordable for customers. Besides, the data
handling problem is also an issue with monitors at each POCs. Thus, it is neither realistic
nor economical for the grid operators to monitor voltage dips at every POCs. Therefore,
computer simulations are performed to get better indication where the grid operators can
install a PQ monitor so that sufficient overall information of the network can be obtained.

2 1ph, 2ph and 3ph = dips caused by one-phase, two-phase and three-phase faults respectively



26 STOCHASTIC ANALYSIS OF VOLTAGE DIPS

2.6.1 Optimal placement of monitors

For the network under study (Figure 2.10), the feeders are broadly grouped as local and
neighboring feeders. On the local feeder, seven POCs at the busbars No, N3, Ng, Ng, N1o,
N13 and Nis are considered for the comparative study on monitoring dips. Depending on
the point of observation, fault location and protection devices, short-circuit faults within
the local feeder may lead to interruptions for some POCs and voltage dips for the others.
In this particular case:

e  Faults occurring between No and N of the local feeder may result in voltage dips
to a POC at Np but they will cause interruptions to the other POCs downstream
the local feeder.

e Faults occurring in either branch (below Ng) of the local feeder may lead to
voltage dips for the POCs at Ny through Ng and POCs in the other branch, but
POCs in the same branch where the faults occur will see interruptions cleared by
the secondary protection.

e  Faults occurring in the neighboring feeders may cause voltage dips at No and the
other POCs downstream the local feeder will experience these voltage dips.

Voltage dips originating from the HV-network can propagate to the MV-networks
while dips from the LV-network are hardly experienced in the MV-network. In this
comparative study, the number and distribution of voltage dips only originating from the
MV-network and observed from seven POCs on the local feeder are estimated using the
fault positions method. Based on computer simulations, the average numbers of voltage
dips at the POCs estimated every year are shown in Figure 2.14. It can be seen that a
monitor at No (main busbar) sees the highest number of phase-dips but the lowest number
of interruptions as compared to the other POCs downstream the local feeder. Between the
two extreme POCs (No and Nis), the number of phase-dips and phase-phase dips vary
from 4.21-3.92 and 1.37-1.30 dips per year while the annual interruptions rise from 0 at
No to about 0.35 at Nis.
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Figure 2.14: Average number of voltage dips and short interruptions at different POCs due to various faults.

For the assumed network structure (Figure 2.10), Figure 2.15 shows the share of local
and neighboring feeders to the total number of dips at each POC. The majority of voltage
dips at each POC originate from the neighboring feeders. For this particular case, about
90% of the voltage dips at N are from the neighboring feeders, which are also seen at the
other POCs downstream the local feeder. In this case, the feeder where the POCs are
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located generates maximum share to the number of voltage dips at No, and its contribution
decreases in other POCs (e.g. 3% at Nis).
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Figure 2.15: Share of local and neighboring feeders to the total number of voltage dips at different POCs.

Based on the comparative analysis, the main MV busbar, also recommended in [25],
can be considered as the most appropriate monitoring location where grid operators can
get better insight into all voltage dips at customers POCs connected to the same busbar.
The monitor at No, however, records slightly overestimated number of (shallow) voltage
dip events than it would see if it were installed at the POCs downstream the feeder.
Because of the secondary protection, POCs downstream to No may see a bit higher number
of deeper dips with short duration caused by faults in the local feeder than N can see.

Considering the magnitude and duration of voltage dips caused by different types of
faults in the assumed MV-network, Table 2.5 and Table 2.6 show the annual dip profiles
associated with phase-to-ground voltages and phase-phase voltages at the optimal
monitoring location (Ng). About 60% of the total phase-dips (Table 2.5) have remaining
voltages below 50% of the nominal voltage while about 54% of the dips have duration of
the secondary protection. For phase-phase dips, the critical distances of two-phase and
three-phase faults are the same and the same fault distributions are assumed in the
simulation. Hence, the monitor at Ny records equal numbers of voltage dips caused by
two-phase and three-phase faults (Table 2.6). Due to the fact that multi-phase faults cover
large areas within the primary protection, end-users connected close to No experience
relatively higher number of dips with long-duration (from primary protection) than dips
with short-duration. Also, the short-dips due to faults cleared by the secondary protection
are very shallow in magnitude (in this case u>80%).

Table 2.5: Voltage dips® density for phase-to-ground voltages at No according to the EN 50160 standard

Duration, At [s]

Remaining 0.01<At<02 | 02<4<05 | 0.5<Ar<1 ! 1<At<60
voltage [%] [7iph  2ph [NSEEEE iph  2ph [SEEEE iph 2ph tph  2ph [N Tot
90> u>80 0 0 0 | 000 038 020000 000 012] 0 0 0 | 070
80>u>70 0 0 0 | 000 023 000}000 012 011 0 0 0 | 046
70 > u>40 0 0 0 | 000 000 000! 000 032 021 0 0 0 | 052
40>u>5 0 0 0 | 147 000 000 | 009 004 006 0 0 0 | 165
5>u 0 0 0 | 000 000 00008 000 000 0 0 0 | 088
Total | 0O 0 0 | 147 061 020} 097 048 048] O 0 0 | 421

3 1ph, 2ph, 3ph represent for dips in one-, two- and three phase-ground voltages.
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Table 2.6: Voltage dips* density for phase-phase voltages at No according to the EN 50160 standard

Duration, At [s]

Remaining 0.01 <At<02 | 02<4t<05 ] 0.5<At<1 | 1<At<60
voltage [%] Loor Lou Loor Lon Loo1 Lon Loor Lon Tot.
90> u>80 0 0 0 000 020 020 | 000 012 0.12 0 0 0 0.63
80>u>70 0 0 0 0.00 000 000 | 000 011 011 0 0 0 0.22
70> u>40 0 0 0 0.00 000 000 | 000 020 020 0 0 0 0.40
40>u>5 0 0 0 0.00 000 000 | 000 006 0.06 0 0 0 0.11
5>u 0 0 0 0.00 000 0.00 | 000 0.00 0.00 0 0 0 0.00
Total 0 0 0 000 020 020 @ 000 048 048 0 0 0 1.37

2.6.2 Impact of critical distance on monitoring

Critical distance (dcr) is the maximum distance of a fault from the PCC that results in the
upper threshold magnitude of a dip (Uur). For balanced faults, the critical distance can be
easily derived from the voltage divider model [1] and expressed by (2.8),

d. - Z_(U_] (28)

z (1-U,

where Z; is the source impedance at the PCC, z is the per unit length impedance of the
cable, and U is the critical voltage under consideration. For unbalanced faults, the
voltage expressions of each phase involve symmetrical components of the impedances
and have different values when faults occur at certain distance from the PCC. In this work,
the critical distance with unbalanced faults are evaluated using the iteration approach
applied on the total distance of the feeder at a step size of 10%. Considering 90% of the
nominal voltage as the upper threshold of voltage dips, it can be seen from Table 2.7 that
various faults occurring along the local feeder (Figure 2.10) have different critical
distances.

For the network considered here, a monitor at the PCC which is the most optimal place
for monitoring voltage dips can miss recording voltage dips when faults occur far away
from the critical distances shown in Table 2.7. In this case, phase-dips caused by single
phase-to-ground and two phase-to-ground faults occurring in the entire network can be
seen by the monitor at No while the monitor misses some of the dips due to three-phase
and phase-to-phase faults. On the other hand, the monitor at the PCC misses part of the
phase-phase dips by all faults except single phase-to-ground faults. The “missing dips”
can be estimated from the information about length of cables beyond the critical distance
and voltage dips monitored within the critical distance.

Table 2.7: Critical distances of faults along the feeder from the PCC

Phase-dips Phase-phase dips
o pgf ppf ____2pgf 3pf | pgf __ppf _ 2pgf 3pf
Cr't'cimitance >8.127 7734 >8.127 6515 | 0 6515 6515 6515

Let ‘L’ be the critical length encompassing ‘T’ terminals and cable junctions for a
particular type of fault, and the monitor sees annual dips of D¢, If the monitor at No would

# Loot, Loa1, L1 represent for dips in one-, two- and three phase-phase voltages.
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see all dips caused by the fault occurring along the total length ‘L’ of the feeder, the
expected amount of voltage dips would be approximated by (2.9),
L

Dexp = L_ Dcr (29)

cr

and the number of ‘missing dips’ (Dmiss) beyond the critical distance of the fault can
estimated by (2.10)

Dmiss = Dcr ( LL _1j (210)

cr

For the network structure considered here (Figure 2.10), the variations in the number
of shallow (u>50%) and deeper (u<50%) dips within the critical distances associated with
phase-to-ground voltages and phase-phase voltages between the two extreme POCs (No
and Njs) are given in Table 2.8. It can be seen that a monitor at No records 4.21 phase-
dips and 1.37 phase-phase dips per year caused by various types of faults occurring in the
MV-network within their respective critical distances indicated in Table 2.7. Using (2.9),
it is estimated that a total of 4.44 phase-dips and 1.70 phase-phase dips could have been
recorded by the monitor at Ny if the dips caused by all types of faults occurring in the
entire network were supposed to be seen by a single monitor placed at the PCC. This
implies that about 95% of phase-dips and 81% of phase-phase dips of the entire network
can be seen by the monitor at No, i.e. the monitor at No misses about 5% of phase-dips
and 19% of phase-phase dips because of the critical distances.

Table 2.8: Variation of shallow and deeper dips between No and Nis

No N1s
Phase-dips Phase-phase dips Phase-dips Phase-phase dips
iph  2ph [ERENN Tot | o ton [N ot | 1ph  2ph [NERENN Tot | Lo Lon [ Tot
Shallow { 000 090 053 142 |{ 000 053 053 105 | 000 081 047 129 | 000 047 047 095
Deep 243 020 016 279 | 000 016 016 031 | 226 020 017 263 | 0.00 017 017 035
Total 2.43 110 0.68 421 | 000 0.68 0.68 1.37 | 2.26 102 065 392 | 0.00 0.65  0.65 1.30

Itis also observed (in Table 2.8) that the total number of dips decreases while the ratio
of deeper to total dips increases from the point of observations at Ng through Nis.
Although the monitor at No overestimates shallow dips for downstream customers, deeper
dips which are not seen by the monitor at N but experienced by other POCs downstream
the feeder are important as they can cause serious PQ problems to downstream customers.
From POC at No through Nis, 66—67% of phase-dips and 23-27%% of phase-phase dips
are found to be deeper. From this perspective, the monitor at No is expected to miss about
3.5% of deeper phase-dips and 5.2% of deeper phase-phase dips that could cause
significant PQ problem to the most downstream customers in each feeder.
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2.7 Effects of network modifications
2.7.1 Effect of secondary protections

In the previous discussions, primary and secondary protections with fault clearing settings
of 600 ms and 300 ms are considered in all feeders. If only primary protections devices
with fault clearance time of 300 ms were used, the frequency and severity of voltage-dips
is affected. Table 2.9 shows comparison of the two cases.

Table 2.9: Effect of secondary protection over using only primary protection on the number of phase-dips (ph.), phase-phase
(p-p) dips and short-interruptions

(a) Primary + Secondary protection (b) Only primary protection
0.2<At=0.5 s 0.5<At<l's Total dips 0.2<At=0.5 s 0.5<At<I s Total dips
Total Total
POC i ph.  pp | ph pp i ph  pp inter. | Ph- PP ph.  p-p ph.  p-p inter.
No 228 040 | 193 097 | 421 137 000 | 421 137 0.00  0.00 421 137 0.00
N3 234 051 | 174 0.87 | 408 138 019 || 379 123 0.00  0.00 379  1.23 0.49
Ns 234 051 | 174 0.87 | 408 138 019 | 379 123 0.00  0.00 379 1.23 0.49

Ns 221 044 174 0.87 3.95 131 0.33 3.79 123 0.00  0.00 379 123 0.49
Nio 221 044 174 0.87 3.95 131 0.33 3.79 123 0.00  0.00 379 123 0.49
Nis 218 043 174 0.87 3.92 1.30 0.35 3.79 123 0.00  0.00 379 123 0.49
Nis 218 043 174 0.87 3.92 1.30 0.35 3.79 1.23 0.00  0.00 379 123 0.49

According to Table 2.9, the total number of (phase and phase-phase) dips for a POC
at No is not affected if only primary protections or primary with secondary protections are
used. However, using secondary protections introduce some voltage dips with long-
duration and customers will experience more severe (longer) dips. Besides, other POCs
downstream of No would experience relatively higher number of voltage dips when
secondary protections are used, with some of the dips even longer and hence more severe,
than the case when only primary protections are used. In other words, the total number
dips and their duration will be reduced for a POC downstream of No when only primary
protections are used. However, the customers connected to the POCs downstream of N
will experience more interruptions than the case when secondary protections are used.
When secondary protections are used rather than only primary protections, the monitor at
No, for this particular case, would overestimate the number of phase-dips and phase-phase
dips for other POCs downstream of N by about 10% and 8% respectively.

2.7.2 Effect of current limiting coils

Coil reactors are sometimes considered with new installations for limiting the fault
currents. In the MV-networks, the coils are commonly mounted at the beginning of the
feeders. For the network discussed previously, a coil with impedance of 0.42 Q (2.8%) is
considered at the beginning of each feeder and the short-circuit power at different POCs
is calculated using formula (2.5) where the fault impedance now encompasses impedance
of the coil. As can be seen in Figure 2.16, the short-circuit power at a point just after the
coil and at each POC decreases when the coil is used. This will affect the depth and
number of voltage dips. Unlike the farthest POC, the fault impedance at the POCs very
close to the PCC is significantly affected by the coil resulting in the substantial reduction
of the short-circuit power (up to 63%).
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Figure 2.16: Effects of coil on the short-circuit powers with three-phase faults at different POCs.

According to Figure 2.17, the critical distance of faults is slightly shorter when the
fault-current limiting coil is used than the case without coils. As a result, the remaining
voltages for some of the dips before using the coil become above the dip threshold.
Besides, the coil significantly improves the remaining voltage magnitudes even with
faults closer to the PCC and this reduces the severity of voltage dips. Table 2.10 provides
better insight into the effect of the coil on the number and depth (severity) of voltage dips
for POCs at N and Nis. In this work, the introduction of the coil reduced the number of
phase-dips and phase-phase dips at the POCs by about 12% and 17% respectively.
Moreover, almost all the phase-phase dips at No, which are experienced by most end-
users, and more than 94% of the phase-phase dips at N1s become shallow dips (i.e. with
remaining voltage above 50% of nominal voltage).
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Figure 2.17: (Most affected) Phase-to-ground and phase-phase voltages at the PCC during various faults along the local feeder
without and with a coil.
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Table 2.10: Effect of coil on the number and depth of phase-dips and phase-phase (ph-ph) dips at No and Nis

No Nis
Without coil With coil Without coil With coil
Total Shallow Deep Total Shallow Deep Total Shallow Deep Total Shallow Deep
Phase-dips 421 34% 66% 3.70 39% 61% 3.92 33% 67% 3.46 38% 62%
Ph-ph dips 1.37 7% 23% 114 100% 0% 1.30 73% 27% 1.09 94% 6%

Studies show that 3-5% impedance reactor eliminates about 95-99% of nuisance trips
[26], and the estimated cost of line reactors for MV-network application ranges from
€22,500—-€75,000 [27]. Although there is little difficulty to accommodate reactors in new
installations, finding a room and making the necessary connections could be the setback
with existing installations.

2.7.3 Effect of distributed generation

Nowadays, the share of grid-connected distributed generators (DGs), such as wind
turbines and compact heat and power (CHP) plants, is increasing because of the growing
interest in environmental issues together with the advancement of technologies to connect
renewable energy sources to the grid and the liberalization of the energy market. In spite
of the growing number of distributed-generation (DG) units, their contribution of power
delivered to the grid remains small as compared to the power injected by the large
centralized power plants [28, 29]. Voltage dip ride-through capabilities are required by
the grid operator to alleviate the stressing behavior of DG units on the grid [30, 31], which
may cause power unbalance leading to instability. For generating plants to be connected
to the LV- and MV-networks, the voltage ride-through requirements are defined in the
new (draft) standards EN 50549-1/2 [32, 33].

Recently, DG units have been used for reducing the frequency of interruptions and
mitigating the severity of voltage dips. To study the effect of DG on voltage dips, DG
units of 1.38 MW is considered at each busbar Nig. The effect of DG on voltage dips
mainly depends on the position of the DG units and the power generation capacity of the
DG units. The contribution to the supply of DG units can be expressed in terms of
penetration level given by formula (2.11) [34],

%DG,, =— 2100 2.11)

DG + PCG

where DGpy is the penetration level of DG-units, Ppg is the total power of DG-units and
Pce is the power of the central unit supplied through the HV/MV transformer. In spite of
the positive impact that DG is considered to have on voltage dips, the presence of DG in
the network comes with a number of concerning issues- protections issues, such as
blinding of protection, false tripping of network of network protection, unnecessary
tripping of distributed generators protection and difficulties in fault localization procedure
[12]. In this work, these issues as well as the voltage dips ride-through capability of the
DG units are not taken into consideration, and a simplified analysis of the impact of DG
on voltage dips is performed.

Figure 2.18 shows the fault levels due to balanced faults at different POCs without
and with the DG-units (for DGp.=10.3%). It can be seen that the short-circuit powers at
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the POCs are higher with the DG-units as compared to the case without DG. As can be
seen from Figure 2.19, the presence of DG units improves the voltage levels observed at
the main MV busbar. With DG, the critical distances of faults are reduced from the case
without DG units, and some of the remaining voltages become above the dip threshold.
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Figure 2.18: Effects of DG-units on short-circuit powers with three-phase faults at different POCs.
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Figure 2.19: (Most affected) Phase-to-ground and phase-phase voltages at the PCC during various faults along the local feeder
without and with DG-units.

The effect of DGs on the number and depth (severity) of voltage dips at No and Nis
are summarized in Table 2.11. Using DG reduces the total number of phase-phase dips,
which are seen by most end-users, at No and N5 from 1.37 and 1.30 to 0.62 and 0.36 dips
per year- a reduction by 54% and 61% respectively. Moreover, deeper phase-phase dips
at No and N3s are reduced by 61% and 70%. The closer the DG-unit to a POC, the higher
is its impact in reducing the number and severity of voltage dips.
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Table 2.11: Effect of DG-units on the number and depth of phase-dips and phase-phase (ph-ph) dips at No and Nus

No Nis
Without DG With DG Without DG With DG
Total Shallow Deep Total Shallow Deep Total Shallow Deep Total Shallow Deep
Phase-dips 142 2.79 421 0.98 2.57 3.55 1.29 2.63 3.92 0.77 237 3.14
Ph—ph dips 1.05 0.31 1.37 0.50 0.12 0.62 0.95 0.35 1.30 0.26 0.11 0.36
2.8 Summary

In this chapter, the stochastic approach of voltage dips estimation using computer
simulations is discussed. For a generic MV-network consisting of 10 feeders, the numbers
of voltage dips that can be seen at different POCs of a feeder are estimated using the fault
positions method. The expected number of voltage dips at a POC depends on several
network parameters (including the number of outgoing feeders from the main substation,
length and type of feeder cables, number of busbars and cable junctions, failure rate of
network components (such as cables, terminals and cable junctions), system grounding
topology, protection philosophy and type of MV/LV transformer), and fault statistics
(type of faults and their distribution of occurrence). The overall accuracy of the prediction,
therefore, relies on the correctness of input data of the network model and assumptions
made about the reliability of network components.

Based on the estimated voltage dips observed from several POCs, comparative results
showed that a PQ-meter at the main MV busbar can see relatively higher number of
voltage dips than at any other POCs of the feeder. From this point of view, the main busbar
can be considered as the most optimal location for monitoring voltage dips in the MV-
networks. However, this monitor can miss recording some events caused by short-circuit
faults occurring at locations farther away from the critical distances. For the typical
network considered, it is showed that a monitor at the main busbar can miss about 5%
deeper phase-phase dips that could cause serious PQ problems to the customers connected
to the most downstream POC.

To analyze the effect of network modifications- such as change of protection schemes,
application of coils, and distributed generators, the estimation approach is extended for
the typical generic MV-network. The use of a secondary protection will increase the
number and severity of voltage dips but it will decrease the number of interruptions for
POCs along the feeder. In the analyzed network, the use of DGs (with 10.3% penetration
levels) in each feeder at a particular POC far from the main substation reduced the number
of phase-phase dips at various POCs by about 55%—72%. Besides, the use of DGs reduced
the severity (depth) of voltage dips. On the other hand, using current limiting coils (with
2.8% impedance) has reduced the number of phase-phase dips at different POCs by about
16%—-17% and significantly lessened the severity of phase-phase dips. In all cases, a PQ-
meter at the main MV busbar sees relatively higher number of voltage dips than at other
POCs downstream the feeder. Location of the most optimal PQ-meter placement for
monitoring voltage dips in the MV-networks is, therefore, not affected by the change of
such network modifications.



Statistical assessment of voltage dips

3.1 Introduction

Power quality monitoring (PQM) is the process of gathering, analyzing, and interpreting
raw measurement data into useful information. PQM programs are often driven by the
demand for improving the system-wide power quality performance. Many industrial and
commercial customers often have equipment that are sensitive to power disturbances, and,
therefore, it is more important to understand the quality of power being provided. PQM
helps the network operators to obtain more information about the overall quality of the
supply at different voltage levels. In order to provide the customers with sufficient voltage
quality, it is important the grid operators measure more data continuously for long periods
and know more about the quality of the supply. Besides, monitoring is very crucial to
provide the customers and regulatory agencies with information on actual power quality
levels.

Voltage dip is considered as a very important PQ issue because it can lead to the trip
or malfunction of sensitive equipment especially in industrial process installations and
subsequently it can lead to high costs. Customers can protect their processes with the
required mitigation techniques to reduce the expected economic damages caused by
voltage dips but they should know about the frequency and characteristics of the dips at
their connection points. Monitoring voltage events, therefore, is a crucial step in the
process of assessing raw measurement data into useful information and analyzing the
quality of supply voltage. The measurement based voltage dip performance evaluation of
electric networks, which is also called statistical or deterministic method, is achieved by
installing PQ tools in the networks often for continuous monitoring. In recent years, there
has been a noticeable increase of PQ monitoring in the power systems in which detection,
classification and characterization of voltage dips are crucial requirements for quantifying
the monitored data.

This chapter deals with data assessment for extracting more information from large
voltage dip monitoring databases in the Dutch MV-networks. An important step to this
end is the characterization of voltage events (a set of voltage waveforms with high time
resolution) that provides sufficient information for representing and classifying voltage
dips in three-phase systems. Even though the assessment technique has existed for many

35
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years, different methods of aggregation are described for representing multiple-dip events
by a single dip for customer reports or regulatory purpose and different types of dips are
treated separately in this thesis. Besides, the obtained results are also needed in the
succeeding chapters. In the analysis, the transfer of voltage dips from the MV-network to
the LV-networks is considered for obtaining voltage dip profiles at the monitoring
locations and at the customers POCs. To deliver more reliable dip information for end-
users, measuring and reporting approaches are described.

3.2 Overview of previous works

3.2.1 Voltage dip parameters

As defined in several PQ standards [6, 8, 9, 35-41] , a voltage dip is the temporary
reduction in the RMS voltage below a specified threshold followed by its quick recovery.
It can be caused by the inrush current during the connection of heavy loads and power
transformers, but it is mostly due to short-circuit faults occurring in the electricity network
[13, 42]. In most PQ standards, a voltage dip is described as a two-dimensional
electromagnetic disturbance the level of which is determined based on two parameters-
magnitude and duration.

The magnitude refers to the remaining voltage between the upper and lower threshold
values defined in the standards [8, 9, 36]. In the standards EN 50160 [8] and IEEE 1159
[36], 90% of the reference voltage is considered as the upper dip threshold. According to
the standard IEC 61000-2-8 [9], typical values between 85-95% of the reference voltage
can be considered as the upper dip threshold. In fact, the voltage dip thresholds can be
different for different purposes. For monitoring purposes, for instance, upper threshold
values are usually in the range of 85-95% (mostly 90% ) of the nominal voltage [43],
while the value can be as low as 70% of the nominal voltage for contractual purposes [44].
With regard to the lower dip threshold, 10% of the nominal voltage is used in the IEEE
1159 standard. Depending on the type of system (one-phase or three-phase), 5% of the
nominal voltage or below this value is regarded in the standards EN 50160 and IEC
61000-2-8 as the lower dip threshold and this defines a voltage dip from interruption.

The dip duration is determined by the moments of dip start threshold and dip end
threshold. The standards EN 50160 and IEEE 1159 define the same values for the dip start
and dip end thresholds as the dip upper threshold (i.e., 90% of the reference). In the
standard IEC 61000-2-8, the upper dip threshold is considered as the voltage dip start
threshold and the same value as the start threshold or 1% above the start threshold is
considered for the dip end threshold depending on the application of definition. In all PQ
standards, a voltage event is qualified to a dip when the remaining voltage magnitude is
between the upper and lower thresholds during a period of % cycle to 1 minute.

For polyphase voltage dips, phase and time aggregations are recommended in the
standards [8, 9] to prevent dips due to the same root cause from being counted more than
once. The standards often consider the lowest-magnitude and total-duration for evaluating
the frequency of voltage dips occurrence over a certain period of time and for presenting
statistical measurement results for the regulatory purposes. In this way, single-phase and
three-phase balanced voltage dips can be characterized effectively but it fails to
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characterize unbalanced voltage dips without loss of information. From equipment point
of view, there will be no relation- that is, single-phase equipment will respond according
to the actual voltage of the phase to which it is connected while three-phase equipment
will respond with regards to all three phase voltages, not just to the minimum one. In spite
of the fact that behavior of certain equipment can be influenced by other characteristics
of voltage dips (such as point-on-wave dip initiation, phase shift, dip shape), they are not
considered in the standards as the possible additional voltage dip parameters.

3.2.2 Existing voltage dip classification methods

Depending on the characteristics of phase-voltages and their description in a three-phase
system, voltage dips can be classified in different ways. The presence of symmetry, the
number of phases being affected by the dip, the change of magnitude and phase-angles,
magnitude and duration of the dips have been considered in several literatures [1, 8, 9, 14,
15, 35, 36, 41, 45] as the defining parameters for classifying voltage dips.

3.2.2.1 Classification based on symmetry

In a three-phase system, all three phase voltages are usually measured and used for
characterization regardless of the number of phases that experience the voltage reduction.
From this information, voltage dips can be broadly classified as:
o Symmetrical three-phase voltage dips- originate from symmetrical three-phase
faults and have equal voltage magnitude in the simultaneously faulted phases.
e Asymmetrical three-phase voltage dips- with at least one faulted RMS phase
voltage different from the other two faulted or fault-free RMS phase voltages.

3.2.2.2 Classification based on number of affected phases

This classification approach considers the actual number of phases involving the reduction
of RMS voltage during the dip event. Accordingly, voltage dips can be classified as:

e Single-phase dips- when one-phase RMS voltage magnitude is below the dip
threshold while the other two have phases RMS voltage magnitudes above the
dip threshold limit.

e  Two-phase dips- when two-phases have RMS voltage magnitudes below the dip
threshold while the third phase has magnitude above the dip threshold limit.

e Three-phase dips- when all phases have RMS voltage magnitudes below the dip
threshold magnitudes.

Depending on the value of the RMS voltage magnitudes, polyphase dips can be further
categorized as symmetrical (two-phase, three-phase) and asymmetrical (two-phase, three-
phase) voltage dips. In the general case, three-phase voltage magnitudes are necessary for
the description of dip types in this method. This classification provides better information
than the former, and the approach is widely used in practice.

3.2.2.3 Classification based on complex phase voltages

Instead of using the RMS phase-voltage values, complex phase voltages (magnitude and
phase-angles) are used in [1, 14] to characterize voltage dips caused by short-circuit faults.
Considering the four basic types of faults (single phase-to-ground, two phase-to-ground,
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phase-phase and three phase), type of winding connections of transformers between the
load and fault points, voltage dips are classified into seven (A-G) types which are
summarized in Table 3.1.

Table 3.1: Voltage dip classification with regards to complex phase voltages [1, 14]

Change through transformer
Type of dip Description of voltage dip Origin Yaya|Yy, Dd, Dz |Yd, Dy, Yz
Voltage magnitudes of all the three phases  Three-phase fault
are equal and lower than the dip threshold
limit.
A A A
No phase shift
Voltage magnitude of one phase is lower  Single phase-to-
» than the dip threshold while the other two  ground fault in
% phases have equal voltage magnitudes solidly grounded B D C
>} higher than the dip threshold limit. network
No phase shift
Voltage magnitudes of two phases are Phase-to-phase fault,
equal and less than the dip threshold while or
voltage magnitude of the third phase is Propagation of single
higher than the dip threshold limit. phase-to-ground Cc C D
fault
Two affected phases experience phase-shift
that moves them toward each other.
Two phases have equal and higher voltage Propagation of either
magnitudes than the third phase but lower  single-phase fault, or
than dip threshold limit. phase-phase fault
D D C
Phases with higher voltage magnitudes
experience phase-shift that moves them
away from each other.
Voltage magnitudes of two phases are Two phase-to-
equal and lower than the dip threshold ground fault
while the third phase has higher than dip
threshold limit. E G F
No phase shift
Similar to dip type ‘D’ but magnitudes in  Propagation of two
the less affected phases are deeper intype  phase-to-ground
'F' than dip type 'D". fault
F F G
Similar to type ‘C’ but magnitude in the Propagation of two
fault-free phase is higher than the faulted  phase-to-ground
phases and lower than the dip threshold fault
limit. G G F

This classification is an extension of the second classification with the inclusion of
voltage phase-angles. Type A can be related to a symmetrical three-phase dip while types
D, F, G correspond to asymmetrical three three-phase dips with phase-shift in two phases
and having equal magnitude. Similarly, symmetrical two-phase dip corresponds to type E
when no phase-shift and to type C with phase-shift. Dip type pairs D/F and C/G are so
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similar and their distinction from the recordings in actual power systems would be
difficult without further knowledge about the fault types that caused them. This method
is suitable to describe the propagation of voltage dips through transformers and for
equipment testing. However, it is not recommended for characterization of voltage dips
from recorded waveforms.

3.2.2.4 Classification based on magnitude

According to the CIGRE/CIRED/UIE JWG C4.110 [2, 46], voltage dips that may occur
at the terminals of sensitive equipment are classified in to three as:
e  Type I- when there is a major drop in voltage magnitude in one of the three phase-
to-ground voltages, and no drop or a much lesser drop in the other two phases,
e Type ll- when there is a major drop in magnitude of two of the three phase-to-
ground voltages, and no drop or a much less drop in the other one,
e Type IlI- when the there is almost identical drop in magnitude of all three phase-
to-ground voltages.

This classification is a reduced form of the preceding classification by considering the
number of most affected magnitudes of the three phase-to-ground voltages at the
equipment terminals. Single phase-to-ground fault or unbalanced three-phase faults can
cause a higher drop in magnitude on one phase, and dip types B/D/F are related to Type
I. Dip types C/E/G involve much higher drop in two phases which can be related to Type
Il while Type A is basically associated with Type Ill. According to this classification,
associated phase-angles can also be considered to fully describe the characteristic voltages
of the three dip types in terms of magnitude and phase-angle (Figure 3.1). As this
classification approach relies basically on magnitude, the variation in magnitude values
will account for the counting and presentation of events. However, the same type of dips
may have different severity and implication to end-users. For instance, Type | dip from
single-phase fault and Type | dip due to unbalanced three-phase fault may be represented
the same, in terms of the most affected magnitude phase voltage, while their severity and
impact on end-users could be different. If measurement is also performed in the MV-
networks, a Type I dip in high impedance grounded (or isolated) system may be quantified
as more severe dip than Type I11/11 dip. However, a customer behind Dy transformer
experiences severe dips of the latter case. In all of the previous classification methods,
variations in values of dip durations, which are important for reporting the quality of
supply, are not explicitly considered.

Type Il Type Il

Figure 3.1: Phasor diagram of the three voltage dip types [2, 46].
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3.2.2.5 Classification based on duration

Considering the impact on the voltage during fault conditions, the IEEE 1159 Std [36]
categorizes voltage dips as instantaneous, momentary and temporary based on the
duration. These are defined as:

e Instantaneous dips- when the duration ranges from % cycle to 30 cycles,

e Momentary dips- when the dip duration is in the range of 30 cycles to 3 s, and

e Temporary dips- when the dip duration is between 3 s — 1 min.

This is a general classification of dips that considers none of the dip parameters are
changing in time. Different duration ranges for counting and presenting the dips can be
easily attached to each particular dip type but variations in dip magnitudes are not
considered in this classification.

3.2.2.6 Classification based on minimum magnitude-total duration

This considers magnitude of the phase with the lowest RMS voltage during the dip and
total duration of the dip regarding to all affected phases for classifying voltage dips. This
approach is widely used in most standards. Voltage dip magnitude and durations are
simply divided in to several ranges, usually assembled in tabular forms for inputting the
number of occurrence related to the dip types. This classification approach is applicable
for comparing, benchmarking, and statistical reporting of system dip performances. Table
3.2 is an example of such classification used in the standard EN 50160 [8]. It provides
standardized classification of voltage dips for evaluating and presentation of measurement
data collected throughout Europe. With small variations in magnitude and/or duration
ranges, similar classifications of voltage dips, in terms of the lowest-magnitude and total-
duration, are also used in the IEC 61000-2-8 [9], IEEE Std [35], and NRS 048-2 [47].

Table 3.2: Voltage dip classification based on dip magnitude and duration according to the EN 50160 standard [8]

Duration [s]

Remaining
voltage [%6] 0.0 <A1<0.2 02<At<0.5 | 05<At<1 | I<A<S5 5 <At<60
90 > u >80 As Az As A4 As
80>u>70 B1 B2 Bs Ba Bs
70 >u>40 Ci C Cs Cs Cs
40>u>5 Di D2 Ds Ds Ds
5>u X1 X2 X3 Xa Xs

Although this classification is simple and widely used for providing useful information
about the system voltage dip performance, it lacks to deliver further information about the
dip type, magnitude and duration values of all phases with polyphase dips. With regard to
end-user equipment, the equipment sensitivity can be overestimated due to the use of the
minimum-magnitude and total-duration approach. Besides, additional information, like
phase-shift during the dip and actual shape of dips are not included.

3.3  Monitoring devices and measured data

System performance analysis is usually an issue for a network operator. To deal with the
growing pressure from customers and regulatory agencies to provide information on the
actual power quality levels, the network operators have to be aware of the quality of
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supply in the networks. The use of PQ monitors, installed in the electric power systems,
have enabled network operators to get more information about the voltage quality in the
grid and to provide appropriate information to the customers. Nowadays, different PQ
monitors are available for this purpose. Some PQ monitors measure RMS values while
others record digitalized waveforms of voltage and current signals sampled at high
frequency.

The guidelines by CEER [25] and CIGRE/CIRED [48] documents recommend that
PQ should be permanently monitored in the HV- and MV-networks. In the Netherlands,
voltage dips have been monitored in the HV-networks since 2006/07 [49] and annual
reports have been published [50-53]. Since then, PQ monitors have been introduced in the
MV-networks; and even more monitors are installed during 2014/15 for continuous
voltage dips measurements in the MV-networks. Figure 3.2 shows a simplified schematic
of electric network where MV-distribution networks are connected to the meshed HV-
networks through star/star or star/delta transformers. Depending on the type of HV/MV
transformer and system grounding topology, the voltage characteristics may vary at
different voltage levels [22].

Meshed HV-
network

HV
@Lmonitor
150 kv

MV

X MV
monitor

monitor

End-users End-users

Figure 3.2: Simplified schematic with PQ monitoring systems on different voltage levels.

The Dutch MV-networks, mainly operating on 10 kV, consist of radially operating
feeders connected to the main busbar at the MV side of the HV/MV substation. Most end-
users are in the LV-networks and they are connected to the 10 kV buses through Dyn
transformers. As also recommended in [25, 48], permanent PQ measurements are mostly
done on the MV side of the transformer in the HV/MV substations. It is desired that the
PQ measurements are performed in a cost effective way and this can be achieved by
integrating the measurements to a system that is installed to the transformer substation,
considered as the most optimal monitoring location [54].

3.3.1 Meter requirements and monitoring campaigns

In the Dutch MV-networks, various types PQ monitors are in use for performing
measurements. Some among others are the SASensors, ION7650 meters, and EM720
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devices. In this chapter, field measurement data collected from different MV-networks
with EM720 devices, which are Class A PQ-meters, and with SASensors are used.

The SASensor system is installed at the MV side of the HV/MV substation and results
in a significant amount of measured data acquisition at the central control unit that is
connected through fiber optics to current and voltage sensors [55]. All recorded voltage
and current measurements are uploaded to the central control unit of the substation.
SASensor interface produces digital fault recorder (DFR) files that become available from
the SASensor web server for processing. In 2014/2015, EM720 devices have been
installed in many MV substations for monitoring voltage dips. With this device, a
transducer with a voltage ratio of 5.7:1 interfaces the actual voltage in the MV substation
and the signal data of the monitor.

Voltage waveforms that are collected from several locations over different years of
measurement period are used in this work. The voltage event data are grouped into two
categories based on the type of monitoring devices used and the measurement campaigns.
Table 3.3 delivers additional information regarding the monitoring requirements of the
two devices and the monitoring campaign.

Table 3.3: Measurements requirements and measurement campaigns

Group-1 Group-2
Meter type SASensor EM720
Monitoring Data type Voltage and current waveforms Voltage waveforms
requirements Connection Phase-to-ground (voltage) Phase-to-ground
Sampling frequency 4 kHz (80 samples/ cycle) 1.6 kHz (32 sample/cycle)
Monitoring Monitoring locations | 6 substations 47 substations
campaign Measurement period | 4 years (2010-2013) 1 year (2015)

3.3.2 Voltage dip detection

PQ monitors often measure digitalized waveforms of voltage and current signals sampled
at high frequency. Despite the waveforms contain useful information, it is difficult to give
an overview about the voltage quality in the grid using the data in its original form. The
waveform, therefore, can be processed to obtain a number of characteristics that help to
describe the nature of supply voltage before, during and after the disturbance.

To detect a voltage dip following a disturbance and to determine the parameters that
characterize the event, the characteristic RMS voltage as a function of time is determined
from the voltage waveform. According the guidelines recommended by the IEC 61000-
4-30 [6], the method of one-cycle or half-cycle sliding window can be used. Using the
one-cycle sliding window approach, value of RMS voltage measured over one cycle is
calculated using (3.1) and refreshed each-cycle,

k
U e (K) = % > (3.)

i=1+k—N

where N is the length of the sliding window determined by the number of samples per
cycle, u; is the sampled voltage waveform (in time domain), and k represents time instant
stamps (index, 1, 2, 3, ...) of the sampled voltage to make RMS voltage to be a function
of time. Half-cycle sliding window is an alternative way of determining the value of RMS
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voltage measured over one-cycle and refreshed each half-cycle. In this case, the window
length has to be an integer multiple of one half-cycle.

An example of a voltage dip event in one phase is demonstrated in Figure 3.3. The
first plot (Figure 3.3(a)) shows a waveform of the voltage as a function of time. The
second plot (Figure 3.3(b)) shows the RMS voltage characteristics as a function of time
calculated using half-cycle sliding window (dashed line) and one-cycle sliding window
(solid line). The half-cycle window is sensitive to changes in the voltage and has a faster
response to detect an event than the one-cycle window. Because of the higher time
resolution, the voltage shows relatively a sharp drop and rise in half-cycle window. One-
cycle window gives a relatively smoother profile of voltages than a half-cycle window at
the cost of lower time resolution. For Class A measurement methods, it is recommended
that the RMS phase-to neutral or phase-to-phase voltage characteristics as a function of
time are calculated using the half-cycle sliding window method [6].
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Figure 3.3: Example of a voltage dip — (a) instantaneous voltage, and (b) calculated RMS voltage.

3.3.3 Voltage dip characteristics

In this work, half-cycle window is used for calculating the RMS characteristics as a
function of time of all voltage events from the PQ monitors. Depending on the shape of
the RMS voltage, different categories of voltage dips are studied in this section. These are
broadly classified into rectangular, nonrectangular and multiple-dip events.

Rectangular voltage dips can be single-phase or polyphase dips depending on the
number of phases with voltage reduction. Rectangular single-phase dip occurs when only
one phase experiences constant magnitude reduction below the dip threshold, and two
others phases have magnitudes above the dip threshold. An example of rectangular single-
phase dip is shown in Figure 3.4(a). Rectangular polyphase dips have at least two phases
with a relatively constant magnitude reduction below the dip threshold, and such
polyphase dips could be either symmetrical (if voltages in two or three phases drop by
equal magnitude) or asymmetrical dips (if voltage drop in two or three phases are different
in magnitude). Figure 3.4(b) shows an asymmetrical two-phase dip caused by a two phase-
to-ground fault. Figure 3.4(c) demonstrates a rectangular symmetrical three-phase dip
initiated by a phase-to-ground fault, which caused the spikes on the fault-free phases, and
quickly evolving into a three-phase fault.
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Figure 3.4: Example of rectangular dips — (a) single-phase, (b) polyphase unbalanced, and (c) polyphase balanced.

Nonrectangular voltage dips occur when the RMS voltage values suddenly change in
several stages. The changes may arise due to developing faults (e.g. initiated as single-
phase fault and evolving into two-phase or three-phase fault). Such dips (sometimes called
developing or multistage dips) are not uncommon in the MV-networks. Figure 3.5(a)
depicts a multistage voltage dip caused by one-phase fault developing into three-phase
dip. Another possible reason for multistage dips is due to the difference in fault clearing
procedure of protection devices. A fault on a transmission line is cleared by opening the
breakers on both sides of the line which may not often happen at exactly the same moment.
When a fault occurs in the zone of secondary protection in the MV-network, the primary
protection is tempted to clear the fault if the secondary protection fails before it completely
clears the fault. An example of such dips is shown in Figure 3.5(b). Duration of multistage
dips can be longer and may cause severe impact on end-user equipment than the typical
voltage dips. Voltage dips caused by the switching of heavy loads (e.g. motors) and the
excitation of transformers also have nonrectangular shapes (see Figure 3.6).

In some cases, events with several short-circuits occurring within a short-time interval
can cause multiple-dips. Such events may arise due to self-extinguishing faults during
adverse conditions (e.g. lightning, thunder storms), or due to the reclosing actions of
breakers after a fault. Figure 3.7 illustrate examples of multiple-dips occurring during a
short interval of time.
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Figure 3.5: Nonrectangular multistage dips — (a) one-phase dip evolving into three-phase dip, and (b) single-phase dip
developing into two-phase dip.
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Figure 3.7: Multiple-dips due to — (a) self-extinguishing faults, and (b) reclosing of actions of protection device.

To reduce the loss of information when characterizing a voltage dip with one
magnitude and one duration values, a “dip segmentation method” is proposed in [2] to
describe voltage events caused by short-circuit faults, and switching of heavy loads or
power transformers. Considering different segments from the shapes of the recorded
voltages, the distinct characteristics are:

Voltage dips caused by short-circuit faults have at least two-transition segments
and a during event segment. The transition segments indicate that voltages are
not abruptly changing from nominal to the minimal magnitude and back to the
nominal value (e.g. see Figure 3.4).

Dips due to motor starting are characterized by one-transition segment when
slowly recovering from the minimal to about nominal value (Figure 3.6(a)). A
sudden increase in the current at the instant of switching causes an abrupt
decrease in voltage magnitude and such voltage events have no clear during-
event segment.

Magnitude of dips due to the switching of a power transformer suddenly drops
to minimal values and start recovering to about nominal values (Figure 3.6(b)).
These events are also characterized by the second-transition segment and have
no clear during-event segment. Such events, unlike events with motor starting,
mostly lead to unbalanced three-phase voltages with short recovery time.

Because of the Dyn transformers between the MV busbars and end-users in the LV-
network, the shapes and characteristics of voltage dips at the equipment terminals can be
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different from the monitoring point. Depending on the type of faults and system
grounding, the number and severity of voltage dips at the end-user terminals can be
different [22, 56]. When phase-to-ground voltages are monitored in the MV-networks,
voltage dips affecting the end-user devices can be obtained from the phase-to-phase
characteristic voltages using (3.2).

Uy, (1) = U, (1) —u, (t)
Uy (1) = U, (t) —u, (1) (3.2
Ug, (1) = u, (t) —u, (t)

From the monitored data, examples of voltage characteristics as a function of time for
phase-dips caused by various type of faults and phase-phase voltages propagating into
phase-dips in the LV-network are given in Appendix-B.1. VVoltage dips due to single-phase
faults in isolated MV-networks are hardly experienced by end-users. Besides, the
magnitude of voltage dips caused by two-phase faults in the MV-network is slightly
shallower (even in the most affected phase) at the customer terminals than at the
monitoring point. Balanced three-phase dips, however, are transferred to the customer
terminals without any change in magnitude.

3.3.4 Evaluation of voltage dip parameters

Notionally, the voltage during a dip is assumed to be a constant RMS value and this
simplified approach is usually considered during the analysis to obtain statistical data. In
reality, voltage dips are often complex in shape and the RMS value varies during the dip.
An event can be described very accurately when more number of characteristics are
considered [57] although this requires more calculations and complicates the reporting of
the voltage quality.

When evaluating the voltage dips parameters from the recorded waveforms, the
following considerations are made in this thesis:

e RMS voltage characteristics as a function of time of voltage events are obtained
using half-cycle sliding window method. The RMS voltage characteristics of
events is used to detect if each voltage event is qualified for a voltage dip.

e 90% of the nominal voltage is considered as the dip start threshold and dip end
threshold level, and the interval between these two defines the dip duration. To
define the allowable dip magnitude of events, 5% of the nominal voltage for
three-phase balanced events and above zero for unbalanced voltage events is
considered as a lower dip threshold limit. A voltage event is, therefore,
considered as a dip if the event consists a remaining voltage between the upper
threshold level and lower threshold limit for a duration ranging between % cycle
to 1 minute.

e In case of polyphase events, asymmetrical (or unbalanced) faults can lead to
voltage dips in two or three phases with different drops in magnitude below the
dip threshold. As recommended in several standards [6, 8, 9, 39], phase
aggregation and time aggregation are applied such that: the magnitude of the
lowest phase voltage during the dip is used as the voltage dip magnitude, and the
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3.4

time between the first instant the RMS voltage of any phase drops below the dip
start threshold to the instant that the RMS voltages of all phases rise just above
the dip end threshold is considered as the voltage dip duration. Each qualified
voltage dip is characterized by three parameters- the dip magnitude, dip duration
and dip type.

Voltage events with the same common cause may comprise several dips within
a short-time interval. Counting each dip separately would have a significant
impact on the regulation as they can considerably affect the total number of
voltage dips despite of the fact that the impact on end-user equipment is usually
very similar to a single event. Therefore, different methods of aggregation are
considered to represent multiple-dips with a single dip per event.

Voltage characteristics can change during propagation through transformers.
Therefore, voltage dips at the monitoring points and at the end-user equipment
terminals are treated separately.

Voltage dips statistical indices

In order to compare power quality in different networks, network regulators need to have
common, standardized quality indices. The number of these indices should be kept at
minimum, easy to assess, and be representative of the disturbance being characterized.
Regarding voltage dips, any dip index can be within categories of single-event index,
single-site index and system index [39]. Each category uses parameters indicating the
severity of a voltage event, voltage quality at a specific site, and voltage quality for the
whole or part of a power system. The procedure for evaluating the power system
performance of voltage dips involves five basic steps [39]. These, also shown in Figure

3.8, are:
[ ]

Obtaining sampled voltage events with a specified rate and resolution,
Calculating the event characteristics as a function of time from the sampled
voltage waveforms,

Determining single-event indices from the voltage characteristics of each event,
Calculating site indices from single-event indices of all events measured during
a certain period of time, and

Finding system indices from the site indices for all sites within a certain power
system.

The modified procedure shown in Figure 3.8 detects the number of affected phase-to-
ground and phase-to-phase voltages in order to treat the different dip types separately.
The procedure also considers the principle of aggregation for multiple-dip events.



48 STATISTICAL ASSESSMENT OF VOLTAGE DIPS

Data of voltage / w Start
events in a site, s=1 \ > k=1
A

vatage waveforms of event, k>
N?(Xt I(evlent <Calculate RMS voltage Vs time of the event k)
=k+
Next site A
Ss=s+1
A N vent include
qualified dip(s)?
(Multi-dip aggregation) (Phase& time aggregatiorD
‘ Single-event indices
N
N

Figure 3.8: Modified procedure for obtaining the dip indices of a system, adopted from IEEE 1564 [39].
3.4.1 Single-dip and multiple-dip events

The voltage-dip events in the MV-network are categorized as phase-dips (dips associated
with phase-to-ground voltages at the measurement points) and phase-phase dips (dips
propagating to phase-to-ground voltages in the LV-network). For each category, voltage-
dip events that consist of a single-dip or multiple-dips are identified. Table 3.4 gives
general information about the voltage-dip events, from all monitoring locations,
consisting of single-dips and multiple-dips associated with phase-to-ground and phase-
phase voltages.

The number and characteristics of voltage dips can be affected by the measurement
type and measurement location. For voltage-dip events monitored in the MV-networks, it
can be observed that higher numbers of dip-events and multiple-dips per event are
expected with the phase-to-ground measurement than phase-phase measurement. In the
measurements used, about 29% of phase-dips in Group-1 substations and 40% of phase-
dips in Group-2 substations consist of multiple-dips. If all qualifying dips are counted



3.4 VOLTAGE DIPS STATISTICAL INDICES 49

separately (i.e., if no aggregation is applied), on average each event of Group-1 and
Group-2 substations with multiple phase-dips comprise about 2.7 times and 3.2 times
more dips; and contribute to 52% and 68% of the total phase-dips respectively. Similarly,
about 17% of phase-phase dips in Group-1 substations and 12% in Group-2 substations
consist of 2.4 times and 2.3 times more dips respectively that contribute to 33% and 23%
of the total dip in the two groups of substations. On average, about 67% of the phase-dips
and ~24% of phase-phase dips are contributed by multiple-dip events.

Table 3.4: Single-dip and multiple-dip events from the two groups of measurement data

Group-1 Group-2
Phase-dips Phase-phase dips Phase-dips Phase-phase dips
Single-dip events 122 7 451 376
Multiple-dip events 49 16 298 50
Total voltage-dip events 171 93 749 426
Total® qualified dips 254 115 1390 490

If no aggregation technique is applied with multiple-dips and all qualifying dips are
counted separately, the variation in magnitude and duration of the dips obtained from
multiple-dip events can be observed from Figure 3.9. When phase-to-ground voltages are
monitored, statistics indicate that a majority of the multiple-dips are due to one-phase
faults most of which will not be seen in the phase-phase voltages and do not propagate to
the end-users. Scatter plots of all qualifying dips can be found in Appendix-B.2.
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Figure 3.9: Scatter plots for individual dips of multiple-dip events from all monitors related to the — (a) measuerd phase-to-
ground voltages, and (b) calculated phase-to-phase voltages.

As can be seen from Figure 3.10, more than 94% of phase-dips and 82% of phase-
phase dips from multiple-dip events (presented in Figure 3.9) have short-duration (less
than 200 ms). Another aspect which may be important to deal with multiple-dips is the

5 Multiple-dips are counted separately before aggregation is applied.
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duration between repetitive dips. It can be seen from Figure 3.11 that the time between
more than 90% of phase-dips and more than 70% of phase-phase dips from multiple-dip
events is less than 1 s. In fact, more than 95% of the multiple-dips have time interval (gap)
less than 2 s between them. For end-users, counting these dips individually may imply
that their equipment can recover within 1-2 s from the first voltage dip and may trip when
the second dip occurs (very unlikely to happen).
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Figure 3.10: Frequency Vs duration of multiple-dips occurring in short time interval.
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Figure 3.11: Distribution of time-intervals between successive multiple-dips.
3.4.2 Aggregation of multiple-dips and short-time events

Repetitive dips may occur within a short measurement interval due to re-closure of a
circuit breaker or self-healing faults in cables or joints. Figure 3.12(a) illustrates a voltage
event consisting of three dips occurring within the measurement window of the PQ-
monitoring device and the dips are characterized by different magnitude and duration.
When the measurement window is too short to capture all the multiple-dips in one
waveform, the PQ-monitoring device may also register them as separate events each
containing one or more dips (e.g. Figure 3.12(b) shows two events occurring within a
short-time) that are recorded separately). From end-users point of view, it is unlikely that
equipment and processes will be affected multiple times in such a short period. If the
equipment or process fails for the first dip, the successive dips most likely will occur
before the equipment recovers.



3.4 VOLTAGE DIPS STATISTICAL INDICES 51

A Window A Window 4
< > “«-———————1+—-————- >
@ —
8 AT AT o realig
% °
> Auy > Av,
Aug Auy
Aug
> » >
t b & b ot tg Time ty 2 Time ty L Time
(a) (b)

Figure 3.12: (a) A three-dip event, and (b) two events occurring in a short-time and recorded separately.

Multiple-dips can have the same common cause (e.g. defect cable joint). Counting
them separately would have a significant impact on regulation as they considerably affect
the total number of voltage dips while the impact is usually very similar to a single event.
Important are the dips leading to a complete or partial interruption of the industrial
process. Multiple-dips occurring within short-time interval could therefore be counted as
one event instead of multiple-dips. On the other hand, aggregating such dips with lowest-
magnitude and total-duration, which is mostly used in the standards, would overestimate
the severity of the voltage dip. For statistical analyses and regulatory or customer reports,
it is suggested that the concept of aggregation be applied for characterizing group of
events occurring within a limited interval of time. In this work, some methods of
aggregating multiple-dips into a single-dip per event are discussed below.

3.4.2.1 Lowest-magnitude and total-duration: method-1

This method is commonly used with most standards. The aggregated single-dip
corresponding to multiple-dips occurring within the time of aggregation window (1 min,
in this case) is characterized by the lowest RMS voltage and total duration of the event
obtained from the characteristic voltage as a function of time. This can be expressed by
3.3).

magnitude, u =min[u,, u, ...,u,] (3.3)
duration, At =t, -t ,

where uy, Uy,...,U, represent the remaining voltage magnitudes of individual dips, ten, and
ts1 are the end-time of the last dip and start-time of the first dip. This method may
reasonably be applied if the voltage event consists of only few dips (e.g. 2 dips) with very
short-interval (few cycles) in between, the individual dips have short-duration and the
remaining voltages are close to each other. This is the simplest but probably also the most
unreliable method.

3.4.2.2 Lowest-magnitude and sum of durations: method-2

When multiple-dips having short-time between the events occur within relatively short-
time aggregation window (e.g. between few cycles and few seconds [39, 58]), it may be
more appropriate to consider the sum of the duration of individual dips as the duration of
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the aggregated event than the previous method. The remaining voltage is chosen as the
lowest value of the individual dips. The dip parameters can be represented using (3.4).

magnitude, u = min[u,, u, ...,u,]

(3.4
duration, At = At, + At, +...+ At

From end-user equipment perspective, this may have different implications. If the
equipment trips on the first dip, the method may imply that the equipment may not be
recovered from the first voltage dip when the second dip occurs. On the other hand, the
equipment may still be affected by the second dip even if it tolerates the first voltage dip.
In either case, the duration of the dip may be overestimated if end-user equipment trips
for one of the dips only.

3.4.2.3 Lowest-magnitude and longest-duration: method-3

Another method of aggregating multiple-dips into a single-dip event is by choosing the
longest-duration and lowest-voltage of individual dips, determined by (3.5).

magnitude, u=min[u,, u, ...,u,

(3.5)
duration, At = max[At,, At,, ..., At, ]

This method may reasonably be applied when the time between multiple-dips,
occurring within relatively longer-time aggregation window (e.g. longer than 10 s [39,
58]), is relatively long (e.g. more than 1 s) and remaining voltages of individual dips are
close to one another. For end-users, the implication is that the equipment will more likely
trip on the longest dip. However, it is difficult to determine the most severe dip when a
short-deeper dip is followed by a long-shallow dip, or vice versa.

The previous methods consider the lowest-voltage of individual dips. However, a dip
with the deepest magnitude may have the shortest duration or vice versa, and different
equipment may respond differently to such multiple-dips. That is, a dip that trips one type
of device may not trip another device, or vice versa. In such cases, none of the above
aggregation methods may represent the most severe dip. Not only the duration but also
the magnitude should, therefore, be considered when finding the most severe dip on which
a device will most likely trip during the multiple-dip event.

3.4.2.4 Voltage sag energy method: method-4

Voltage sag energy (Es) represents the energy that is not delivered to an impedance
requiring a constant power. For dips involving multiple phase-to-ground (or phase-phase)
voltages, the sag energy proportional to the energy not delivered to a constant impedance
load with rated power of the load as a base can be given by (3.6)[39],

oy u2 toy U2 ty, UZ
E, = j(l_u—;jdu 1-— dt+j(1-u—;]dt (3.6)
tiy n ty, n t, n

where uy, Uy and u, represent the RMS voltage values below the dip threshold, uj is the
RMS value for the nominal voltage, t; and t; are the dip-start and dip-end times of the dips



3.4 VOLTAGE DIPS STATISTICAL INDICES 53

associated to each phase-to-ground or phase-phase voltage. Voltage sag energy has a unit
of time and the value represents the non-delivered energy caused by the dip equivalent to
an interruption with a duration of the calculated value.

This method of quantifying single-event indices can be used to determine the most
severe dip of multiple-dip events. Once voltage sag energies of individual dips are
obtained using (3.6), parameters (magnitude, duration and type) of the dip with the highest
voltage sag energy, which is considered as the most severe dip, are considered to
characterize the multi-dip event.

3.4.2.5 Voltage dip severity index method: method-5

Voltage dip severity of an event can be calculated from the event magnitude and duration
along with the reference curve. The value can be calculated using (3.7) [39],

1-u
) 1- Ut (d) (37)
where u is the remaining voltage magnitude (in pu), ur(d) is the magnitude value of the
reference curve during the same event duration d. With this method, severity of each event
can be compared with voltage-tolerance curves of equipment (such as SEMI FA7, ITIC or
other curves when available).

Once severity indices of individual dips are obtained by (3.7), parameters of the dip
with the highest severity index value, which is considered as the most severe dip, are used
to represent the multiple-dip event. This method is more appropriate to apply for phase-
phase dips in the MV-network, which will become phase-dips in the LV-network. For
devices with known reference voltage-tolerance curves, severity of the aggregated voltage
dip (characterized by magnitude and duration) can be compared with the dip ride-through
capability of devices. However, different equipment behave differently and their voltage-
tolerance curves vary. Although parameters of the most severe dip can be determined with
this method, end-user equipment can trip for any dip before the most severe dip.

For the purpose of computing site and system indices, any of the above techniques can
be used in order to aggregate multiple-dips into a single dip. Voltage dip parameters
representing the aggregated events do not necessarily reflect the actual impact on
equipment and processes. To illustrate the effect of the above-mentioned aggregation
methods on the parameters of the aggregated dip, a multi-dip event shown in Figure 3.13
is considered here. The voltage event consists of two dips within 5 s measurement window
related to both measured phase-to-ground voltages (Figure 3.13(a)) and calculated phase-
phase voltages (Figure 3.13(b)). In the first dip, the drop in voltage magnitude on two of
the phase-to-ground voltages resulted in a dip affecting two of the phase-phase voltages
but with higher magnitudes of remaining voltages. In the second dip, the drop in voltage
magnitude on one phase of the phase-to-ground voltages developed into the three phases
and this also resulted in a dip affecting three of the phase-phase voltages. In this case, part
of the dip that affects only one of the phase-to-ground voltages is not seen in the phase-
phase dip and this affects the dip duration. Important information on individual dips,
required by the various aggregation methods, are obtained from the characteristic voltages
and parameters of the aggregated dips are compared in Table 3.5.
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Figure 3.13: A two dip event with — (a) phase-to-ground voltages, and (b) phase-phase voltages.

It can be seen from Table 3.5 that the parameters characterizing the recorded event
can be significantly affected depending on the choice of aggregation method. With the
first three (classical) methods (M1-M3), the variation of magnitudes between the two dips
is not considered. Using the SEMI FA47 as a reference curve with method-5 (M5), both
method-5 and method-4 (M4) indicate the second dip is more severe than the first.
Method-5, however, requires a reference curve which is difficult to define one that is
applicable for all equipment and/or group of customers. On the other hand, method-4
considers variation of the RMS voltages in all phases for comparing the severity of the
dips. From this perspective, the method based on voltage sag energy index (M4) is chosen
for aggregating multiple-dips for the regulatory or customer report. Nevertheless, it is
likely impossible to define the best and most accurate aggregation method that can be
applied to any kind of analysis needs.

Table 3.5: Parameters of the aggregated dips based on the different methods

(a) Information on individual dips from the voltage characteristics

First dip Second dip
tsifms]  ta[ms]  wi[%]  type Evs1 Se1 tso[ms]  tee[ms]  u[%] type Ewe Sez
Phase 970 2250 45 2 1320 273 | 3200 4380 14 3 1457 43
Ph-ph. 980 2260 63 2 758 1.87 | 3900 4300 16 3 830 2.79
(b) Parameters for the aggregated dip with different methods (M1-M5)
Phase-dip Phase-phase dip
M1 M2 M3 M4 M5 M1 M2 M3 M4 M5
u [%] 14 14 14 14 13 16 16 16 16 16
At [ms] 3300 2380 1280 1100 1100 3320 1680 1280 400 400
type 3 3 3 3 3 3 3 3 3 3

3.4.2.6 Measurement aggregation

During severe weather conditions, chronological list of voltage dips occurring within
short interval of time (e.g. 1 minute) may be recorded by a monitor. This is highly possible
especially when the monitoring device has a narrow measurement window, and counting
such dips individually may significantly increase the number of dips in a particular site.
Voltage dips recorded during extreme weather conditions are outside the scope of EN
50160. During such situations, multiple-dips within each event need to be aggregated and
then measurement aggregation can be applied to represent a group of dip events within a
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fixed window by a single dip. An example of such a case is addressed in Table 3.6 for a

single site where 45 phase-phase dips were recorded in the year 2015.

Table 3.6: Measurement aggregation for voltage events consisting of successive dips occurring within short-time during the
same hour of a day in the year 2015

Dips occurrence time stamps

Dip parameters

Before aggregation After aggregation
s/n Month Date Hr. minute sec. u [%] At [ms] u [%] At [ms]
1 1 24 14 27 34 69 90 69 90
2 1 29 19 47 44 45 110 45 110
3 1 29 20 29 1 41 30 41 30
4 1 29 21 6 11 64 30
5 1 29 21 6 12 42 60
6 1 29 21 6 15 42 60
7 1 29 21 6 16 41 70
8 1 29 21 6 19 58 30
9 1 29 21 6 22 41 40
10 1 29 21 6 24 40 30
11 1 29 21 6 25 40 60
12 1 29 21 6 28 41 90
13 1 29 21 6 29 41 60
14 1 29 21 6 31 42 30
15 1 29 21 6 32 42 60
16 1 29 21 6 33 41 60
17 1 29 21 6 35 41 90
18 1 29 21 6 36 40 60
19 1 29 21 6 38 40 30
20 1 29 21 6 41 39 30
21 1 29 21 6 43 40 60
22 1 29 21 6 44 39 30 39 130
23 1 29 21 6 46 41 40
24 1 29 21 6 47 41 60
25 1 29 21 6 48 40 30
26 1 29 21 6 50 40 30
27 1 29 21 6 52 41 30
28 1 29 21 6 53 42 30
29 1 29 21 6 54 41 60
30 1 29 21 6 56 41 60
31 1 29 21 6 57 40 40
32 1 29 21 6 59 40 30
8 1 29 21 7 1 40 130
34 1 29 21 7 3 56 70
35 1 29 21 7 5 42 30
36 1 29 21 7 10 67 30
37 3 27 9 37 51 81 60 81 60
38 4 6 15 6 13 58 40 58 40
39 4 6 15 12 4 48 60 48 60
40 4 6 15 12 18 56 30
41 4 6 15 13 8 40 30 40 30
42 5 12 12 43 41 52 90 52 90
43 6 11 1 43 39 82 20 82 20
44 6 15 17 14 13 66 30 66 30
45 7 15 8 51 1 68 30 68 30

Before applying measurement aggregation, some of the voltage dip events actually
had multiple-dips adding up to 99 phase-dips and 66 phase-phase dips if all qualified dips
were counted individually. Using the voltage sag energy index aggregation method (M4)
of multiple-dips, the annual dips are reduced to 80 phase-dips and 45 phase-phase dips.
Despite aggregating multiple-dips into a single dip per event, it can be clearly pointed out
from Table 3.6 that 33 of the phase-phase dips are recorded within less than 1 minute time
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on the 29" January 2015. Similarly, two dips are recorded within 14 seconds on the 6%
April 2015. If measurement aggregation, based on the lowest-magnitude and the longest-
duration, is further applied to these phase-phase dips using 1 minute aggregation window,
the total number of phase-phase dips would be reduced into 12 dips per year.

3.4.3 Variations in voltage dip performance

Depending on the various activities and weather conditions, the frequency and probability
of the occurrence of voltage dips is highly unpredictable both in time and place. The
stochastic and random nature of voltage dips both in time and place can be demonstrated
by Figure 3.14 for phase-dips and phase-phase (line) dips from six MV substations during
four years. In NK1, for instance, the least and the highest number of phase-dips during
the four years are monitored in 2012 and 2013 respectively. In some networks (e.g. ZBM1
and ZVH1), the number of phase-dips and phase-phase dips are the same during each year
and varies from time to time.

40

22010 52011 02012 =2013
30 -

20 -

Number of dips [-/yr]
A

‘ ZBM1 ‘

Monitored MV substations

Figure 3.14: Variation in occurrence of voltage dips® in time and place in the MV-networks.

In the NK1 network, it can be recalled from Figure 3.14 that a remarkably high number
of phase-dips were monitored in the year 2013 while only few dips could propagate to the
LV-networks. Further zooming on for the variations in the number of dips over the months
for the year 2013 is presented in Figure 3.15. It can be observed that a majority of these
dips occurred in February. Investigations by the network operator indicated that a defect
cable was the source of repetitive self-extinguishing faults that resulted in a high number
of phase-dips. After replacement of the defect cable, the number of dips significantly
reduced in the upcoming months.

The distribution on the number of dips recorded in the 53 monitoring locations
significantly varies from place to place. As can be pointed out from Figure 3.16, some
substations have small number of dips while only two substations have very large number
of dips per year. A majority of the substations, however, have 3-10 dips per year. This
wide range of variation in the number of dips can highly influence the evaluation of
voltage dip profiles for the system performance.

% Phase and Line refer to dips associated with phase-to-ground and phase-phase voltages respectively.
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Figure 3.15: Monthly variation of voltage dip occurrence in the NK1 10kV network for the year 2013.
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Figure 3.16: Variation in the number of voltage dips in different monitoring locations.
3.4.4 Measurement and presentation of dips for system performance

If monitors in the HV- and MV-networks are meant to measure phase-to-ground voltages,
TSOs and DSOs may get more information about the total frequency of faults in the
network. However, publishing these dips will overestimate the number of dips that end-
users in the LV-network can experience. This can lead to misleading and erroneous
conclusions about the number and severity of the dips, and the possible impact on the end-
users. For end-users, either the measurement method or reporting approaches can be
modified in order to attain voltage dip statistics with more reliable information. With
multiple-dips and recursive dip-events occurring within short time, aggregation methods
can be considered to reduce the number of dips into a reasonable amount.

It is observed from the analysis that the voltage dip characteristics often vary from site to
site, and time to time. Voltage dip profiles of the site with minimum dip density and
maximum dip density may be far from each other and none of the two situations could
give a good indication into the dip profile of the MV system. Considering the average of
voltage dips over the 53 monitored substations, an improved and recommended
approaches of reporting dips of the MV-networks are described here.
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3.4.4.1 Improved approach of reporting voltage dips

If the installed monitors are meant to measure phase-to-ground voltages, the reporting can
be improved to include the type of dips in the dip table. This will give the network operator
additional information about the type and frequency of dips in the networks, and to
estimate which dips could be transferred to the low voltage levels. One-phase dips from
the HV- or MV-networks hardly transfer to the LV-networks and end-users may consider
to deal with two-phase and three-phase dips. With this approach, the profile of average
phase-dips over all monitoring locations before aggregating (MO) and after aggregating
multiple-dips using the voltage sag energy method (M4) is given in Table 3.7. It can be
seen that one-phase dips share about 38% and 32% of the total phase-dips before and after
applying the aggregation method with multiple-dips. This implies, on average a customer
connected to the MV-network can experience not more than 68% of the total dips. The
use of aggregation with multiple-dip events over all monitoring locations also reduced the
average number of voltage dips related to phase-to-ground voltages by about 45%.
Regarding the data on each dip type, the number of one-phase, two-phase and three-phase
dips after aggregation reduced by about 55%, 43% and 35% respectively.

Table 3.7: Average annual density using improved approach of reporting dips without aggregation (M0) and aggregating
multiple-dips based on voltage sag energy method (M4)

Duration [s]

Remai”iong At<0.2 | 02<4t<0.5 | 05<dAt<l | 1<4t<5 | s5<dr<60 |
voltage [%] | “igh 2ph  [NEEAN 1oh  2ph iph  2ph [NEEANN ioh  2ph iph  2ph [NEEEN Tot

90>u MO | 274 28 055 008 002 021} 007 002 017 000 000 000 ; 000 000 000 | 667

>80 M4 | 125 145 029 | 004 000 021 | 007 002 016 | 000 000 0.00 | 0.00 0.00 000 | 348
80>u MO | 211 295 066 ; 0.05 004 005 006 002 002 ; 005 000 006 ;| 0.00 0.00 000 ; 6.08
270 M4 | 0.62 175 032 | 0.05 004 005 | 006 002 002 | 005 000 006 | 0.00 000 000 303
70>u MO | 3.03 269 346 | 008 012 008 | 011 015 002 | 004 006 007 | 000 0.00 000 | 9.90
240 M4 i 1.36 146 187 : 003 009 008 { 010 015 002 i 004 006 0.06 | 0.00 0.00 000 i 533
40>u MO | 1.65 083 156 | 014 003 006 { 011 005 016 | 012 0.00 0.06 { 000 000 0.00 | 476
25 M4 | 0.70 043 124 | 014 003 005 | 011 005 016 | 012 0.00 0.06 | 0.00 0.0 000 | 3.08
55U MO | 0.00 000 0.02 | 0.00 000 000 | 000 000 000 | 000 000 0.00 | 000 0.00 000 | 0.02
M4 | 0.00 000 0.02 { 0.00 000 000 { 000 000 000 { 000 0.00 0.00 ; 0.00 0.00 0.00 | 0.02

Sub. MO | 9.53 929 625 ; 034 021 040 ; 035 024 037 ; 020 006 019 : 0.00 0.00 0.00 ; 27.42

Total M4 | 3.93 509 373 [ 026 016 038 | 034 024 036 | 020 006 018 | 0.00 0.00 0.00 | 14.94

MO | 1043 9.79
M4 | 474 5.55

3.4.4.2 Recommended approach of measuring and reporting dips

As end-users are connected to the MV-networks through Dyn transformers, the phase-
phase dips in the MV become phase-dips in the LV-networks. If phase-to-ground voltages
are monitored in the MV-networks, phase-to-phase voltages can be calculated and the dips
that may influence the end-users can be reported as in Table 3.8. As compared to the
results shown in Table 3.7, the calculated number of phase-phase dips in the MV-networks
propagating to the LV-networks are about 36% and 57% of the average monitored phase-
dips before and after using the aggregation method with multiple-dips. It is also noticed
that the calculated number of phase-phase dips can be less than the combined occurrence
of two-phase and three-phase dips (in this case, 83%).
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Table 3.8: Average annual density using recommended approach of reporting dips without aggregation (M0) and aggregating
multiple-dips based on voltage sag energy method (M4)

- Duration [s]
Remaining
voltage [%] At<0.2 [ 0.2<4t<05 [ 0.5<4t<1 [ 1<4t<5 5<4r<60
Loo: Lo -ﬂ Lou - Lo Lou - Lo Lo [N UCoor  Lou AN Tot.

90>u MO | 169 037 027 | 004 000 021 | 002 002 017 | 002 000 0.02 000 000 0.00 285
>80 M4 | 167 034 025 | 000 000 020 | 002 002 017 | 002 000 0.02 000 000 0.00 272
80>u MO | 055 039 046 | 002 008 003 | 002 002 000 | 000 000 0.04 000 000 000 1.60
>70 M4 | 051 035 031 | 002 008 003 | 002 002 000 | 000 000 004 000 000 000 1.37
70>u MO | 030 053 284 | 004 004 005 : 008 019 014 { 000 002 005 000 000 0.00 428
>40 M4 | 019 045 226 | 004 004 005 | 008 019 014 | 000 002 0.04 000 000 0.00 350
40>u MO | 006 025 023 | 000 0.04 008 | 006 012 007 | 000 000 0.00 000 000 0.00 089
>5 M4 | 002 013 021 | 000 004 007 | 006 012 007 | 000 000 0.00 000 000 000 071
MO | 0.04 002 000 | 000 0.00 000 | 000 006 004 | 000 002 000 000 000 000 017
M4 | 004 002 000 | 000 000 000 ; 000 006 004 { 000 002 0.00 000 000 000 017
Sub. MO | 264 155 381 | 010 016 036 | 017 042 042 | 002 004 011 000 000 0.00 979
Total M4 | 242 130 303 | 006 016 034 | 017 042 042 | 002 004 011 000 000 0.00 848
MO | 292 216
M4 267 191

5>u

Total

When dips influencing the end-users are the main target, the connection of monitors
for measurement can be adjusted as indicated in Table 3.9 by taking the type of HV/MV
transformers into consideration. If size of the data storage is not an issue, it is highly
recommended to measure both phase-to-ground and phase-phase voltages and report the
phase-phase dips in the MV-networks as in Table 3.8.

Table 3.9: Proposed approaches of PQ monitor connections for monitoring dips in the HV- and MV-networks [22]

Transformer configuration Monitor connection to measure intended voltage

Case | Hv/MV MV/LV HV-network MV-network
| YNyn Dyn Phase-to-phase voltages Phase-to-phase voltages
11 YNd Dyn Phase-to-ground voltages Phase-to-phase voltages
11 Both I and 11 Dyn Phase-to-ground and Phase-phase Phase-to-phase voltages

From Table 3.7 and Table 3.8, it can be observed that the aggregation method reduced
the number of phase-dips from 27.42 dips per year into 14.94 dips per year. Similarly, the
aggregated phase-phase dips are reduced from 9.79 dips per year into 8.48 dips per year.
The fact that higher numbers of voltage-dip events and multiple-dips per event are
measured in the phase-to-ground voltages than phase-phase voltages, a very significant
reduction in the number of dips due to the aggregation methods is pronounced for phase-
dips than phase-phase dips. The total number of aggregated dips are same but the different
methods of aggregations affect the severity of various types of voltage dips (characterized
by magnitude and duration). VVoltage dip profiles using other aggregation methods can be
found in Appendix-B.3.

The occurrence of voltage dips can significantly vary from country to country
depending on several factors such as type network (overhead lines, underground cables,
or mixed), length of MV cables or lines, number of MV customers, type of system
grounding, etc. As can be noticed from Table B.3 (Appendix-B.3), the assessed number of
voltage dips in the Netherlands is significantly lower than in the other European countries.

When evaluating the average dip profiles, the mean value is between extreme
situations (extremely minimum, extremely maximum). To discriminate the effect of
extreme values, 95- or 99-percentile can be applied for the dip data from more monitoring
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locations for longer periods and value closer to the reality can be obtained. This will be
described later with regulation of voltage dips in Chapter 7.

3.5 Summary

When assessing voltage dip indices, the number and severity of voltage dips can be
affected by the number and location of monitors, the type of monitor connection, and
method of aggregation with multiple-dips and recursive dip events occurring within short-
time intervals. Because of the fact that voltage dips caused by different faults can have
different impact on end-users, different classification of voltage dips should be considered
and regarded separately. Taking the change in characteristics of voltage dips between the
monitoring locations and end-user equipment terminals into account, voltage dip profiles
consisting of reliable information can be reported. This helps customers to take measures
in order to tackle financial losses related to voltage dip problems.

Using the monitored data from the 53 Dutch MV substations and counting all qualified
dips separately, on average about 27 phase-dips and 10 phase-phase dips occur every year.
It is observed that the occurrence of dips varies from location to location and from time
to time. When multiple-dip events and recursive dip-events occurring within short-time
intervals are aggregated over 1 minute measurement window, the average numbers of dips
related to the phase-to-ground and phase-phase voltages are reduced to about 15 and 8.5
dips per year. Depending on the purpose of the dip measurements, it is suggested that the
various types of voltage dips that can propagate to the end-user terminals shall be reported
separately.



Voltage dip immunity of equipment

4.1 Introduction

The detrimental impact of voltage dips is mainly associated with industrial and big
commercial customers. The proper operation of modern industries rely on electronic
controls and equipment which are highly susceptible to voltage dips mostly coming from
the grid [35, 59-65]. When such devices are subjected to a brief reduction in the voltage
magnitude, a failure or malfunction of a single device may cause a cascading failure of
the entire manufacturing process. The response of end-user equipment on voltage dips
depends on the severity of the disturbance and the robustness of the process equipment.
The severity of voltage dips is expressed in terms of the magnitude and duration of the
disturbance while the robustness of equipment is a measure of the ride-through capability
of the device against the disturbance.

Depending on the characteristics of the voltage dips, various type of equipment exhibit
different sensitivities. In this chapter, existing standards regarding voltage dip immunity
of equipment are briefly described. Based on laboratory experiments, voltage-tolerance
curves of sensitive devices commonly used in industries are presented. With a case study
of a simple process, the behavior and interaction of individual equipment that make up
the process are compared with the sensitivity of the process against the same disturbance
parameters. The voltage-tolerance curves of the equipment and process are compared to
check if the process dip immunity is always governed by the immunity of the weakest link
component in the process. From field measurements in the distribution network, the
performance of the process is evaluated by comparing the severity of voltage dips at a site
with the voltage-tolerance curve of the process.

4.2  Standards on equipment dip immunity

In order to meet better power quality requirements, both equipment manufacturers and
users use standards. Standards associated with voltage dips are intended to be used as
means of reference documents for describing the quality requirements of the equipment
demanded by customers, as guidelines for equipment manufacturers in order to develop
products that meet customer requirements, and for testing and evaluating if the product
complies with the customer’s specifications.

61
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Not all power disturbances affect modern equipment. There is an acceptable range of
AC voltage variation that equipment power supplies will tolerate over short periods of
time. In fact, a supply that is acceptable for one device may be inadequate for the others.
Different standards are available to provide specifications, guides, test methods,
terminologies, practices, etc. associated with industrial equipment. In the PQ standards,
the remaining voltage magnitude and duration are the parameters used for describing the
dip immunity of equipment to different disturbance levels.

The international standard IEC 61000-2-4 [66] defines three classes of the
electromagnetic environment. Class 1 applies to protected supplies and has compatibility
levels lower than those on public networks. Class 2 applies to PCCs and in-plant point of
couplings (IPCs) in the environments of industrial and other non-public power supplies,
and has compatibility levels identical to those of public networks. Class 3 applies only to
IPCs in industrial environments and it has higher compatibility levels than those of Class
2 for the same disturbance. Regarding the voltage dip immunity of devices belonging to
the different classes, recommended testing levels are specified in the international
standards IEC 61000-4-11 [37] and IEC 61000-4-34 [38]. The IEC 61000-4-11 is intended
to be used for equipment with mains current not exceeding 16 A per phase while the IEC
61000-4-34 is intended to be used for equipment with mains current greater than 16 A per
phase. Test levels and durations for voltage dips recommended during compliance testing
of devices corresponding to each class of industrial environment are specified in the
standards are summarized in Table 4.1.

Table 4.1: Preferred test levels and durations for different equipment class according to IEC 61000-4-11/34 [37, 38]

Test level and duration for voltage dips

IEC 61000-4-11 IEC 61000-4-34
Class 1 Case-by-case according to equipment Case-by-case according to equipment
requirement requirement

Class2 | (0%, 10 ms), (0%, 20 ms), (70%, 500 ms) | (0%, 20 ms), (70%, 500 ms)

Class3 | (0%, 10 ms), (0%, 20 ms), (40%, 200 ms), | (0%, 20 ms), (40%, 200 ms), (70%,
(70%, 500 ms), (80%, 5 s) 500 ms), (80%, 5 )

The standards SEMI F47 [67] and ITIC [68] are used for describing the ride-through
requirements of devices used in industries. The SEMI F47 curve is offered by the
Semiconductor Equipment and Materials International (SEMI) providing voluntary
technical agreements between manufacturers and end-users to ensure the compatibility
and interoperability of semiconductor processing. It specifies voltage ride-through
requirements of equipment during 0.05-1 s with voltage dips of remaining voltage 50%
for 200 ms, 70% for 500 ms and 80% for 1s. The standard also recommends that
equipment tolerate voltage drops to 0% for 20 ms and 80% for 10 s. In the Information
Technology industry, the ITIC curve is used for describing the behavior of most IT
equipment. This document specifies that IT equipment are required to withstand a voltage
dip of 80% lasting for 10 s and a dip of 70% for 500 ms. According to this application
note, IT devices are recommended to continue operating for 20 ms after the supply is lost.
Even though it was primarily developed for 120 V computer equipment and is not
intended for a design specification, this curve has been applied to general PQ evaluation
and used as a reference to define the withstanding capability of various loads and devices.



4.2 STANDARDS ON EQUIPMENT DIP IMMUNITY 63

As applied to certain industries, a comparison in the different power acceptability
areas of the SEMI F47, ITIC and IEC 61000-4-11 (for class 3) is shown by voltage-
tolerance curves in Figure 4.1. For equipment products complying with the voltage-
tolerance curves must be able to ride-through and continuously operate without
interruption during conditions identified in the areas above the respective curves.
However, equipment complying with the requirements of one standard specifications may
not always comply with another.
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Figure 4.1: Immunity levels recommended by the standards ITIC, SEMI F47 and IEC 6100-4-11 (for Class 3).

Although industrial and national/international standards are available as guidelines for
manufacturers and users, the equipment dip immunity can be influenced by additional
factors (e.g. the dip type and loading) and the actual behavior can be different from the
product specifications. Besides, not all standards contain mandatory requirements and a
wide range of equipment exhibiting different sensitivities against voltage dips are used in
industries [35, 59-61, 63, 69]. In practice, different brands of the same equipment type,
and even different models of the same equipment brand can have different sensitivity to
voltage dips. This makes it difficult to develop a single standard that defines the immunity
of process equipment. In order to simplify the selection and ordering process of
equipment, and to easily conduct tests on limited number of test points, the
CIGRE/CIRED/UIE JWG C4.110 [2, 46] proposed five equipment immunity classes
against balanced and unbalanced voltage dips. According to this proposal, Class A
provides the highest level of equipment dip immunity and Class D specifies a basic level
of equipment dip immunity. Voltage dip immunity Class B and Class C are in between
the two while Class E covers equipment dip immunity falling into none of the other
immunity classes.

In practical applications, the behavior of equipment and processes to voltage dips may
be affected by other parameters- like types of dip, phase-angle jump, point-on-wave dip
initiation, loading condition in addition to magnitude and duration of voltage dips. If
customers know the ride-through capability of their equipment, they can evaluate if their
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equipment will be expected to fail to operate as intended against voltage dips of different
severity levels. This will help customers for choosing appropriate mitigation methods for
protecting their equipment and process against voltage dip problems. One way to solve
the problems caused by voltage dips is to make the manufacturing process more robust
against voltage dips. In order to increase the immunity of the manufacturing process
against voltage dips, it is important that customers understand the response of individual
components, which make up the process, as well as the interaction between the
components for various types of voltage dips under different conditions. From this point
of view, customers can obtain the realistic behavior of equipment and processes in their
facility under different situations from laboratory test.

4.3  Voltage dip immunity test of individual devices

Generally, the sensitivity of equipment to voltage dips may be categorized into three [70]
described as:

o Equipment that is primarily sensitive to the magnitude of voltage dip only- this
includes process controls, motor drive controls, and automated machines.

e« Equipment that is sensitive to both voltage dip magnitude and duration- this
includes all equipment that use electronic power supplies.

e« Equipment that is sensitive to characteristics other than voltage dip magnitude
and duration- some devices are also affected by other characteristics such as the
phase unbalance, point-on-wave dip initiation, etc.

Most of the affected industrial equipment involve the use of electric power supplies
that are sensitive to both magnitude and duration of voltage dips. In many literatures and
surveys [35, 59-61, 63, 69, 71], relays/contactors, adjustable speed drives (ASDs),
programmable logic controllers (PLCs), and personal computers (PCs) are identified as
common industrial devices sensitive to voltage dips. In this section, the effect of voltage
dips on AC contactors, an ASD, PLCs, PCs, an Air conditioner, and on a simple process
are described based on laboratory experiments.

4.3.1 Testing methodology

For testing the sensitivity of various equipment against voltage dips, the simplified
experiment setup shown in Figure 4.2 was built at the TU/e PQ lab. Main components of
the experimental setup include a voltage dip generator source, the device under test, PQ
analyzers, and a load. A 45 kVA programmable voltage source, MX45 from California
Instrument, is used to generate various types voltage dips with different characteristics.

The voltage dip immunity tests are conducted on different types of equipment
including six AC contactors, an AC adjustable speed drive (ASD), three programmable
logic controllers (PLCs), four personal computers (PCs), and an Air Conditioner (A/C).
The list of tested devices and their specifications are summarized in Table 4.2.
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Figure 4.2: Experimental setup for testing equipment dip immunity.

Table 4.2: Test equipment and their specification for testing the voltage dip immunity

Device name Specifications
Source MX 45 California . .
(dip generator) | Instrument 3 phase, S: 45 KVA, Vph: 0-300 V
Monitor PQ analyzer Fluke 434, and Fluke 435

AC contactors

Ca: Moeller Dil2M: 230-460 V, 90 A
Ca: Moeller Dil4AM-22: 220 V, 55-90 A
Ca: Moeller S-PKZ-2: 230 V
Cs: Moeller DilR40: 220-240 V
Cs: Moeller Dil2V-22: 220 V
Ce: Omron: 24 V
Load: Three-phase variable resistive load, 11 kW

Adjustable speed
drive (ASD)

ABB ACS550-01-023A-4 (unidirectional drive)
Rated supply: 50/60Hz, 380-480 V, 11 kW, 23 A
Loadings: No load, 25%, 50%, 75%, 100% rated

Devices under
test

Programmable logic
controllers (PLCs)

PLC:: SR3 B261FU

PLC,: LOGO! 230RCE 0BA7

PLCs: easy 719-AC-RC
Supply voltage: 115 VAC/ 230 VAC
Category: PLC-control module

Personal computers
(PCs)

PC1: CPU=Intel Pentium 4, 3GHz processor, 1 GB RAM (2002)
0OS=Windows XP; Supply= 115/230 VAC (50/60 Hz), 6/3 A, 280 W
PC2: CPU= Pentium 111, 640 MHz processor, 256 MB RAM (2000)
OS=Windows 2000; Supply= 100-240 VAC (50/60 Hz), 9/4A, 300 W
PC3: CPU=lIntel Pentium 5, 3.2 GHz processor, 4 GB RAM (2005)
0OS=Windows XP; Supply: 115/230 VAC (50/60 Hz), 5/2A, 230 W
PC4: CPU=Intel Core 7, 3.4 GHz processor, 8 GB RAM (2009)
0S= Windows 7; Supply= 100-240 VAC (50/60 Hz), 5.5 A, 260 W

Air conditioner
(AC)

Model: PROline CL300 Plus HEATER

Rated supply: 1-phase, 220-240 VAC (50/60 Hz), 4.3 A
Heating/Cooling capacity: 1.75 kW/2.75 kW

Intended temperature: 18-32 °C

The tests were carried out to investigate the response of the devices against voltage

dips. With the singe-phase devices (contactor-coil, PC, PLC, and A/C), the effect of
variations in voltage dip parameters related to the phase supplying the device were tested.
During the sensitivity test of contactors and PLCs, a PQ analyzer connected to the
terminals between the DUT and the load was used to monitor the response of the device
during the disturbance. In the case of the ASD, the effects of magnitude and duration
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variations associated with various types of voltage dips (one-phase, two-phase and three-
phase) and under different loading conditions were explored. When testing the voltage
dip sensitivity of the devices, experimental setups were built for each device separately.
After building the setup properly, the procedures for testing the sensitivity of the device
under test are as follows:

(i) The DUT is supplied with nominal voltage before any disturbance is generated.
The PQ analyzer connected to the input side of the DUT is used for checking the
quality of the supply voltage supplying the DUT.

(if) Setting the phase-shift constant and point-on-wave initiation to 0°, voltage dips
are generated in the MX 45 by varying the RMS voltage magnitude in one of the
phases from 90% to 0% of the nominal voltage with steps of 2%. For each
magnitude, the dip-duration is progressively increased from 10 ms up to few
seconds till the device trips, or until 60 s if the device does not trip. The dip ride-
through of the device is ascertained by three repeated trials and about 5 s
recovery time is allocated before the next voltage dip is applied.

(iii) Step (ii) is repeated for voltage dips with 90° point-on-wave dip initiation.

(v) Steps (ii-iv) are repeated for two-phase and three-phase dips.

4.3.2 Voltage-tolerance curves of tested devices

In this section, the results from the equipment dip immunity tests are given in terms of
variations on the voltage-tolerance curves.

4.3.2.1 Effect of voltage dips on AC contactors

AC contactors are electromechanical devices widely used for switching and controlling
purpose of machines and processes in several commercial and industrial facilities. These
devices often have low voltage ride-through capability and they are determined as weak
links in automated production lines [71] such that a trip of a contactor can disrupt the
whole production line even if all other equipment are immune to voltage dips. Several
studies [2, 59, 72-75] show that AC contactors are sensitive to the magnitude, duration
and point-on-wave initiation of voltage dips.

During voltage dips, the tripping in the electrical contacts of the contactor depends on
the amount of energy stored in the contactor coil which is energized from one phase of a
three-phase supply. When the RMS voltage on the phase supplying the AC-coil is reduced
below a certain value Vg, the main flux (@moVhaig) and hence the force (fminac®?min)[72]
needed to keep the contacts closed becomes lower than the minimum value. As a result a
one-phase dip on the AC-coil can be sufficient enough to disengage the electrical contacts
of the contactor leading to a three-phase interruption of the load supply.

The voltage-tolerance curves of six contactors against voltage dips affecting the source
supplying the contactor coils are shown in Figure 4.3. For dips below the voltage-
tolerance curves, the contactors disengage and cause three-phase interruptions lasting for
intervals of the dip-duration. When the voltage dip ends and the supply voltage on the
AC-coil recovers, the electrical contacts reengage automatically. This is ascertained by
the PQ analyzer with a nominal-zero-nominal (un,-0-un) transition in the RMS voltage at
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the load terminals. When the dip is not on the phase supplying the contactor coil, a
situation that may happen with one-phase and two-phase dips, the contacts do not
disengage. During such cases, the load experiences the same disturbance as in the source,
and the PQ analyzer measures the remaining voltage (ur) generated in the source with
voltage transition Ug-Ur-Un.

As also described in earlier studies [2, 59, 72-77], the test results for 0° and 90° points-
on-wave of dip initiations in Figure 4.3(a, b) show that point-on-wave of dip initiation
affects the contactor performance significantly. For voltage dips with 0° point-on-wave
initiations, the voltage-tolerance curves of the tested contactors varied between 50-73%
of the nominal voltage, and the duration thresholds varied between 25-50 ms. For voltage
dips having remaining voltages less than ~50% and with 0° point-on-wave initiation, it
can be seen from Figure 4.3(a) that the contactor C,, for instance, trips faster to shallower
dips than to deeper dips (or interruptions). When u=0% (short-interruption), there is
higher momentary current (thus, high magnetic energy stored in the coil) at the point of
initiation and a minimum AC amplitude (i.e., AC flux) during the dip than when the dip
is 50% of the nominal voltage. The alternating current flowing through the coil in the
latter case decreases the flux more rapidly, and contactor becomes less tolerant, than in
the former case [78].
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Figure 4.3: Voltage-tolerance curves (VTC) of six AC contactors (C1, Cz, Cs, Cs, Cs, and Cs) for voltage dips with point-on-
wave initiations of — (a) 0°, and (b) 90°.

For voltage dips with 90° point-on-wave initiations, the voltage-tolerance curves of
the tested contactors varied between 38-70% of the nominal voltage, and the duration
thresholds varied between 10-20 ms. Because of the inductive nature of the contactor coil,
the coil current (or field strength) lags the voltage by ~90°. The coil current and thus the
amount of magnetic energy is maximum at the zero-crossing and minimum at 90° of the
coil voltage. For this reason, it can be seen from Figure 4.3(a, b) that each contactor trips
faster to deeper dips and interruptions for 90° than for 0° point-on-wave initiations. When
short dips take place at the zero-crossing, the flux is at its maximum which provides an
energy buffer to maintain the contactor engaged for some time before it disconnects. If
the voltage dip starts at 90°, the flux is at its minimum and there is no (very small) energy
buffer to keep the contactor connected. Hence, short and deeper dips (or interruption)
initiated at 90° are worse than those initiated at 0°. The horizontal parts of the voltage-
tolerance curves for dips with 0° point-on-wave initiations are about ~2—-12% higher than
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dips with 90° point-on-wave initiation, which indicates that the threshold voltage is not
equal for different points-on-wave dip initiations.

For various types of contactors, results show that there is a slight variation in their
sensitivity threshold (both magnitude and duration). For each contactor, the voltage-
tolerance curves with 0° and 90° point-on-wave dip initiations are compared with the
SEMI F47 power acceptability curve in Appendix-C.1. It can be observed that only three
of the tested contactors (Cz, Cs4 and Cs) comply with the SEMI F47 curve. It is also
observed from Figure C.2 (in Appendix-C.1) that the impact of load change on the
performance of the contactors to voltage dips is negligible. The improvements in the VTC
of a contactor using the phase-phase supply and Coil-Lock mitigations can also be found
in Appendix-C.1.

4.3.2.2 Effect of voltage dips on an AC adjustable speed drive

Adjustable speed drives (ASDs) are power electronic converters that have become integral
parts of many industrial processes for improving process control by controlling the torque
or speed of motors. The ASD controls the speed or torque of a motor by converting the
fixed frequency supply voltage to a variable frequency and variable magnitude of voltage
at the motor terminals. A schematic for a classical model of ASD is shown in Figure 4.4,
The basic components of the ASD consist of a diode bridge rectifier, a DC-link and an
IGBT inverter. The bridge rectifier converts the supply voltage into unregulated DC
voltage and the DC-link filter, which acts as an energy buffer, smooths out the ripples
allowing the DC component to go through. From the incoming DC voltage, the pulse-
width modulated inverter creates AC voltage that is desired by the motor. A drive with
active front end topology connected to the LV grid and coupled to the AC motor is
emulated to represent the mechanical load.
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Figure 4.4: Basic components of an ASD connected to an emulated mechanical load.

Previous studies indicate that ASDs are sensitive to voltage dips [2, 60, 61]. Ignoring
the voltage drops in the rectifier elements of the classical ASD model shown in Figure 4.4
and assuming no phase shift during different types of voltage dips, the DC bus voltage
when the RMS voltage in the supply is dropped to v% of the nominal voltage (Umms) can
be calculated using (4.1)—(4.3).
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When the RMS voltage of the supply varies between 0-90% of the nominal voltage,
the DC-link voltage during one-phase dips varies in the range of 67-97% relative to the
pre-dip DC-link voltage. Similarly, the DC-link voltage varies between 33-96% and 0—
90% of the pre-dip DC-link voltage for two-phase and three-phase dips respectively. This
indicates that the DC bus voltage will be affected differently by various types of voltage
dips.

The tripping of an ASD can happen due to the intervention of undervoltage protection
when the DC-bus voltage is lower than the minimum limit (Ugc-min) Or due to malfunction
of the PWM controller of the inverter. With voltage dips, intervention of the undervoltage
protection is the most common reason for the ASD trips [60]. As demonstrated in Figure
4.5, the time taken for the DC-bus voltage to reach below the minimum value can be
calculated using (4.4) [2, 60].

—y?

uz .
C dc—pre dc—min (44)

ttrip = 2P

where C is the DC-bus capacitance, P is the electric power required to drive the load, Ugc-
pre IS the pre-dip DC-bus voltage and Ugc-min is the DC-bus undervoltage protection value.
As the load increases from no-load to full-load, the energy required by the motor to drive
the load increases which makes the capacitor voltage decay and reach Ugc.min faster, and
leading the device to enter the fail or disturbance region quickly. Thus, the immunity of
the ASD worsens both vertically (when magnitude changes) and horizontally (when
duration changes).
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Figure 4.5: Tripping of an ASD on undervoltage.



70 VOLTAGE DIP IMMUNITY OF EQUIPMENT

For the ASD whose specification is given in Table 4.2, the behavior during different
types of voltage dips and for various loading conditions is tested. A disconnection (or
tripping) of the drive that requires a manual reset is considered as the malfunction criteria.
The voltage-tolerance curves of the tested ASD against various types of voltage dips and
under different loading conditions are presented in Figure 4.6.
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Figure 4.6: Voltage-tolerance curves (VTC) of an ASD against various types of dips and keeping the load constant at — (a) no-
load, (b) 50% rated-load, (c) 75% rated-load, and (d) rated-load.

As can be seen from Figure 4.6, the sensitivity of the ASD to voltage dips is
considerably influenced by the types of dips and by the loading conditions. At fixed and
low loading conditions (up to 70% rated-load), the ASD is more susceptible to the
variations in the magnitude of voltage dips (Figure 4.6(a, b)). It is also observed that the
ASD loaded to below 70% rated-load is immune to one-phase dips (indicating that a
minimum of 67% of the pre-dip DC-link voltage is sufficient enough to keep the ASD
running) and thus VTCs are not visible for 0% and 50% rated-load. At 70% of rated-load
or higher, one-phase dips started causing problems to the ASD (Figure 4.6(c, d)). Two-
phase dips are less severe than three-phase dips and show similar patterns in that the
tolerance curves move left and upwards when the loading condition increases.

The loading significantly influences the immunity of the ASD to various types of
voltage dips. For example, three-phase dips caused tripping of the ASD at no-load (Figure
4.6(a)) when the supply voltage drops to less than ~65% of the nominal voltage for
duration longer than 900 ms. When the load increases to full-load, the energy required to
maintain the full-load is much higher than for low loading conditions and this leads the
energy buffer of the DC-link to be drained quicker. Thus, the ASD became more
vulnerable to shallow- and short-dips. The ASD at full-load, for instance, is found to be
prone to almost all two-phase and three-phase dips lasting more than a cycle, and one-
phase dips with magnitude of remaining voltage lower than 80% of nominal voltage
lasting longer than a cycle. More results on the effect of loading during one-phase and
two-phase dips can be found Appendix-C.2. It was also observed that the point-on-wave
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dip initiation is not significant to the performance of ASDs against voltage dips (see
Appendix-C.2).

The tested ASD with diode bridge rectifier includes electronic controls (such as AC-
side overcurrent protection, undervoltage protection of the DC-link voltage, and inverter-
side overcurrent protection); and it can be seen from Figure 4.6 that the behavior in reality
is more complicated than what can be described using (4.1)—(4.4). New drives with active
front end (AFE) rectifiers have also come to the market mainly for loads requiring
bidirectional drive. In ASDs with AFE converter, the diode bridge rectifier is replaced by
a self-commutated pulsed rectifier with regenerative feedback facilities comprising IGBT
modules and clean power filter. The dip ride-through of such drives depends on the
rectifier devices’ current ratings and loading conditions, and the thermal rating of an IGBT
switch allows for overcurrent for certain duration [79]. At the switching frequency of the
AFE, the ripple in the DC-bus voltage is small and the AFE rectifier has inherent boost
function [79, 80]; and ASDs with AFE rectifier have better ride-through capabilities than
classical drives. With an AFE rectifier, IGBTs with high overload factor can be used and
the ASD can ride-through deeper dips in the supply voltages [80].

4.3.2.3 Effect of voltage dips on personal computers

Personal computers (PCs) comprise electronic devices that can be affected by the supply
voltage variations. Figure 4.7 shows a simplified configuration of the power supply to
personal computers and other low-power equipment. The power supply to a computer
consists of a single-phase diode rectifier together with a capacitor and a DC-DC voltage
regulator. The bridge rectifier coverts the AC signal into unregulated DC voltage, and a
capacitor is often connected to the DC-link to reduce the voltage ripple at the input of the
voltage regulator. The DC-DC converter transforms the unregulated DC voltage from the
DC-link into regulated levels.
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Figure 4.7: A simplified schematic of a computer power supply.

During normal operation, the capacitor is charged twice a cycle through the diodes.
When the AC voltage drops suddenly during voltage dips, the capacitor starts to discharge
and continues to discharge until the DC-bus voltage has dropped below the peak of the
supply voltage, and a new operating point is reached at a lower DC-bus voltage. The
duration of the discharge of the capacitor is dependent to the magnitude of the voltage
dip, the size of the capacitor and the load current. The voltage regulator is often able to
maintain the output voltage level for some variations in the input voltage. If the new steady
state value is below the minimum operating voltage of the DC-DC converter or below a
certain protection setting, the voltage dip can cause the equipment trip.
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Voltage dips can cause computers to restart, and the effect for individual users may
not be very significant unless they are used as servers or mainframe computers. However,
in computer controlled systems and processes, mainly in commercial sectors like banks
and telecommunications where they depend entirely on data processing through PCs in
their network, the malfunction of PCs can result in the loss of data incurring substantial
financial losses [63]. In the past, many works have been reported in [63, 81, 82] to
understand the voltage immunity level of PCs. As an effort to understand the behavior of
PCs against voltage dips, the sensitivity of four PCs (with specifications described in
Table 4.2) are experimentally tested. During the tests, the PC power supplies and the
monitors were supplied from different phases. On the phase supplying the PC power
supply, voltage dips of various magnitude and duration are generated to study the ride-
through capability of each PC while the monitor is supplied with a normal supply. An
automatic restart/reboot is selected as the malfunction criterion for the PCs during voltage
dips. After each shutdown due to a voltage dip, the PCs were allowed to restart the
operating system properly before applying another dip.

The voltage-tolerance curves of the tested PCs along with the ITIC power acceptability
curve are shown Figure 4.8. Similar to the previous research findings on the susceptibility
of PCs against voltage dips, the obtained voltage-tolerance curves for the tested PCs
include the same rectangular shape with a very sharp knee between two distinctive vertical
and horizontal parts. The magnitude-duration pair of the knee points for the tested
computers PC; to PCsare (56%, 118 ms), (62%, 150 ms), (42%, 290 ms) and (32%, 220
ms) respectively.

As can be seen from Figure 4.8, the magnitude thresholds of the tested PCs varied
between 32%—-62% of the nominal voltage while the duration thresholds varied between
118-290 ms. Comparing the sensitivity of the tested PCs, PC, is the most sensitive and
PC4 is the least sensitive to the voltage dip magnitude. With regard to sensitivity of the
PCs to dip durations, PCy malfunctions faster than the other PCs. It is also observed that
all the tested PCs comply with the voltage dip immunity curve of the ITIC standard.
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Figure 4.8: VVoltage-tolerance curves of the tested PCs.
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4.3.2.4 Effect of voltage dips on programmable logic controllers

Programmable logic controllers (PLCs) are another type of industrial devices sensitive to
voltage dips. There are different types of PLCs for various methods of process control,
but all controllers have the same basic elements. They all have a power supply module to
supply the controller with an AC or DC voltage; CPU that is usually powered from an
internal DC power supply through an AC or DC input; and I/O module which gives the
CPU the means to interpret and manipulate electrical control signals.

The power supply module of the PLC provides DC power to all devices physically
mounted in the PLC rack, including the CPU and 1/0 modules. When the power supply
detects a serious disturbance, the CPU is notified to halt the execution and shutdown
process operations. During voltage dips, the shutdown signal is generated when the
voltage drops below the lower limit, and removes the shutdown signal when the voltage
comes back to above the lower voltage limit.

When the power supply and I/0 modules use AC voltages, voltage dips can affect the
controller through the CPU power supply or I/O. For voltage dips with 0° point-on-wave
initiation, the immunity of three PLCs described in Table 4.2 are tested against variations
in magnitude and duration of voltage dips. Figure 4.9 shows the voltage-tolerance curves
of the power supply modules for the three PLCs along with the SEMI F47 power
acceptability curve. Voltage dips below the curves cause the internal DC voltages of the
PLCs to fall below the lower limit and the relays/contacts to disengage the load. When
the load trips due to a voltage dip and reconnects when the voltage recovers to a value
above the lower limit, an audible clicking sound of the contact is heard, and this is
ascertained by the PQ analyzer connected to the load terminal with a u%-0%-u%
transition in the RMS voltage.

As can be seen from Figure 4.9, the three PLCs have different sensitivity curves
against voltage dips. The magnitude thresholds for the tested PLCs varied between 18-
35% of the nominal voltage and the duration thresholds varied between 20-380 ms. Also,
it can be noticed that the tested PLCs satisfy the SEMI FA7 power acceptability curve.
However, it should be recalled that different types of PLCs with wide range of ride-
through capabilities are available for various methods of process controls.
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Figure 4.9: Voltage-tolerance curves of power supply modules for three PLCs from different manufacturers.
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Regarding the sensitivity of the I/O modules, Figure 4.10 shows that the input modules
for PLC; and PLCj; are robust against voltage dips of any magnitude and duration as long
as the source on the power supply module is free of voltage disturbance. The susceptibility
of the 1/0 modules is, therefore, directly related to the immunity of the power supply
module and the susceptibility of individual loads connected to the output module. On the
other hand, the input module for PLC; is more sensitive than the power supply module.
In this case, system shutdowns can happen before the PLC’s power supply has not already
led to the system trip and the susceptibility of the input module to voltage dips is very
relevant.
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Figure 4.10: Dip susceptibility of the input module Vs power supply module for — (a) PLC1 and PLCs, and (b) PLC:.
4.3.2.5 Effect of voltage dips on an Air conditioner

Air conditioner (A/C) is a low load appliance which is commonly used for regulating the
air temperature into comfortable conditions with the objective of distributing the regulated
air to the occupied space (e.g. building, or vehicle). With voltage dips, the motor current
can increase and large currents during severe dips can activate the thermal protection to
trip [83].

For the A/C specified in Table 4.2, the effect of variations of voltage dips parameters
during cooling situations is experimentally tested. For this device, a temporary stoppage
followed by self-rebooting is considered as a failure criteria during voltage dips. Normal
operation is when the device performs well without any reboot. Figure 4.11 shows the
sensitivity of the tested air conditioner against voltage dips for the intended temperatures
of 22°C and 18°C while the outside temperature (temperature of the room) was 28°C.

When the intended temperature is set to a value lower than the room temperature, the
device (requires) consumes more energy (power) in order to reduce the heat from inside
the room (building) and thus lowering the air temperature. When the supply voltage
experiences voltage dips during such cases, the A/C can fail to operate properly. It can be
seen from Figure 4.11 that the A/C is more vulnerable to voltage dips when it is intended
to reduce the temperature of the room from 28°C to 18°C than from 28°C to 22°C, i.e., the
AJC becomes vulnerable to relatively shallower and shorter voltage dips when the
intended temperature is set to the lowest value and this is expected as more energy is
required to reduce the surrounding temperature to the intended temperature. In this case,
the A/C with intended temperature set to 22°C fails to voltage dips lower than 35% of the
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nominal voltage with duration longer than 550 ms, and the A/C malfunctions 10 cycles
faster when the intended temperature is set to the lowest allowed value (18°C).
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Figure 4.11: Voltage-tolerance curves for an Air conditioner based on experimental tests.

4.4 Process immunity to voltage dips

The sensitivity of an industrial process to voltage dips depends on the composition,
interconnection and behavior of individual equipment that make up the process. The
composition refers to the number and type of process equipment while the interconnection
of process equipment deals with the series/parallel connections of equipment in the
process. The behavior of individual equipment refers to the robustness of the device
measured by the voltage ride-thorough capacity. The response of industrial processes to
incoming voltage dips is directly influenced by the ride-through capability of equipment
that make up the process. It is possible that a process may get disrupted due to the tripping
of individual equipment or it may require the tripping of a group of equipment upon their
interconnection.

One way to reduce the voltage dip problems of an industrial process is by making the
process more robust against voltage dips. This can be attained by replacing the weak link
equipment by an equipment with better ride-through capability or improving the immunity
of the weak link of process equipment by installing power conditioning devices. To
increase the immunity of the process to voltage dips, it is important to understand the
response of individual equipment as well as the interaction among all equipment
participating in the process.

4.4.1 Voltage dip sensitivity of a simple process

Figure 4.12 shows an experimental setup of a simple process that consists of the cascade
of a contactor (C;) and an ASD supplying a load. The sensitivity of the contactor and ASD
to voltage dips are described earlier in this chapter. With this setup, the process is tested
for voltage disturbances under which the equipment were tested in order to study the
interaction between the devices and to identify the weak link of the process. The same
procedures are followed as testing the immunity of the devices in evaluating the
performance of the process against various dip types generated in the MX45 and under
different loading conditions.
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Figure 4.12: Experimental setup for testing the immunity of the process.

Figure 4.13 presents the effect of different types of dips on the voltage dips immunity
of the process. For fixed loading situation, it can be seen that sensitivity of the process
increases when the number of affected phases increases. The voltage-tolerance curves
indicate that the process trips slightly faster to short- and shallow-dips of three-phase dips
than two-phase and one-phase dips.

It can also be seen from Figure 4.13 that the process sensitivity against each type of
dip increases when the load increases and more results can be found in Appendix-C.3.
This is expected because the load draws more power from the supply that quickly drains
the stored energy in the DC buffer of the ASD.

1 = 1F T T T T T ™
1-phase
T OB === 2phase T B8 e .
Iy O =N : R
o 06 i 3-phase S o n - =1 QOB fememmammtmm e == =
& i g .07
= 04 . 1 =Zos4f. 1-phase
o
> — -
> 02 ] i 02 ! 2-phase
....... 3.phase
o . . Ll . . N . . e
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
(@) Duration [ms] (b) Duration [ms]
1 T 1
j P R ]
. 08 == ._.._._.;._.;.-..._-_.;._.;-.-;-_-;-_-;-_--_-_ —08 *
z | |
‘o 06 [ © 06|
E 04 ! 1-phase go4ft 1-phase
o2t - == 2phase ol - == 2phase
N T sphase || °F e 3 phase
0 | L L L I I I 0 L L L I I I
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
(c) Duration [ms] (d) Duration [ms]

Figure 4.13: Impact of various types of voltage dips on the process immunity at loading conditions of — (a) 0% rated-load, (d)
50% rated-load, (c) 75% rated-load, and (d) 100% rated-load.

4.4.2 Weak link component of the process

Better insight into the weakest link of process equipment can be obtained by comparing
the voltage-tolerance curve of the process with the tolerance curves of individual devices
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under similar conditions. For instance, Figure 4.14 shows a comparison on voltage dip
immunity of the individual equipment and the process during three-phase dips and for
various loading conditions.
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Figure 4.14: Comparison of immunity of a contactor C: and an ASD with the process against three-phase dips at loadings — (a)
0% rated-load, (b) 50% rated-load, (c) 75% rated-load, and (d) 100% rated-load.

At no-load, Figure 4.14(a) shows that the contactor tripped at least 700 ms faster than
the ASD and 550 ms faster than the process for voltage dips below 54% of the nominal
voltage. The process is, therefore, not affected by the contactor trip due to voltage dips
shorter than 750 ms. Even if the ASD at no-load was not affected by three-phase voltage
dips longer than 750 ms and shorter than 900 ms, the process tripped for these dips and
the contactor is the weakest link of the process. On the other hand, the contactor was not
affected by voltage dips shallower than 54% of the nominal voltage while the ASD tripped
by three-phase voltage drops below 67% of the nominal voltage and longer than 900 ms.
The ASD is, therefore, the weakest link of the process at no-load for dips with remaining
voltage between 54-67% of the nominal voltage and longer than 900 ms. For 50% loading
(Figure 4.14(b)), the ASD tripped for three-phase dips below 25% of the nominal voltage
and longer than 80 ms before the contactor, and the voltage-tolerance curve of the process
followed that of the ASD which indicates the ASD is the weakest link. For voltage dips
with magnitude between 25-54% of the nominal voltage and shorter than 80 ms, the
contactor tripped faster than the ASD but then the consequential interruption did not
change the voltage-tolerance curve of the process. For high loads, it can be seen from
Figure 4.14(c-d) that the ASD tripped before the contactor, and voltage-tolerance curves
of the process followed that of the ASD. The ASD is, therefore, the weakest link of the
process to three-phase dips during actual loading conditions.

Comparisons of equipment and process sensitivities curves for two-phase and one-
phase dips under various loading conditions can be found in Appendix-C.3. For two-phase
dips (Figure C.7), the performance of the contactor is the same as for one-phase dips and
the ASD at no-load started tripping to dips with remaining voltage magnitudes below 25%
of nominal voltage and longer than 900 ms dips. Three-phase interruptions caused by the
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contactor trip triggered the tripping of the process about 150 ms faster than the ASD and
also for dips above 25%. As the loading increased to 50% rated-load, the ASD tripped
before the contactor to dips below 25% of nominal voltage and duration longer than ~80
ms and this caused the process trip. For dips above 25% of nominal voltage, the
disruptions caused by the contactor trip triggered the ASD to fail and hence the process at
50% rated-load to trip. Therefore, the contactor or ASD can be the weakest link depending
on the magnitude of the remaining voltage. At high loads (75-100% rated), the ASD
tripped before the contactor for two-phase dips and the tolerance curve of the process
followed that of the ASD which indicates the ASD is the weakest link.

With one-phase dips, it is shown in Figure C.8 that the ASD at no-load and 50% rated-
load was immune to all voltage dips. However, failure of the contactor due to one-phase
dips on the AC-coil caused three-phase interruptions that tripped the ASD and hence the
process. The shapes of the voltage-tolerance curves of the process and the contactor are
similar except with some (700 ms-50 ms) delay in time and with a slightly lower
horizontal part in the tolerance curve of the process. The contactor is, therefore, the
weakest link of the process for one-phase dips at low loads. At 75% rated-load, the
sensitivity curve of the process is shifted even closer to that of the contactor while the
ASD tripped under these conditions for dips longer than 50 cycles. Thus, the contactor
remains the weakest link for loading conditions up to 75% rated-load. At full-load, the
voltage-tolerance curve of the process followed that of the ASD which implies that the
ASD is the weakest link in the whole process.

Although the shape of voltage-tolerance curves of process components can give an
indication for the weakest link component in the process, more information is still
required. Table 4.3 gives a brief summary of the process components that triggered the
tripping of the process depending on the remaining voltage and duration of various types
of voltage dips and under different loading conditions. For one-phase dips at full-load and
polyphase dips with realistic loading situations, the ASD is the weakest link of the process.
During practical loading situations, the process becomes more susceptible to shallower
dips when more number of phases are affected by the voltage dip. An increase in
sensitivity towards shorter dips happens mainly when the weakest link in the process shifts
from the contactor to the ASD which is highly load-dependent.

Table 4.3: Weak link of the process (component that triggers tripping of the process)

Weak link component for various type of dips

Loading

One-phase dips

Two-phase dips

Three-phase dips

0% rated
50% rated

75% rated

100% rated

Contactor to dips with (u<52%,
At>750 ms)

Contactor to dips with (u<54%,
At=100 ms)

Contactor to (u<54%, At>60 ms),
ASD to dips with u>54%

ASD to dips with (u<85%,
At>10ms)

Contactor to dips with (u<57%,
At>750 ms)

Contactor to (u>25%, At=80 ms),
ASD to dips (u<25%, At=80 ms)
ASD to dips of with (u<76%,
At>30 ms)

ASD to dips with (u<89%,
At>10 ms)

Contactor to (u<54%, At<900 ms)
ASD to (u<67%, At=900 ms)
ASD to dips with (u<72%,

At=80 ms)

ASD to dips with (u<80%,

At=30 ms)

ASD to dips with (u<90%,
At>10ms)

In the CIGRE/CIRED/UIE JWG [2, 84], the concept of process immunity time (PIT)
(defined in Appendix-C.3) is proposed for the assessment of process dip immunity based
on the impact of a short-interruption of the supply for each equipment that make up the
process. Applying this concept to the (tested) simple process, the PITs for the equipment
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and against different types of voltage disturbances and at various loading conditions are
given in Table C.1 (in Appendix-C.3). The equipment with the shortest PIT receives higher
priority and the criticalities of the process equipment are ranked. Based on the PIT values,
the critical equipment ranked first can be considered as the weakest link component in the
process. However, the PIT of the process can be different from that of the weakest link
component in the process. The actual PIT values of the process can also be influenced by
the types of disturbances and the loading conditions.

4.4.3 Estimated response of the process against field data

To assess the performance of end-user equipment and processes, information about the
frequency and severity of voltage dips at the installation points, voltage-tolerance curves
of process equipment and the connection of the equipment inside the process are needed.
As discussed in Chapter 3, phase-phase dips evaluated from the phase-to-ground voltages
which are monitored in the MV-networks propagate into phase-dips in the LV-network.
Therefore, the magnitudes and durations of phase-phase dips in the MV-network are
considered for analyzing the estimated equipment and process performance to various
types of voltage dips from field measurements. The performance of the process that
comprises of an AC contactor in series with an ASD against different types of dips
monitored during four years of a substation is shown Figure 4.15. The voltage-tolerance
curves of the contactor, ASD and the process are obtained from experiment tests described
earlier in Section-4.3 and Section-4.4. As it can be recalled, the voltage-tolerance curve
the contactor is affected by the point-on-wave dip initiations while that of the ASD is
significantly influenced by the loading conditions and type of dips. In this case, 0° point-
on-wave dip initiations and 75% rated-load are considered for analysis purpose.

1F T

T 08F "b " Sl il il el il i Al A i e O LR LR AR RS
E 06 "’2'5 =
IS
E 0af | -)b * VTC of Contactor Lypy=2
. VTC of ASD for 1ph <> L =4
02k1 == = ==+ = VTC of ASD for 2ph 011~
i | A B VTC of ASD for 3ph * L,,=6
0 .
0 200 400 600 800 1000 1200
(a) Duration [ms]
1 T T T T T T
3 o8l ;’b,--_-_--.-_--.qg-.-_--.-_--.-_'-.'_".'_".'_".'_".'_".'_".'_".'_'.<>_".'_".'_".'_".' ........ e
s | r8
2 06 - -
= ] -b
o
> 04 i -*_ L001:2 T
. VTC of Process for 1ph <> -
021 =+ =« = VTC of Process for 2ph LR B
i l A B VTC of Process for 3ph | * L,,=6
0 T
0 200 400 600 800 1000 1200

(b)

Duration [ms]

Figure 4.15. Estimated response against field measured one-phase (Loo1), two-phase (Loi1) and three-phase (Li11) dips for- (a)
Contactor C1 and ASD at 75% rated-load, (b) Process at 75% rated-load.
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From the monitor installed in the MV-network, 12 dips of different type are
transferring into the LV-network in 4 years. A summary on the performance of individual
equipment and the process is given in Table 4.4. If the contactor coil is considered to
experience all the dips in the LV-network (Table 4.4(a)), 4 dips would cause tripping of
the contactor as wells as the ASD, and hence the process. Although the contactor can
withstand the other dips, the ASD further trips to the other 3 dips that would also result in
the tripping of the whole process.

In practice, the contactor coil may not be affected by one-phase or two-phase dips
originating from the MV-network. In such cases, the contactor would have about 33% and
67% chance that its AC-coil would be exposed to one-phase and two-phase dips
originating from the MV-network. Considering this probability may reduce the expected
number of contactor trips, in this case from 4 to 3.67 trips in four years (Table 4.4(b)).

The frequency and severity of voltage dips caused by different types of dips may vary
from site to site and this may affect the number of equipment and process trips. If the
frequency and severity of one-phase and three-phase dips were interchanged (Table
4.4(c)), the contactor would trip to 4 dips; the ASD would trip to 2 dips while the process
would trip to 5 dips. In this case, the 3 one-phase dips causing contactor trips would lead
to three-phase interruptions that would initiate the process trip in addition to the 2 trips
because of the ASD.

Table 4.4: Summary on the voltage dips performance of equipment and a process

(a) Assuming the contactor coil is always affected by any type of dip in the LV-network
Dip typesinan | Total number of dips Dips below VTC of the | Dips below VTC of the Dips below VTC the
MV-network in 4 yrs [#] Contactor Ci [#] ASD [#] Process [#]
Loo1 2 0 0 0
Lo11 4 1 2 2
L 6 3 5 5
Total | 12 4 7 7
Mean | 3.00 1.00 1.75 1.75
(b) Considering the chance for the contactor coil to be affected by different types of dips
Loo1 2 0 0 0
Lo 4 0.67 2 2
L 6 3 5 5
Total | 12 3.67 7 7
Mean | 3.00 0.92 1.75 1.75
(c) Effect of variation in dip frequency and severity on equipment and process trip
Loo1 6 3 0 3
Lo 4 1 2 2
Lt 2 0 0 0
Total | 12 4 2 5
Mean | 3.00 1.00 0.50 1.25

In Appendix-C.3, the severity of voltage dips from field measurement are compared
with the voltage-tolerance curves of the process at various loading conditions for various
types of dips. At no-load, none of the dips would cause the process trip. Since the
magnitudes of the Loo; dips are above 80% of the nominal voltage, the process at any
loading conditions would not be affected by the Loo dips. At 50% rated-load, 1/4 of Lo
dips and 3/6 of Li11 dips would cause process trips in four years. At 100% rated-load, all
Lo11 and L1z dips would cause process trips.



4.5 SUMMARY 81

45 Summary

There are many standards dealing with power quality. Some standards provide guidance
on how to test the immunity of devices. Others are developed with the purpose to be used
as requirements mainly focusing on single components and the surrounding (classes of)
electromagnetic environment. The present standards consider only the magnitude and
duration of voltage dips for testing the equipment dip immunity requirements. Besides,
the test points are specified for single-phase supply but not for three-phase supply.

It is observed from the immunity tests that different devices can have different
immunity against voltage dips. The magnitude and duration of voltage dips are not the
only parameters that affect the behavior of devices against voltage dips. For instance, the
sensitivity of ASDs can be significantly influenced by the type of dips and the loading
conditions while the behavior of AC contactors can be affected by the point-on-wave dip
initiations in addition to the effect of dip magnitude and duration. The behavior of devices
against voltage dips can, therefore, be accurately described when a higher number of
voltage dip characteristics are considered.

The weak link component of a process can be estimated by comparing the voltage-
tolerance curves of the process and equipment at similar test conditions against the same
disturbance parameters. However, experiment results on a simple process showed that the
immunity of the actual process can significantly be affected by the types of voltage dips
and the loading conditions of the process; and the process dip immunity can actually be
different from the immunity of the weakest link component within the process.






Impact of voltage dips on aggregated
customers

5.1 Introduction

The impact of voltage dips on process equipment depends on the performance of the
supply system and the sensitivity of the equipment to voltage dips. The performance of
the supply system is described by the frequency and severity of voltage dips whereas the
equipment sensitivity is represented by the voltage-tolerance curves. A common problem
is that voltage dips are considered as a single-phase instead of multi-phase phenomenon,
and most standards consider the magnitude and duration of voltage dips in describing the
severity of voltage dips [8-10] and for testing equipment dip immunity [38, 67, 68, 85].
However, the two-dimensions of voltage dips may not show direct correlation with the
impact of voltage dips on end-user equipment and processes. Besides this, different types
of equipment have a wide range of behavior against various types of voltage dips (detailed
in Chapter 4).

The effect of voltage dips on an industrial process, which is usually composed of
several equipment, is more complex than what is explained in the standards. Moreover,
different customers are connected to the distribution networks and the effect of voltage
dips on the combined customers becomes even more complicated. In this chapter, a
methodology for estimating the impact of voltage dips on the combined customers is
described. Taking into account the transfer of voltage dips from the MV-network to the
LV-network, the correlation between the severity of voltage dips and their impact on the
aggregated customers is analyzed. Based on field measurement data from several sites for
several years, voltage dip severity weighting factors are calculated that may be useful for
estimating the economic impact of voltage dips on the customers in the whole MV
distribution network or on an industrial customer connected to the network. Moreover,
the obtained system dip severity indices can be used for comparing the severity of voltage
dips during aggregation of multiple-dips and for setting voltage dip limits for the
regulatory purpose.

83
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5.2  Single-event index of voltage dips

As discussed in Chapter 3, the characteristic of RMS voltage magnitude as a function of
time can be obtained from the voltage waveform with high time resolution. From the event
characteristic as a function of time, a number of indices describing the event can be
determined. Several methods, leading to a single-index for each voltage event, have been
considered in many literatures [39, 86-90] for evaluating the severity of voltage dip
events.

A voltage dip severity evaluation approach based on the lost voltage-time area of dips
is presented in [88]. According to this method, the product of the voltage drop and
duration can be compared with the area that belongs to the corresponding “corner point”
on the ITIC or SEMI F47 curve. RMS voltage with rectangular shape is considered along
with a reference curve which is only applicable for single-phase phenomenon. For a
polyphase voltage dip event with nonrectangular shapes, the lost voltage-time area
(LVTA) of the event can be calculated as the line integrals of the voltage drops during the
dips related to each phase expressed by (5.1),

tha fop foe
LVTA= I(l—u—ajdwI[l—u—det+I(l—uijdt (5.1)
ba u” by Un Y u”

where up is the nominal value for the RMS voltage, ua, Uy and uc are RMS values of the
event below the dip start threshold, and between the moment of dip-start t; and moment
of dip-end t,. The larger the LVTA of the event the more severe it is considered to be.
However, the method provides no direct indication between comparative single-event
index values and the behavior of process equipment during the events.

As described in [39, 86, 87], severity index (S¢) of a voltage dip event can be calculated
from the event magnitude and duration along with the reference curve. The value can be
calculated using (5.2),

1-u

) 1- Ut (d) (52)
where u is the remaining voltage magnitude (in pu) and ur(d) is the magnitude value of
the reference curve during the same event duration (d). With this method, the severity of
each event can be compared with the voltage-tolerance curves of equipment (such as
SEMI FA47, ITIC or other curves when available). In this case, the magnitude of the
remaining voltage should be the value at the equipment terminals when voltage dips are
monitored at other voltage levels.

Voltage sag energy index is another approach described in [39, 89, 90] for evaluating
the severity of a dip event in terms of a single-index value. For a dip event involving
multiple-phases, the voltage sag energy index (E.) proportional to the energy not
delivered to a constant impedance load can be evaluated by (5.3) [39],
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where u,, Up and uc are RMS values of the event below the dip start threshold; t; and t; are
the dip-start and dip-end moments of the event associated with each phase-to-ground or
phase-phase voltages.

The aforementioned methods can simplify the comparison of severities of voltage
events. However, the single-index representation of the event may lead to a high loss of
information. Besides, the result of single-event index method is no longer directly related
to equipment behavior. Another method of determining the impact of voltage dips on the
customers is discussed more in detail in the next sections.

5.3 Voltage dip impact on aggregated customers

In this section, the impact of voltage dips on the aggregated customers are evaluated from
the change of power as a result of voltage dips from field measurements. Figure 5.1 is the
schematic of a generic network showing the monitoring point, aggregated customers
connected to this monitoring point and end-users. Depending on the size of the
substations, the MV-networks considered here consist of between 11 and 32 radially
operating feeders connected to the primary substation. The feeders are numbered as F,
F.... Frand all customers in each feeder are aggregated into a big customer connected to
the point of common coupling (PCC) of the primary substation.
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Figure 5.1: Schematic of a generic distribution network.
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With regard to the monitoring tools installed at the PCC (Figure 5.1) of MV-networks,
two groups of data recorded by the PQ monitor are used for analyzing voltage dip impacts.
The first part includes waveforms of phase-to-ground voltages sampled at 4 kHz. The
other group of data includes half-cycle RMS values of per-phase power for the aggregated
customers in each feeder connected to the main substation (PCC).

The flowchart shown in Figure 5.2 gives an overview of procedures for evaluating the
impact of voltage dips on the aggregated customers. For each voltage event monitored at
the PCC of an MV substation that consists of n feeders, the evaluation procedure includes:

(i) Characterization of the voltage event and checking if it qualifies for a dip.

(if) Evaluation of the active-power for the aggregated customers in each feeder before,

during and after the event when (i) is satisfied.

(iii) Checking if the relative origin of the dip is in the upstream (HV or another feeder)

with respect to the feeder under consideration.

(iv) Estimating the absolute loss of power for the aggregated customers in each feeder

satisfying (iii) and categorizing it as loss of loads or loss of DGs.

(v) Evaluating the system loss of loads and loss of DGs by combining the losses in

all feeders calculated in step (iv).
(vi) Estimating the relative loss of power for the customers in the entire substation.

Measured waveforms of Evaluate RMS voltage Vs time Check if the voltage event | N
a voltage dip event characteristics of the event qualifies for a voltage dip?

Y

and post-dip powers of each
feeder. Start: i=1
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event in the entire
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Figure 5.2: Flowchart for a voltage dip impact evaluation procedure.
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5.3.1 Voltage dip severity assessment

As discussed more in detail in Chapter 3, RMS voltage characteristics as a function of
time are evaluated from the measured waveforms of phase-to-ground voltages using the
guidelines of the IEC 61000-4-30 [6]. Since end-users are mostly connected to the MV-
networks through Dyn transformers, parameters of voltage dips propagating to the end-
user terminals are determined from the characteristics of phase-to-phase voltages as a
function of time that are evaluated from the waveforms of phase-to-ground voltages.

For analyzing the correlation between the variations of voltage dip parameters with
their impact on the aggregated customers (discussed later in Section 5.4), the severities of
voltage dips are characterized here in terms of the remaining voltage magnitude, duration
and type. Depending on the number of phase-phase voltages in the MV-network being
affected by the dip, voltage dips are categorized into three types- Loo: (dips affecting only
one of the phase-phase voltages), Loi1 (dips affecting two of the phase-phase voltages)
and Li1: (dips in all phase-phase voltages). The distribution of different types of voltage
dips collected from PQ monitors installed at the MV side of six HV/MV substations
during four years can be seen from the profile shown in Figure 5.3. It can be noticed that
clusters of phase-phase dips with magnitudes varying from deeper (magnitudes lower than
50% of the nominal voltage) to shallow (u > 50%) have certain intervals of times that
have to do with the clearing time of protection devices used in the HV- and MV-networks.
From this point of view, groups of voltage dips with short-durations (At<200 ms), with
medium-durations (200<At<1000 ms) and long-durations (At>1000 ms) are considered.
In order to take the cumulative impact of multiple-dips on the aggregated customers into
account, the lowest-magnitude and total-duration method of aggregating multiple-dips is
considered in the analysis.
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Figure 5.3: Scatter plot of phase-phase dips for various types of dips.

5.3.2 Relative origin of voltage dip events

The origin of a voltage dip measured in the MV-network can be the HV-or MV-network.
Several techniques have been proposed in [91-95] by many researchers for locating the

Duration [ms]
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source of voltage dips. In [91], a method using the real current component is discussed to
locate the source of voltage dips. Another method proposed in [92] uses the line-fitting
parameters of the current and voltage during voltage sag for detecting sag direction. By
detecting the seen impedance and its angle before the dip event, application of distance
relay method is proposed in [93]. In [94], an approach based on the causes of events is
considered to identify the source of voltage dips. A method based on the concurrent
monitoring of an event by nearby primary substations connected to a common HV-
network is discussed in [95]. However, these methods use information of multiple
monitors, or require knowledge of HV-network topology or they are applied only to dips
caused by short-circuit faults. In this thesis, a method based on the active-power for the
aggregated customers of each feeder is used for detecting the relative origin of dips
monitored at the main MV busbar.

Before and after the occurrence of a voltage dip event, a feeder may have large-
positive, very small (negligible) or large-negative values of power. Depending on the net
power before and after the dip event, the pre-dip and post-dip power in each feeder is
considered positive (load-power) if the feeder draws power from the substation, and
negative (generation-power) when the feeder generates power towards the main busbar.
With regard to the pre-dip and post-dip powers of the combined customers in each feeder,
the different situations related to the status of the feeder during the dip event at the PCC
can be categorized as:

= Interruption of customers when the post-dip power of a feeder is reduced to a
very low value due to a fault in the same feeder (for example, due to operation
of secondary protection).

= Partial loss of loads when a feeder shows less load-power or more generation-
power after the dip than before the dip event and the disturbance is not in the
same feeder (for instance, due to a disturbance in the other feeders or HV).

= Partial loss of distributed generations (DGS) if the post-dip power of a feeder
shows an increase in load-power or a decrease in generation-power relative to
the pre-dip power, and when the dip is not caused by the connection of additional
loads in the same feeder.

= More loads (less DGs) when the post-dip power of a feeder is larger than the pre-
dip power and the dip is caused due to the switching of additional loads in the
same feeder.

= No (negligible) change of power when the power of aggregated customers in a
feeder is not affected by the dip event.

For the aggregated customers of a feeder, a voltage dip that is monitored at the PCC
of the MV-network may originate in the downstream (within the same feeder) or upstream
(in the HV-network or in any other neighboring feeders). Using the power characteristics
of the aggregated customers in each feeder, the upstream/downstream criteria is used to
detect the relative origin of the dip with respect to the feeder under consideration.
According to this criteria, the dip event originates in the downstream of the feeder when
the during-power is much higher than the pre-dip power whereas the post-dip power
reduces to a very small value if the event is caused by a short-circuit fault or the post-dip
power increases if the event is due to the switching of additional loads. This method is
further explained in [96] and it is applied here to distinguish the change of power due to
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an interruption or due to the connection of additional loads from the losses related to a
voltage dip impact. In this work, the difference between the pre-dip and post-dip powers
of each feeder is considered for estimating the impact of voltage dips on the customers
only if the dip event originates in the upstream of the feeder under consideration.

An example of voltage dip event caused by a short-circuit fault occurring in a feeder
and its impact on the aggregated customers in different feeders is shown in Figure 5.4. As
can be seen in Figure 5.4(a), the during-dip power is significantly larger than the pre-dip
power and the power reduces to zero when the feeder is interrupted after the fault is
cleared. In Figure 5.4(b-d), the during-dip power of the respective feeder is less than the
pre-dip power and the resulting effect of the dip event on the aggregated customers of the
feeders is in the loss loads (Figure 5.4(b)) and loss of DGs (Figure 5.4(c,d)). The loss of
power due to the interrupted feeder is not included in the analysis for estimating the impact
of voltage dips on the customers.
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Figure 5.4: Voltage dip caused by short-circuit fault in a feeder leading to the — (a) complete interruption of customers in the
same feeder, (b) 1.53 MW less load-power in another feeder, (c) 0.22 MW more load-power (0.22 MW less DG-power) in
another feeder, and (d) 6.86 MW less DG-power in another feeder.

Another example of a voltage dip event caused by the switching of loads in a feeder
and its impact on the aggregated customers in different feeders is shown in Figure 5.5.
During the connection of loads (Figure 5.5(a)), the active-power suddenly increased due
to the inrush current and settles down to steady state value after the dip. The consequences
of this event on the customers in the other feeders are shown in Figure 5.5(b-d). The
change of power between the pre-dip and post-dip powers shown in Figure 5.5(b) and
Figure 5.5(c) are considered for the loss of loads when estimating the impact of dips on
the aggregated customers.
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Figure 5.5: Voltage dip caused by the switching of loads in a feeder resulting in — (a) 0.55 MW more load-power in the same
feeder, (b) 0.05 MW less load-power in another feeder, (c) 0.40 MW more DG-power (0.40 MW less load-power) in another
feeder, and (d) negligible effect on customers in another feeder.

5.3.3 Dip-related loss of power estimation

The proposed method of assessing the impact of voltage dips makes use of active-powers
of the aggregated customers, connected to the main substation, measured before and after
the voltage-dip events. Although a feeder may include mixture of loads and DGs, it is
difficult to know the exact amount of loads and DGs before and after the dip events from
the available data. Taking this into account, the change of power for aggregated customers
before and after the dip event is considered for estimating the absolute impact of voltage
dips. The dip-related loss of power estimation procedure follows two steps— estimating
the loss of power for the customers in each feeder of a substation and then evaluating the
losses in the entire substation.

In the first step, the amount of loss of load-power or DG-power in a feeder f due to a
voltage dip event k is estimated from the change in active-power (4P) of the feeder using
the formula (5.4),

k
— P 1oad

post

k k
APt 10ad = Pt load pre
(5.4)

k k k
APf,gen = Pf,gen - Pf,gen

post pre

where Pspre and Pipost are the pre-dip and post-dip powers for the aggregated loads or
generations in the feeder following a voltage dip event. For each dip event that is
monitored at the PCC of a substation consisting of n feeders and experienced by the end-
users, the change of powers for the aggregated loads and generations are calculated
separately. In the analysis, the change of power in a feeder is not considered for estimating
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the dip impact on customers if the event originates in the downstream of the same feeder
while the changes of powers in the other feeders are considered as the loss of loads or loss
of DGs. Examples of events and losses for the aggregated loads or DGs in different feeders
are given in Figure 5.4 and Figure 5.5.

The second step deals with evaluating the amount of loss of power for the aggregated
customers in the entire substation. After identifying the feeders affected by the dip event
originating in the upstream, the loss of loads and loss of DGs in the whole substation only
due to the voltage dip are treated separately. For an MV-network that consists of n fault-
free feeders connected to the PCC of the primary substation, the absolute impact of each
voltage dip event k on the loss of loads and DGs in the whole substation can be calculated
using formula (5.5),

k n k
Apsub,load = ZAP f; load
i=1
k = (5.5)
APsub‘gen = ZAP fi,gen

i=1

where 4P; and 4Pgy, refer to the change of powers in each feeder (f) and in the whole
substation (sub) following the voltage dip event (k). Figure 5.6 illustrates the impact of a
voltage dip on the aggregated customers in each feeder as compared to its impact on all
customers in the MV distribution network. The voltage dip, characterized by remaining
voltage magnitude of 0.36 pu and duration of 320 ms, is caused by a two phase-to-ground
fault and the three phase-phase voltages in the MV-network experience unbalanced dips.
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Figure 5.6: Effect of a voltage dip on the aggregated — (a) loads and DGs per feeder, (b) loads in the entire substation, and (c)
DGs in the whole substation.
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Figure 5.6(a) shows the loss of loads and DGs in each feeder. Taking all feeders into
account, the combined effect of the dip is in the loss of 7.05 MW loads in the whole
substation. This can also be seen from the power characteristics as a function of time
shown in Figure 5.6(b) where the power is reduced from 20.13 MW before the dip to
13.08 MW after the dip event. Likewise, the plot in Figure 5.6(c) shows the impact of the
dip event on the aggregated DGs in feeder 14, the same as the impact in the whole
substation, leading to the loss of 6.92 MW.

5.3.4 Voltage dip severity and impact correlation

The absolute loss of power for the aggregated customers calculated using (5.5) can be
affected by the size and type of customers as well as the occurrence time of faults. Losses
even due to similar voltage dip parameters may significantly vary from place to place and
time to time. The relative losses of power, estimated using (5.6), are therefore considered
to compare the impact of voltage dips with their severities.

Nk
K Z AP f; load
APsub,Ioad [%] = In:lk— X 100
Z P fiload e
i=1
Nk (5.6)
K Z AP f;.gen
APsub,gen [%] = :rlk— x100

2

i=1

P f;,gen pre

Figure 5.7 shows the relative loss of loads due to various types of phase-phase dips in
the ZVH1 substation, which have a wide range of dip parameter variations. Depending on
the magnitude of the remaining voltages, short-dips of Loo1, Lo1z and Lii1 types resulted
in the relative loss of 0-1%, 1-11% and 7-50% of the power for the aggregated loads
respectively (Figure 5.7(a)). L111 dips with medium-durations caused to the losses of 26—
68% of combined loads when the magnitudes vary in the range of 0.77-0.09 pu (Figure
5.7(b)); whereas long-duration of Loi1 and Li11 dips showed 20-36% and 27—-78% losses
of power for the aggregated loads (Figure 5.7(c)).
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Figure 5.7: Relative loss of aggregated loads for different types of dips in the ZVH1 MV-network with duration — (a) At<200
ms, (b) 200<At<1000 ms, and (c) At>1000 ms.
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Within each dip-duration category (Figure 5.7), the more phase-phase voltages are
affected by the dip the higher the relative loss of loads is. Moreover, the deeper the
remaining voltage magnitude of each type of dip, the higher the relative loss of loads and
hence the bigger the expected impact on the combined customers is. For the other
substations, the effects of voltage dip parameters on the relative loss of loads for the
aggregated customers can be found in Appendix-D.1. In each substation, it is observed
that the relative loss of loads increase with the severity of dips, which depends on the type,
magnitude and duration.

For the phase-phase dips from the monitors of all substations, variation in the relative
loss of loads with the different dip parameters are shown in Figure 5.8. It is observed
(Figure 5.8) that clusters of dips in each time-interval show higher losses of loads when
more phase-phase voltages are affected by the dips and the impact due to each type of dip
becomes worse when the dips get deeper and longer. The uneven trend in the relative loss
of loads of few dips having similar properties might be because of variations in the size
and sensitivity of customer, and the occurrence-time of faults in different substations (for
instance, voltage dips are expected to have higher impact on big customers with more
sensitive processes than customers with less sensitive processes; and more customers are
likely to be affected during the day-time than during the night-time).
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Figure 5.8: Relative loss of aggregated loads for various types of voltage dips from all substations with duration — (a) At<200
ms, (b) 200<At<1000 ms, and (c) At>1000 ms.

Table 5.1 summarizes the variations in the relative loss of power for the aggregated
loads caused by the various types of dips with short-duration, medium-duration and long-
duration. On average, the relative loss of loads due to short-duration Loo1-Lo11-L111 dips
varies in the range 2%-8%-32% respectively, and the losses increase with medium- and
long-duration dips to 18%-23%-45% and 28%-49% respectively.

Table 5.1: Effect of dip parameters as compared to their impact on the aggregated loads

Variation of relative loss of loads [%6]

Short-duration dips Medium-duration dips Long-duration dips

Loo Low Lin Loo Low Lin Loor  Lon Lin
Minimum 0.04 0.07 6.22 0.20 13.39 8.95 - 19.99 26.71
Maximum 10.92 20.46 56.58 31.90 33.12 67.49 - 39.63 78.38
Mean 2.24 7.60 32.43 18.28 23.34 45.23 - 28.16 48.88
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Depending on the fault-ride through capability of distributed generations (DGs)
connected to the distribution network, voltage dips can cause the disconnection of
generating units from the distribution network. The fault-ride through capabilities of DG-
units of wind turbines or CHP-plants connected to the busbars of the MV networks depend
on the phase-phase voltages at the point of connections (POCs) of the generation units
[97]. In the new (draft) standards EN 50549-1/2 [32, 33], the low voltage ride-through
requirements for the generating plants to be connected to the LV and MV distribution
networks are described. However, due to the fact that the dip-profiles are available at the
PCC of the substations while most of the DGs may be connected to the POCs, often far
away from the PCCs, it is hard to exactly know whether the monitored dips disconnect
the DGs or not. Figure 5.9 shows the relative loss of DGs for different types of dips in the
ZHV1 MV-network.

Unlike the impact of voltage dips on the aggregated loads in the substation (shown in
Figure 5.7), no general conclusion can be drawn from Figure 5.9 on the correlation
between the severity of voltage dips and their relative impact on the aggregated DGs. At
the times of voltage dip occurrences, the amount of power generated from the feeders with
net generation-power significantly varies from time to time. Hence, voltage dips having
similar properties do not always show similar impact on the loss of DGs.
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Figure 5.9: Relative loss of aggregated DGs for different types of dips in the ZVH1 MV-network with duration — (a) At<200
ms, (b) 200<At<1000 ms, and (c) At>1000 ms.

5.4 Voltage dips severity weighting factors

The main concern of voltage dips is the economic impact on industrial and big commercial
customers, and direct evaluation of the economic loss due to voltage dips is often difficult.
The disrupting impact of a voltage in the interruption of an industrial process, or part of
the process, may vary with different categories of customers. In [98-105], various values
weighting factors (WFs) were applied for different magnitudes of voltage dips when
estimating the relative impact of voltage dips. As discussed in this work earlier, the impact
of voltage dips on customers not only depends on the magnitude of remaining voltage but
also on the type and duration of voltage dips. Despite of their contributions to the severity
of dips, the effects of dip types and dip durations were not considered in the previous
researches.

In this section, the proposed approach for estimating the impact of voltage dips on the
aggregated customers is extended to obtain system severity indices for various types of
voltage dips using field data from six substations measured for several years.
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5.4.1 Procedure of evaluating weighting factors

For each type of dip, values of WFs (in %) corresponding to various magnitude and
duration ranges specified by the standard EN 50160 [8] are set as in Table 5.2.

Table 5.2: Weighting factors [%)] for voltage dips according to the EN 50160 standard

Remaining Loos dips (p=1) Lou dips (p=2)
voltage Duration [s] Duration [s] Duration [s]
[%] M<0.2  M=0.5  At<] A5 a5 M<0.2  M=0.5  At<] <5 ar>5 M<0.2  M=0.5  At<] A5 a5

90>u=80 WFi1  WFi2  WFiz  WFis WFis | WFRn WFi2 WFis WFise WFis | WRn WF2 WFRis WFis WFRis
80>u=70 WF1  WF2  WFs WFRs  WFRps | WRy  WFR, WFRs WFRas WFRs | Wy WF. WFRs WFRa  WFRs
70>u>40 WF31  WFs2  WFss  WFss  WFss | WFsn WFs,  WFss WFRss  WFss | WFRs1 WFs2  WFRszs  WFss WFss
40>u=5 WFs1  WFs2  WFiz WFss  WFis | WFRsy  WFs2 WFss WFis WFss | WFRays WFa2 WFizs WFas WFas

5>u WFs1  WFs2  WFs3  WFss  WFss | WFs1  WFs,  WFss  WFss  WFss | WFs1 WFs,  WFs3  WFss  WFss

Considering the pre-dip power of n feeders of a substation and employing the absolute
loss of loads and DGs evaluated using (5.5), the weighting factors representing the system
average dip severity indices (SADSI) of dips can be obtained from the weighted average
of the relative loss of power for the aggregated customers in the substations. For each type
of dip p, the value of percentage WF in each cell of the voltage dip profile can be evaluated
by the formula given in (5.7),

N, k k
WFI,YC [%] _ iz AP sub joad + APsub,gen

k
N rc k=l Psub, pre

x100 (5.7)

where N, denotes the total number of voltage dips for the cell with the remaining voltage
magnitude in the r'" row and duration in the ¢ column, and Pgys pre represents the sum of
absolute pre-dip powers of all feeders during each event (k) obtained by using (5.8).
n
kPsub,pre = z kai,pre

i=1

. (5.8)

From the relative loss of power related to the monitored dips, the preliminary values
of WFs for the three types of dips with magnitudes varying in 10% range is shown in
Table 5.3. From the assessment of available data, it is observed that some cells in the
voltage dip density tables for each type of dip do not consist of any dip indices. As a result,
no estimated losses and hence no WFs are obtained for such dips using the approach
directly. For each type of dip, it can be noticed from Table 5.3 that the values of WFs
obtained based on the average loss of power for the aggregated customers increase
towards right of each row (with longer-dips) and downwards of each column (with deeper-
dips) although the pattern of increment is not uniform. It is also presumed that the vacant
cells would have some values of WFs if there were dips falling into these cells and
affecting end-users.
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Table 5.3: Preliminary values of weighting factors [%] for various types of voltage dips

Looz dips (p=1) Lo dips (p=2)
R?Ir:;‘;;?g Duration [s] Duration [s] Duration [s]

[%] At=0.2 At=0.5 At=1 Ats5 At>5 At=0.2 At0.5 At=1 Ats5 At>5 At<0.2 At=0.5 At=1 A5 At>5
90>u=80 0.20 2.80 1.65 19.69 12.30 29.14 37.83
80>u=70 0.91 9.93 2.10 19.99 27.30 30.73
70>u=60 1.28 11.07 8.36 35.46 40.43 44.34
60>u=50 157 20.75 26.01 26.95 31.10 36.06 41.10 42.09 44.70
50>u>40 10.92 37.17 42.41 43.55 67.80
40>u=30 31.90 48.37 53.17
30>u=20 36.32 56.17
20>u=10 3110 51.31 57.52 78.38

10>u 67.49

5.4.2 Fitted weighting factors

From the available data, Mean-value or Mean-Max substitution approach is used to obtain
the estimated values of WFs for filling the vacant cells. In a given column, a vacant cell
between two completed cells is filled with the average of the two values, and the one in
the lowermost of the column is filled from the mean and maximum values of WFs in that
particular column. Estimated values of WF in the k™ row of a given column ‘c’ can be
obtained using (5.9).

+WF,

%(WF ), (middle)

k-1,c
1 k-1
[T

Similarly, each vacant cell between two completed cells across a fixed row is filled
with the average of the two values, and a vacant cell in the rightmost of the row is filled
from the average and maximum values of WFs in that row. Estimated values of WF in the
k™ column of a given row ‘r’ can be found using (5.10).

WF,, = (5.9)

LWF,

jWFk 1c> (lowermost)

%(WﬁH +WF,M), (middle)

WFr,k = 1 k lWF (510)
k—z L \WF,, ,, (rightmost)
=1

During the estimation process, observation points are considered along the diagonal
moving from the cell for WF;1. From each observation point, vacant cells at the
observation point itself and/or to its left are estimated using (5.9) and (5.10), and a vacant
cell between two completed cells is filled first with the average of the two. To yield the
least biased estimate of the missing values of WFs, analytical strategy based on regression
analysis is applied. In this case, curve fittings of Linear, Quadratic, Cubic, Exponential,
Fourier and Gaussian models are compared to choose the best fit. For each type of dips
within each duration range, the weighting factor is considered as dependent variable while
the voltage dip magnitude is considered as independent variable. In order to apply the
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regression analysis, the same variance of the independent variable is achieved by varying
the remaining voltage magnitudes in 10% variation (as in Table 5.3). For a set of n values
of (estimated) WFs for each type of dip within certain duration-interval, marked as vi,
each associated with a predicted value fi, the goodness of a curve fitting in predicting a
value is measured by the coefficient of determination (R?) expressed by (5.11) [106],

Dy
RO =1-8— (5.11)
)

where y is the mean of y;. The difference between the estimated values of WFs and the
values predicted by the fitting model are residuals that represent the approximate
independent errors. By minimizing the sum of the squares of the residuals, R? indicates
how well the fit can predict the data and it falls between 0 and 1. The higher the value of
R?, the better the fitting curve is often at predicting the data.

For the various fitting models, comparative values of R? evaluated using (5.11) are
shown in Table 5.4. In most cases, it is observed that the Quadratic, Cubic, Fourier and
Gaussian fitting curves show higher values of R? than the Linear and Exponential fitting
models. The Cubic fitting model gives the highest values of coefficient of determination
for all types of dips, and values of R? vary between 0.91-0.99 corresponding to the
shortest Lgo: and the longest Lii; dips. For the best fitting curve (Cubic regression),
comparisons between the observed (or estimated) and predicted values of WFs are shown
in Figure 5.10.

Table 5.4: Values of R? (measure of goodness) for various types of dips using different fitting curve models

Loox dips (p=1) Lou dips (p=2)

Curve Duration [s] Duration [s] Duration [s]

fitting At=0.2 At=0.5 Al As5 At>5 At=0.2 At=0.5 Al Atss At=5 At=0.2 At=0.5 Atsl Ats5 =5
Linear 0.85 0.79 0.82 082 082 085 0.97 097 088 082 | 087 0.98 095 093  0.99
Quadratic 0.86 0.97 096 096 096 092 0.97 097 090 097 | 0.95 0.98 0.97 094 099
Cubic 0.91 0.97 097 096 096 092 0.99 099 092 096 | 095 0.98 097 094 099
Exponential 0.73 0.66 070 070 070 0.73 0.95 095 091 070 | 0.79 0.97 097 093 098
Fourier 0.87 0.95 0.95 094 094 087 0.98 098 085 094 | 091 0.96 096 091 0.99
Gaussian 0.87 0.90 092 092 092 084 0.97 097 087 0.92 | 0.90 0.97 096 092 0.9

As can be seen from Figure 5.10, the deeper the magnitude of the remaining voltages
the larger the predicted values of WFs are. It can also be noticed that the values of WFs
increase when the number of phase-phase voltages affected by the dip increases.
Furthermore, the longer the duration of each type of dip the higher the value of WF is.
Average values of WFs for the three types of voltage dips with the remaining voltage
magnitudes varying in 10% are also given in Table 5.5.
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Figure 5.10: Comparison between observed and predicted WF values for — (a) Loo: dips, (b) Loz dips, and (c) L1 dips.

Table 5.5: Average weighting factors [%] completed using the Cubic curve fitting model

Remaining Lo s =1 Lo s =2 T Leawes

voltage Duration [s] Duration [s] Duration [s]
[%] A1=0.2 A1=0.5 A=l A5 A>3 4102 At<0.5 A=l A3 A>3 At<0.2 At0.5 Atsl Ats3 4r>3

90>u=80 0.20 116 2.27 2.36 2.45 1.65 11.95 1833 1932 1957 | 11.41 2251 2699 2992 33.96
80>u=70 0.95 7.29 9.44 9.77 9.89 6.40 17.92 1942 2252 2242 | 1974 2596 2930 32.08 3744
70>u=60 176 1322 1562 1613  16.37 | 1359 2297 2285 2551 2655 | 26.03 29.04 3166 36.18 4227
60>u=50 4.44 1793 2073 2138 2171 | 1990 2724 2787 2857 3155 | 30.65 31.85 3419 4172 48.09
50>u>40 7.58 2143 2472 2546 2586 | 2523 3087 3376 3195 37.00 | 3397 3453 37.00 4817 5454
40>u=30 1055 2340 2750 2829 2874 2947 3400 3978 3591 4249 | 3635 3720 4020 5501 6129
30>u=20 1236 2372 2792 2872 2916 | 3253 3677 4521 4071 4760 | 3816 39.98 4389 6172 67.98

3431 3931 4931 4661 5191 | 3976 4299 4821 6778 7425
3470 4177 5136 5389 5502 | 4153 4636 5325 7267 7876

20>u=10 1275 2470 29.01 29.82  30.30
10>u 13.56 2481 2917 2999  30.46

5.4.3 Proposed weighting factor indices

The values WFs shown in Table 5.5 are used to obtain the average WFs for voltage dips
with different magnitudes and durations according to the standard EN 50160 given in
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Table 5.6. Multiplying these WFs (expressed in pu) by the corresponding frequency of
voltage dips will give the average number of equivalent interruptions caused by the
voltage dips in each cell.

Table 5.6: Fitted average weighting factors [%] for voltage dips classification according to the EN 50160 standard

- Loox dips (p=1) Lou dips (p=2)
Remaining - - -
voltage Duration [s] Duration [s] Duration [s]
[%6] At=0.2 At=0.5 A=l a5 At>5 At=0.2 A1=0.5 A=l A5 At>5 At=0.2 At=0.5 A=l A5 At>5
90>u=80 0.20 116 2.27 2.36 2.45 165 11.95 18.33 19.32 19.57 1141 22,51 26.99 29.92 33.96
80>u=70 0.95 7.29 9.44 9.77 9.89 6.40 17.92 19.42 22.42 22.52 19.74 25.96 29.30 32.08 37.44

70>u=40 4.60 17.52 20.36 20.99 21.31 19.58 27.02 28.16 28.68 3170 30.21 31.81 34.28 42.02 48.30
40>u=5 12.31 24.16 2840 2921 2966 | 32.75 37.96 4428 4641  49.26 | 38.95 41.63 46.39 6429 7057
5>u 13.56 24.81 29.17 29.99 30.46 34.70 4177 51.36 53.89 55.02 4153 46.36 53.25 72.67 78.76

The mean values of WFs, obtained based on the weighted average of the relative loss
of power for the aggregated customers, are between the two extreme (minimum and
maximum) values. These values could be affected by few dips leading to extremely small
or too big losses of power. The share of few dips leading to extremely big loss of sensitive
customers, for instance, could be overshadowed by more dips leading to small losses and
this may result in small values of WFs. Consequently, the obtained WFs may
underestimate the expected equivalent process interruption caused by few but severe dips
and thus can underestimate the expected cost of such dips to sensitive plants. To
discriminate the effect of few dips leading to extremely small or very big portion of
disconnected customers on the average WFs, the 95-percentile of WFs (shown in Table
5.7) can be used with big and sensitive industrial customers.

Table 5.7: 95-percentile of weighting factors [%)] for various types of voltage dips according to the EN 50160 standard

Remaining - " "
voltage Duration [s] Duration [s] Duration [s]

[%] At=0.2 At=0.5 A=l Ats5 A>3 A10.2 Ar0.5 A=l A5 Ar>5 A10.2 At=0.5 A1 A5 At>5
90>u=80 1 3 5 5 5 4 18 26 27 27 17 31 36 39 44
80>u=70 3 12 15 15 15 11 25 27 30 31 27 35 38 42 48
70>u=40 8 25 28 29 29 27 36 37 38 41 40 41 44 53 60
40>u=5 18 33 37 38 39 42 48 55 58 61 49 53 58 78 85

5>u 20 33 38 39 40 45 53 63 66 67 52 58 66 87 94

The ratio of the 95-percentile WFs to the average WFs is presented in Figure 5.11. It
can be seen that the ratio of the 95-percentile to the average WFs is relatively high for
short and very shallow Loo; dips. These dips could be significant for industrial plants with
sensitive processes, and it is a creditable indicator that the 95-percentile approach is
reasonable for estimating the economic impact of voltage dips in industrial plants. From
the ratio, it can be observed that the 95-percentile of WFs may result in about:

= 2-5times more equivalent interruptions due to very shallow (u>0.8 pu) and long-
duration to short-duration Lgo; dips than the average WFs.

= 1.4-2.4 times more equivalent interruptions due to very shallow and long-
duration to short-duration Lo1 dips than the average WFs.

= 1.3-1.5 times more equivalent interruptions due to very shallow and long-
duration to short-duration L1 dips than the average WFs.
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= 20-50% more equivalent interruptions due to very deep (u<0.05 pu) longest Li11
dips and shortest Loo: dips than the average WFs.

50.9>u>0.8 #80.8>u> 0.7 00.7>u> 04
4 4
20.4>u> 0.05 0.05>u>0.01

Ratio of WFs

At<02 | 02<At<0.5 | 05<At<1 | 1<At<5 | At>5 |

Dip duration range [s]
Figure 5.11: Ratio of the 95-perecentile WFs to the average WFs for different types of dips.

For estimating the economic impact of voltage dips in different industrial customer
categories (ranging from the least sensitive to the most sensitive processes), 25-percentile
of WFs, 50-percentile of WFs, 75-percentile of WFs and 99-percentile of WFs are given
in Appendix-D.2.

5.5 Summary

This chapter proposes an approach for estimating the impact of voltage dips on the
aggregated customers based on the ‘loss of power’ during a dip. The approach considers
the change between the pre-dip and post-dip power of all customers in the distribution
network during voltage dip events monitored at the PCC of the MV-networks.

For the various types of voltage dips monitored in six substations for four years, the
relative losses are calculated and compared with the severity of voltage dips characterized
by the remaining voltage magnitude, duration and type of dips. The method shows a strong
correlation between the severity of voltage dips and their impact on aggregated customers.
That is, the relative loss of power and thus the impact on the combined customers
increases with longer and deeper dips; and even gets worse with more phase-phase
voltages affected. Depending on the magnitude and duration of voltage dips, on average
the measured dips in one, two and three phase-phase voltages resulted in the relative loss
of power for aggregated customers connected to the MV-networks ranging between 0—
21%, 2—-36% and 12-78% respectively (Table 5.3).

Based on the weighted average of the relative loss of power for the aggregated
customers, the estimation method is also extended to obtain system average dip severity
indices (or weighting factors) for various types of voltage dips. This approach can be very
helpful for estimating the economic loss of voltage dips and for setting voltage dip limits
in the MV distribution networks for the regulatory purpose.



Economic loss due to voltage dips

6.1 Introduction

Voltage dips can lead to the disruption of manufacturing processes pertaining to either
equipment malfunctioning or failure due to a reduced voltage level. Because of the
propagation from one part of the network to another, the frequency of voltage dips
occurrence is higher than interruptions and the annual economic impact on industrial
customers can be significantly larger [1, 4, 17, 19, 98, 107-110]. In many manufacturing
processes, a defect of only a few vital pieces of equipment may result in a complete or
partial shutdown of production which in turn leads to huge financial losses. In some
processes, in addition to the loss of production, the loss of material and the time taken to
clean up and restart the process make the financial loss even worse [111].

Reliable information regarding to the economic loss incurred due to voltage dips is
essential to both customers and network operators as it provides the very basis for cost-
benefit analysis for all potential investments on the possible mitigation solutions. The
assessment of economic loss due to voltage dips involves careful consideration of:

e voltage dip profiles at the customer terminals,
e customer load/process susceptibility, and
o calculation of the losses induced by the process interruption.

Voltage dip profile at the customer terminals provides the information regarding the
frequency and characteristics of voltage dips. This information can be obtained from site
monitoring over a longer period (discussed in Chapter 3), or can be predicted by computer
simulations using fault positions method [16, 17, 19, 109] (discussed in Chapter 2). The
sensitivity of process equipment to voltage dips directly influences the response of the
industrial process to the incoming dips and thus has a direct impact on the resulting
financial losses. The sensitivity of equipment can be found from the manufacturer
specifications or commonly used standards or from experiments (more in Chapter 4).

By comparing the sensitivity of process equipment against voltage dips with the
performance of the supply system, a compatibility analysis is generally required to
evaluate the effects of voltage dips on an industrial plant. In this chapter, two methods of
estimating the economic impact of voltage dips are discussed. The effectiveness of

101
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available alternative solutions in reducing the dip-related problems and associated cost of
investment are described.

6.2 Overview of existing methodologies

There are many technical mitigation solutions available on the market to reduce the
disruptive impact of voltage dips. Although there exist solutions to mitigate voltage dips,
it is important that facilities evaluate the expected economic impact of voltage dips before
making new investments for reducing the problems.

6.2.1 Cost estimation of voltage dips

Over the years, numerous attempts have been made to address the economic consequence
of voltage dips. The IEEE 1346 standard [35] provides guidelines recommended for
technical and financial evaluation of voltage dips based on compatibility analysis between
process equipment and electric power systems. It is intended to be applied at the planning
or design stage of a system where power supply and equipment choices are still flexible
and incompatibilities can be resolved. The overall analysis consists of three steps—
development of a coordination chart, cost estimation of process disruption per dip, and
calculation of total financial losses. The coordination chart provides a comparison
between voltage dip performance of the supply system (expressed in terms of magnitude
and duration represented using contour lines) and the equipment voltage-tolerance curves
to identify the number of disruptive events. All costs related to the process disruption will
be determined from a survey that stipulates the participation of different actors of the
process chain including frontline workers, suppliers, finance, accounting, sales and
marketing staff. The total financial losses of the facility are obtained by multiplying the
cost of process disruption with the number of disruptive events identified in the chart.
Although the method proposed by this standard is simple, it often needs huge amount of
data some of which are difficult to gather and others are dealing with confidentiality issues
of the company. According to the standard, the sensitivity of the entire industrial process
is represented by the most sensitive equipment in the process. However, tripping of the
most sensitive equipment may not necessarily cause the process trip. Besides, the standard
does not consider the interconnections between equipment and sub-processes that might
have a significant impact on the process operation.

Some methods concentrating at network-level are proposed in [19, 109]. According to
this method, the variables affecting the financial loss estimation were identified to be
voltage dip frequency, number of customers and cost per dip. The average annual dip
frequency (for dips less or equal to 50% of nominal voltage) were estimated using a
probabilistic approach and network reliability data typically derived from permanent
faults. The customers in the LV-networks were categorized into five different groups
(domestic, agricultural, industrial, commercial services and public services) in order to
assume similar behaviors to every component of a group. With regard to cost, the cost per
dip was calculated for every one of the five groups of customers from the evaluation of
direct and indirect economic consequences of voltage dips. From the combination of
results on different surveys, approximate costs obtained per type of customer are shown
in Table 6.1. The total annual economic cost of voltage dips for each customer category
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of the entire network was calculated by multiplying the cost per dip with the number of
customers and annual frequency of dips in the network. In this method, a big sample of
data originally prepared for other purposes was used to extrapolate the cost of voltage
dips. In practice, customers in each category consist of heterogonous electricity users, and
the size, annual energy and electrical behavior may considerably vary especially in the
industrial customers.

Table 6.1: Cost for a single voltage dip in various customer category [19, 109]

Customer category
Domestic Agricultural Industrial Commercial Public
Cost per dip [€] 1 1 1060 170 130

Another method of estimating the cost of voltage dips applied on plant-level losses is
suggested in [112, 113]. Survey was conducted on more than 200 small industrial
customers (up to 2-3 MW peak plants) of various sectors fed from the MV-networks. To
avoid several risks from the direct cost estimation questions, this survey focused on other
data concerning plant operation, structure of productive system, equipment sensitivity,
restart procedures and other aspects related to the interruption consequences. The
proposed method is a complete analysis of the target industry and costs contemplated in
the economic damage due to each event include all components within equation (6.1),

Cost :CLP,D +CLP,R +Cum +Cp +Cpe +Cey =Sy —Se (61)

where Cypp refers to the cost of lost production during the supply disturbance,
Cipr is cost of lost production during the restart time,
Cwwm denotes cost of wasted material,
Cip refers to the cost of imperfect products,
Coe is cost of damaged equipment,
Cewm represents cost of extra maintenance,
Sm denotes saving on raw materials, and
Se refers to the saving on energy not consumed.

From the survey, all these costs and saves are estimated, and costs of voltage dips are
presented in normalized costs per voltage dip per KW power to enable a comparison
among different industrial sectors and sizes. It was found that most sensitive plants have
normalized cost per dip in the range of 0.25-1.5 €/kW despite the many different
production sectors and plant characteristics involved [112]. This method is claimed to
provide accurate costs related to voltage dips and short-interruptions. However, it highly
depends on the cost figures of every sub-process [114] in the plant related to all direct and
indirect costs which are difficult to obtain, require time-consuming investigation, and
often involve confidentiality issues. Besides, outages and severe dips are considered as
having the same effect on the operation since no reference is considered to the dip
magnitude and duration.

Other estimation approaches [98, 100-105, 115] consider weighting factors to account
for different magnitudes of voltage dips when estimating the economic loss relative to the
cost of a complete interruption. An example of weighting factors, adopted from [98, 105],
is shown in Table 6.2. Interruption costs, which are categorized as product related losses,
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labor-related losses and ancillary costs, are evaluated by survey on the actors of the
process. Nevertheless, the method provides no detailed documentation on how the
weighting factors are obtained and no additional information about the effect of dip-
duration and dip-type.

Table 6.2: Example of weighting factors for different voltage dip magnitudes [98, 105]

Event category Weighting factor for economic analysis
Interruption 1

Sag with minimum voltage below 50% 0.8

Sag with minimum voltage between 50% and 70% 0.4

Sag with minimum voltage between 70% and 90% 0.1

6.2.2 Overview of mitigation solutions

Mitigation techniques refer to the measures taken to reduce the number and/or severity of
voltage dips, and thus to reduce the financial damage to a process. Broadly speaking, the
economic losses associated with voltage dips can be reduced by any of the following
actions:

o Improving the supply voltage performance of the electrical network. This involves
some design improvements in the electrical network that results in a change of
voltage dip density (with fewer and/or less severe voltage dips).

¢ Installing power-conditioning devices. Mitigation devices can be used to improve
the ride-through capability, thus reduce the vulnerability area, of equipment and
processes against voltage dips. This will not affect the frequency of voltage dips
in the electric network but the number of equipment and/or process trip will be
reduced due to the enhanced withstanding capability.

e Using robust equipment. Replacing the weakest link device(s) by equipment with
better ride-through capability can modify the equipment behavior and thus
improve the performance of equipment and processes against voltage dips.

As depicted in Figure 6.1, various mitigation solutions can be applied at several levels
to reduce the dip-related problems of a facility. Depending on the type and level of
application, the mitigation methods can reduce the effective number of process
interruptions to a certain extent. However, each solution comes at a cost and it can be
costly. The solutions can be broadly classified as customer-level solutions or grid-level
solutions [98, 115]. Mitigation of voltage dips at the grid-level, in general, can protect
large part of a network but also incurs higher costs. Whereas solutions relatively at a
cheaper cost can be achieved by modifying the robustness of the process equipment
although this requires a detailed study of the process equipment and their susceptibility to
voltage dips.

6.2.2.1 Customer-level solutions

As represented in Figure 6.1, voltage dip mitigation solutions that can be implemented
within the periphery of the customer’s facility may affect the performance of a single
equipment (a), all equipment within a single process (b) or all processes within the entire
facility (c). To mitigate the consequences associated with voltage dips, a wide range of
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alternative solutions, with varying degrees of cost and effectiveness, are available [105,
111, 115-122].

Grid
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Figure 6.1: Position of mitigation options for improving the equipment and/or process voltage dip performance.

Solutions at equipment-level (often up to 10 kVA) are designed to support for critical
elements of equipment, such as control systems, that may determine the overall response
of the process. These solutions may involve modifications in the equipment specifications
and design, or using power conditioning devices for reducing the voltage dip susceptibility
curve of sensitive equipment. With AC relays, contactors, solenoids and motor starters,
which are often diagnosed as weak links in automated production lines, Coil-Locks can
provide the device controlled by an AC coil with a ride-through capability of voltage dips
with remaining voltage up to 25% of the nominal voltage lasting for durations at least 3
sec [116]. Other options including dip proofing inverter (DPI), voltage dip compensators
(VDC), constant voltage transformers (CVT) and uninterruptable power supply (UPS) can
also be applied at the equipment-level.

The effect of voltage dips on individual processes (or machines) (usually ranging
between 10-500 kVA) can be corrected using mitigation solutions that are applicable at
machine-level protections. Machine-level solutions include UPS, dynamic sag correctors
(DySC) and Flywheel (FW). In addition to UPS and Flywheel, other alternative options
like dynamic voltage restorer (DVR) and active voltage conditioner (AVC) can be used
at system-level to protect the entire facility against voltage dips. A wide-range of
mitigation options applicable at various levels and their effectiveness in reducing the dip-
related problems are summarized in Table 6.3.

6.2.2.2 Grid-level solutions

In the distribution network, supply system maodifications and equipment that affect
multiple customers can be integrated at location ‘d’ of Figure 6.1 to improve the quality
of the supply and performance of customers. The frequency of faults and thus dips can be
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reduced by implementing tree trimming, insulator washing, adding arrestors and animal
guards methods. Besides, insulated conductors for bare conductors and underground
circuitry can reduce the interference of human and animal activities.

The operation of a power system can be improved by reducing the fault clearing time
of protection devices which will reduce the severity of voltage dips. By using reactors
usually mounted at the beginning of feeders in the MV-network, the fault-current due to
downstream disturbance can be limited, and this can reduce the frequency and/or severity
of voltage dips that other feeders will experience. Opening tie breakers and supplying far
loads from other transformers is also a possible solution that requires modification in the
system configuration to reduce the vulnerability area. Besides, installing generators close
to sensitive loads can also support the voltage during distant dips.

Table 6.3: Effectiveness of various mitigation options
[ Effectiveness

| Application

Equipment-level solutions (up to 10 kVA)

Coil-Lock [116]

Dips down to 25% and duration shorter
than 3 sec

AC-relays, contactors, Solenoids, Motor
starters

Dip proofing inverter (DPI)
[117]

Dips and interruptions shorter than 3
sec

AC-relays, contactors, Solenoids, Motor
starters

Voltage dip compensators
(vDC) [118]

Dips down to 50% of nominal voltage
for 4-22 sec

Contactors, Relays, Motor starters, PLC
controls, Semiconductor equipment, and
other control elements

Constant voltage transformers
(CVT) [119]

Dips up to 30-40% of the nominal for
any duration up on proper sizing

One-phase equipment controls

Uninterruptable power supply
(UPS) [105]

Dips and interruptions for a significant
duration depending on size of UPS

equipment controls and loads

Machine-level (10-500 kVA) and

entire plant-level (0.5-50 MVA) solutions

Uninterruptable Power Supply
(UPS) [105]

Dips and interruptions for a significant
duration depending on size

Single load or group of loads/ processes in
a facility

Dynamic sag correctors (DySC)
[115, 123]

Dips and interruptions up to 5 sec
(sized full-boost)

Machine to facility-wide protection

Flywheel (FW) [111, 115]

Dips and interruptions for a significant
period of time, depending on size of
FW

Single load or loads in the entire plant

Dynamic voltage restorer
(DVR) [115], [120]

Voltage drops as low as 40% for a
period up to one second

Loads in the MV- and LV-networks

Omniverter-Active voltage
conditioners (AVC) [121]

Voltage drops down to 50% and 30%
of the nominal voltage with three-phase
and one-phase dips for at least 30 sec

Three-phase loads in the entire
manufacturing facility (25 kVA-1 MVA in
LV- and 1-50 MVA in MV-networks)

Static transfer switch (STS)
[122]

Voltage dips and interruptions

Customers in the entire feeder (or facility)
with alternate feeder

6.2.3 Decision-making tools

Despite the availability of several types of voltage dip mitigation techniques, each solution
comes at a cost. Besides, not every mitigation technique is effective to solve all dip-related
problems, and the solution can be too expensive or cost-competitive relative to the
expected number of reduction in system interruptions caused by voltage dips. Figure 6.2
presents a flow chart consisting of the basic elements during the economic evaluation of
voltage dips and technical solutions. In the economic analysis for choosing the optimal
mitigation solution, the expected annual cost of voltage dips before mitigation (referred
to as the “do nothing” option) is compared with the cost of solution and cost of
unmitigated dips after mitigation.
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< Technical solutions to voltage dips >
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Figure 6.2: Flowchart for the economic evaluation of voltage dips and technical solutions.

Due to the fact that mitigation techniques can zbe costly, it is worth justifying the
economic feasibility of preventive measures before making any investment. To analyze
the economic feasibility of PQ solutions, different industries may consider one or a
combination of the following decision-making criteria:

e Net present value (NPV)

e Payback time (PBT)

o Internal rate of return (IRR)
e  Profitability index (PI)

6.2.3.1 Present worth analysis

To perform the economic feasibility of investments on mitigation options, the net present
value (NPV) method is usually used. The NPV analysis considers any element that results
in a cost or profit, revenue in-flow or out-flow, and it can be expressed by (6.2)[124-126],

int

NPV = zn: (f,(Ciy xSy)—(C, +OMC,)) (1 +e)'
=0 @+na+iy

(6.2)

where NPV is the net present value of a series of cost, f; refers to the expected number of
avoided interruptions at the beginning of a year, Cix is cost of load interruption
[€/kW/int.], S is size of critical load in the system [in kW], Co denotes the cost of initial
(capital) investment of solution [€], OMC is the expected annual operating and
maintenance cost [€/yr], e is the escalation rate of costs (normally same value as
inflation rate), r is discount (interest) rate adjusted for inflation, i is inflation rate, t refers
the number of years, and n denotes the lifetime of the investment [yr].

In the NPV analysis, all future benefits (in-flows) and expenditures (out-flows)
associated with the investment on the PQ solution are spread over the entire lifespan of
the solution. There is also a time value associated with money, and “the present” is
considered as the common point in time in order to make a decision on the feasibility of
investments. For assumed values for rates of inflation, discount and escalation, it can be
pointed out from (6.2) that the economic benefit (f{(CinxSq)) and the operating and
maintenance cost (OMC) of the solution are both zero at the time of investment (t=0), and
the net return at the time of investment is —Co.
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The main target of investments on mitigation techniques is to reduce the expected cost
of voltage dips, which is related to the reduction in the expected number of outages caused
by voltage dips over a certain period of time. When identifying feasible solutions, the
decision-making highly depends on maximizing the expected “avoided economic
damages” which rely on the future benefits (f(CinxSc1)) and expenditures (OMC;). The
NPV method is typically used for large capital projects [124] and the NPV values can be
compared for different mitigation options. In general, any solution can be considered as
acceptable and is expected to increase the economic value of the company if the NPV
value is positive within the lifetime of the project. If mutually exclusive investments yield
positive NPV values, the mitigation option with the highest NPV would be the most
preferable choice.

6.2.3.2 Payback time

The payback time (PBT) of an investment is the number of years of benefit required for
the project to breakeven, and it is often defined as the ratio of the net investment to the
net annual return [124]. When the net cash flow (net return) is negative in the year y, and
positive in the year yu.1, then the breakeven point occurs sometime on the way into the
year yni. If it is assumed that the cash flows occur regularly over the course of the year,
the PBT can be computed using the formula (6.3) [127],

_NCF(y,)
! CF(yn+l)

where y;, is the last year with a negative net return or net cash flow (NCF), NCF(y,) refers
to the net cash flow in that year, and CF(yn+1) denotes the total cash flow (in-flow — out-
flow) in the following year (Yn+1).

Based on the payback rule, an investment is acceptable if its calculated payback period
is less than some pre-specified number of years called the cutoff period. Because of its
simplicity, the payback period rule is often used as a rule of thumb to make relatively
minor decisions, especially in small businesses biased towards short-term projects. Many
industrial companies often look for investments on PQ projects with payback less than 1-
2 years in order for them to be considered, equivalent to a 50-100% return rate [124, 127].
Despite its simplicity, the payback rule ignores all cash flows after the cutoff date and
considers equal weight to all cash flows before the cutoff point (i.e., it ignores the time
value of money). If the same cutoff date is used regardless of the project lifetime, the
payback rule tends to accept many poor short-lived projects and reject many good long-
term projects.

PBT =y (6.3)

6.2.3.3 Internal rate of return

Internal rate of return (IRR) is a measure of the desirability of a project and it is defined
as the discount rate at which the investment breaks even, i.e. the return which results in a
zero NPV when it is used as the discount rate [124]. Assuming the same value for the
escalation rate as inflation rate, the IRR can be evaluated by (6.4),
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n

21: IRR) (6.4)
where CF; (=fi(CinxSe)—OMC) is the annual cash flow, the difference between the
revenue in-flows and out-flows. Based on the IRR rule, the IRR should be greater than
the cost of capital (discount rate) for a project to be accepted. With mutually exclusive
projects, the option with the highest IRR would be the most desirable choice as long as it
also provides the highest profit (NPV).

6.2.3.4 Profitability index

The profitability index (PI), also called benefit-cost ratio, is defined as the ratio of the
payoff (present value of the future cash flows) to the initial investment of a proposed
project [124]. This is another tool used to evaluate the feasibility of projects by
quantifying the amount of value created per unit investment, and it is often useful for
selecting among various project combinations and alternatives when available investment
funds are limited. Assuming the same value for the escalation rate as inflation rate, the Pl
can be evaluated by equation (6.5)

~ f, (Cyy X 54) ~OMC,
Pl = C ; @+r) 69

More generally, if a project has a positive NPV, then the present value of the future
cash flows must be bigger than the initial investment. The profitability index would thus
be bigger than unity for a positive NPV investment and less than unity for a negative NPV
investment. With mutually exclusive projects, the option with the highest profit (NPV)
would be the most desirable choice even if the Pls are higher with the other options.

6.3 Proposed cost estimation methods of voltage dips

To consider a cost effective preventive measure for protecting installations and reduce the
disruptive impact of voltage dips in a facility, the customer should know the approximate
number of load outages, which also represent the economic impact, caused by voltage
dips. However, direct evaluation of the economic loss of voltage dips is difficult and it is
often expressed relative to that of a complete interruption of the entire plant.

As described in Chapter 4 and Chapter 5, the impact of voltage dips on equipment
and processes depends on the severity of dips and sensitivity of the installation. Thus, the
different magnitudes and durations of various types of dips (Loo1, Lo11, and Lai11) at the
POC of the facility should be considered separately when analyzing the economic impact
on customers. The annual load outage cost (ALOC) of an industrial facility caused by
voltage dips depends on the number of interruption of loads, size of critical loads and cost
of load interruption. The value of ALOC can be estimated using the formula (6.6),

ALOC = f,x (S, xCy,) (6.6)

where fy is the frequency of annual interruptions due to voltage dips [#/yr], Sq is the size
of critical loads [in kW] and Cix is the cost of interruption per unit load [€/kW]. The
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number of interruptions caused by the dips may vary from facility to facility. The cost of
interruption, which involve direct and indirect cost, is highly dependent on the types of
processes and often varies among different customer categories even experiencing the
same characteristics of voltage dips [4, 128].

In the following sections, two approaches of estimating the economic impact of
voltage dips relative to that of a complete interruption of the entire plant are discussed.
The first one derives plant-specific severity indices and the second one uses generalized
weighting factor values.

6.3.1 Cost estimation based on equipment sensitivity analysis

The response of industrial processes to incoming voltage dips is directly influenced by the
voltage dip ride-through capability of equipment that make up the process. The
composition and sensitivity of process equipment to voltage dips often vary within
different category of industries. In this section, an approach of estimating the economic
impact of voltage dips based on equipment sensitivity analysis is demonstrated using an
illustrative manufacturing facility.

Figure 6.3 shows the flow diagram for estimating the economic loss caused by voltage
dips based on sensitivity analysis of process equipment within a facility. The annual
economic loss of an industrial plant due to voltage dips depends on the annual frequency
and severity (characterized by magnitude, duration and type) of voltage dips at the POC
of the plant, on the composition, behavior and interaction of process equipment against
voltage dips, and on the size of load and cost of load interruption.

Finding sensitivity indices of voltage dips

< Layout of processes in a facility >
Identify the sensitive  ( Define load composition
process equipment of processes

Determine tolerance curves
of equipment & processes

Identify failure modes
from the interaction of

Find load composition
for each failure mode,

r ipmen R . .
Beess i Iment Annual voltage dips Installation Size
b density (“Di;) and Cost figures

rocess *xCs
participation (SerxCin)
factor in each

failure mode, Fppr

Sensitivity index of each
failure mode, Is

Find sensitivity density w
tables for various types of

Annual cost of
voltage dips

Sensitivity indices
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Y

voltage dips (Si;)

Figure 6.3: Flowchart for estimating economic impact of voltage dips based on sensitivity analysis.
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6.3.1.1 Process layout in the illustrative facility

Depending on the size and complexity of the plant, the production of the manufacturing
facility will rely on one or more processes each composed of equipment that might be
susceptible to voltage dips. The composition of equipment and processes can vary from
facility to facility, and so does the economic impact due to voltage dips. To illustrate the
cost estimation approach, the electrical layout of a manufacturing facility comprising four
independent processes and supplied from a 10/0.4 kV transformer is described in Figure
6.4. In this facility, 1000 kW of the total load is assumed to be critical load that is sensitive
to voltage dips.

MV POC
=—e—9o—e @
LV
= o | 2
Feeders o
' 2
; H Manufacturin
HV grid PQ 0o @ e g
monitoring ' Dyn P, facility
=
Py
]

Figure 6.4: Layout of a manufacturing facility for illustration.

The complete production of the manufacturing facility shown in Figure 6.4 depends
on the performance of the four processes during voltage dips; and the performance of each
process is determined by the ride-through capability of the equipment that make up the
process. In this case, process P; depends on the sensitivity of device D; connected in series
with device Dy, while process P, depends on the sensitivity of two devices D3 and Dy
connected in parallel. The voltage dip performance of process P3 and P4 are governed by
the ride-through capability of single devices Ds and Ds respectively.

In a large number of industrial plants, AC contactors, adjustable speed drives (ASDs),
programmable logic controllers (PLCs) and computers (PCs) are commonly used devices
sensitive to voltage dips [35, 59-65]. In the illustrative facility, an AC contactor and
adjustable speed drive (ASD) will be used in process P; for D1 and D». In process P,, two
computers PC; and PC, that comply with the ITIC power acceptability curve are
considered in parallel performing the same task. The PCs are supplied from two different
phase-voltages in order to enhance the reliability of the process P, in the facility. PLC is
used for Ds to control the performance of process P; and the performance of process Py is
controlled by device D¢ which complies with the SEMI FA7 power acceptability curve. It
is also considered that the processes Pi1, P2, P3 and P4 have load compositions of 30%,
20%, 10% and 40% of the total load in the facility.

6.3.1.2 Voltage-tolerance curves of equipment

For the illustrative facility, the sensitivities of the AC contactor, ASD, and PLC are
obtained from laboratory tests (descried in Chapter 4), while the general ITIC and SEMI
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FA7 power acceptability curves are considered for the PCs and SEMI F47 device. The
sensitivity of the devices can be summarized as:

AC contactor C; that trips for voltage dips with u<54% and At>20ms
(considering characteristics of both 0° and 90° point-on-wave dip initiations),
ASD at 75% rated-load which trips during voltage dips with u,<70% and
At>1000 ms, u;<70% and At>30 ms, and u;<80% and At>30 ms for one-phase,
two-phase and three-phase dips respectively,

Programmable logic controller PLC; that trips the process during voltage dips
with u<32% and At>30 ms, and dips with u<35% and At>130 ms,

PCs and SEMI device that comply with the ITIC and SEMI F47 curves.

Figure 6.5 shows the voltage-tolerance curves of the sensitive devices plotted together
against the three types of voltage dips. The susceptibility area of the ASD increases with
polyphase dips while that of contactor, PCs and PLC are the same with all types of dips
assuming the control voltage is affected by the dip.

6.3.1.3 Failure modes of load process

The performance of each process depends on the behavior and interaction of individual
equipment that make of the process. From this perspective, it is presumed here that:
Process P; trips if the contactor and/or ASD fails,

e  Process P trips if both PCs fail,
e  Process P3 trips if the PLC fails, and
e Process P4 trips if the SEMI FA7 device fails.
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Figure 6.5: Voltage-tolerance curves of equipment subjected to dips in — (a) one-phase, (b) two-phases, and (c) three-phases.

Based on the sensitivity and interaction of process equipment in the facility under
consideration, voltage-tolerance curves of each process in the facility are plotted in Figure
6.6 for the three types of dips. From the equipment behavior subjected to different types
of voltage dips, it can be observed that:

process can fail ahead of it.

Process P3, which is controlled by the PLC, is the most robust process as no other
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=  SEMI F47 curve is fully enclosed by the ITIC curve and thus process P, trips
whenever P4 trips,

= Process P, will withstand one-phase dips as its performance is governed by two
PCs connected in parallel and supplied from different phase supply voltages. With
two-phase dips, the ITIC power acceptability curve fully encloses other process
equipment and P, fails whenever any other process fails for such dips.

= Voltage-tolerance curve of the ASD tightens with polyphase dips and a possibility
that only P, fails with larger susceptibility area can happen for three-phase dips.
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Figure 6.6: Process immunity curves and various failure modes of the load process subjected to — (a) one-phase dips, (b) two-
phase dips, and (c) three-phase dips.

Taking into account that ‘r’ processes fail at the same time during each type of voltage
dip, the maximum possible number of failure modes (Ni) in a facility that comprises ‘n’
independent processes can be found using formula (6.7).

The actual number of failure modes (m) in the facility, however, depends on the
sensitivity and interaction of each process, which again depends on the ride-through
capability and interaction of process equipment, against various types of voltage dips.
Examining the behavior and interaction of processes subjected to different types of
voltage dips (shown in Figure 6.6), the facility under consideration actually resulted in
nine failure modes (F1—F9) summarized in Table 6.4. In the first failure mode (F1), all
processes fail at the same time for two-phase and three-phase dips while F7, Fs and Fq are
failure modes in which only a single process fails at a time during various types of dips.
It can also be observed that the vulnerability area of each failure mode can vary with
different types of dips.
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6.3.1.4 Sensitivity values of failure modes

The severity values of the failure modes depend on the number of processes failing at the
same time, the load composition of processes, and the type of voltage dip affecting each
failure mode. Suppose Li, L,...Ln are the load compositions of the respective processes
such that a particular voltage dip causes a disruption which can be expressed as percentage
loss relative to a complete shutdown of the entire load process, the sensitivity index (ls)
matrix of the ‘m’ failure modes can be obtained using (6.8),

I.=F i (6.8)

* ™ 100 '
where Fppr is the matrix of process participation factor expressed by (6.9) in which each
element ‘a’ is represented by ‘1’ or ‘0’ to indicate the participation of processes in the
respective failure modes, and L, is the percentage of load composition matrix of
processes, articulated by (6.10).

a, ... 4,

Fot = oo (6.9)
aml a'mn

L,=(L L L) (6.10)

Considering the assumed values of load compositions of processes in the facility, the
sensitivity indices of the failure mode are given in Table 6.4. The values range from 20%
for the failure mode Fs to 100% when all processes are affected in F;.

Table 6.4: Participation of processes, type of involving dips and sensitivity index for each failure mode

Failure modes
F1 F2 Fs Fa Fs Fe F7 Fs Fo

P1P2P3Ps P1P2P4 P1P3P4 P1P2 P1P4 P2P4 P1 P2 P4

Process failing per
failure mode

Dip types involved g g } g } ) g g }
per failure mode 2/3-ph 2/3-ph 1-ph 2/3-ph 1-ph  2-ph  1/3-ph 2/3-ph 1-ph

Process participation
factor (Fopr) 1111 1101 1011 1100 1001 0101 1000 0100 0001
Sensitivity index (ls)

X 1.00 0.90 0.80 0.50 070 0.60 0.30 0.20 0.40
of failure modes

By replacing each failure mode with its corresponding value of sensitivity index (ls),
tables of sensitivity density (Si;jecs(u; At)) obtained for the three types of dips (one-phase,
two-phase and three-phase) having ‘u’ magnitude of remaining voltage and ‘At’ duration
are shown in Table 6.5. It can be observed that different values of sensitivity density can
be obtained for voltage dips even represented within the same range of magnitude and/or
duration in the standards (e.g. dips having magnitude between 40-70% of nominal voltage
and duration in the range between 10-200 ms). This indicates that sensitivity indices with
higher resolution can be obtained with this methodology that can help for estimating the
equivalent number of interruptions of the facility caused by voltage dips.



6.3 PROPOSED COST ESTIMATION METHODS OF VOLTAGE DIPS 115
Table 6.5: Sensitivity density for various types of voltage dips in the facility
(a) One-phase dips
Duration [s]
Remaining voltage 0.01 <A4t<0.2 0.2<A4t<0.5 0.5<4t<1 1<4t<5 5<4t<60
[%] At0.02  At<0.03 At<0.13 At<0.2 A10 At>10
90 >u >80 0 0 0 0 0 0 0 0 0
80>u>70 0 0 0 0 0 0.4 0.4 0.4 0.4
u<70| 0 0 0 0 0.4 0.7 0.7 0.7 0.7
70>u>40 =~ u<s4; 0 0.3 0.3 0.3 0.7 0.7 0.7 0.7 0.7
u<s0| 0 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
u<40{ 0 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
40>u>5 u<3s; 0 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.8
u<32i 0 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
5>u 0 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
(b) two-phase dips
90> u >80 0 0 0 0 0 0 0 0 0.2
80>u>70 0 0 0 0 0 0.6 0.6 0.6 0.6
u<70, 0 0.2 0.5 05 0.9 0.9 0.9 0.9 0.9
70>u>40 = u<s4i 0 0.5 0.5 0.5 0.9 0.9 0.9 0.9 0.9
u<s0; 0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
u<40i 0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
40>u>5 u<3s; 0 0.9 0.9 1 1 1 1 1 1
u<32, 0 1 1 1 1 1 1 1 1
5>u 0 1 1 1 1 1 1 1 1
(c) three-phase dips
90>u>80 0 0 0 0 0 0 0 0 0.2
80>u>70 0 0 0.3 0.3 0.3 0.9 0.9 0.9 0.9
u<70 0 0.2 0.5 0.5 0.9 0.9 0.9 0.9 0.9
70 >u>40 u<54 0 05 05 05 0.9 0.9 0.9 0.9 0.9
u<50 0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
u<40 0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
40>u>5 u<35 0 0.9 0.9 1 1 1 1 1 1
u<32 0 1 1 1 1 1 1 1 1
5>u 0 1 1 1 1 1 1 1 1

6.3.1.5 Assessment of the economic impact

To consider the most cost-effective investment on mitigation techniques, customers
should take into account the variations in the frequency and severity of voltage dips at
their points of connections over several years when evaluating the expected annual
economic loss. From this perspective, the average annual voltage dip density (Dijocd(u;
At)) corresponding to the sensitivity density (Sijocs(u;, At)) need to be considered for
each type of voltage dip at the end-user’s terminal. An example of voltage dips density
corresponding to the sensitivity density for various types of dips is shown in Table 6.6 to
demonstrate the application of the methodology for estimating the economic loss of
voltage dips.

By combining the voltage dip density with the respective sensitivity density, the total
number of annual equivalent interruptions (fy) caused by the voltage dips at the POC of
the facility can be estimated using (6.11),

- ;ZZ(é(ui,Atj)j(;(ui,ﬁj))

(6.11)
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where “d and *s are the annual voltage dip density and sensitivity density functions for
each type of dip (k). On average, the facility considered here for illustration would
experience 9.25 dips per year leading to the economic loss of ~5.78 times that of the
complete interruption of the entire load in the facility.

Table 6.6: An example of average annual voltage dip density at the connection point of the facility

(a) One-phase dips

Duration [s]

Remaining voltage 0.01 <At<0.2 02<4t<0.5 0.5<A4t<1 I1<A4t<5 5<At<60
[%] At0.02  At<0.03 At<0.13 At=0.2 At10 At>10
90> u >80 0 0 0 0 0 0 0 0 0
80>u>70 0.5 0 0 0 0 0 0 0 0
u<70 0.25 0 0 0 0 0 0 0 0
70 >u> 40 u<54 0 0 0 0 0 0 0 0 0
u<50 0 0 0 0 0 0 0 0 0
u<40 0 0 0 0 0 0 0 0 0
40 >u>5 u<35 0 0 0 0 0 0 0 0 0
u<32 0 0 0 0 0 0 0 0 0
5>u 0 0 0 0 0 0 0 0 0
(b) two-phase dips
90>u>80 0 0 0 0 0 0 0 0 0
80>u>70 0.5 0 0 0 0 0 0 0 0
u<70 0 0 0.5 0.25 0 0 0.25 0 0
70 >u> 40 u<54 0 0 0 0 0 0 0 0 0
u<50 0 0 0 0 0 0 0 0 0
u<40 0 0 0 0 0 0 0 0 0
40 >u>5 u<35 0 0 0 0 0 0 0 0 0
u<32 0 0 0 0 0 0 0.25 0 0
5>u 0 0 0 0 0 0 0 0 0
(c) three-phase dips

90> u >80 0 0 0 0 0 0 0.25 0 0
80>u>70 0 0 025 025 0.25 0 0 0 0
u<70 025 0 0.5 0.75 0 0.25 0 0 0
70 >u>40 u<54 0 0 0 0 0 0 0 0 0
u<50 0 0 0.5 0 0 0 0.5 0 0
u<40 0 0 0 0 0.25 0.25 0 0 0
40>u>5 u<3s 0 0 0 0 0 0 0 0 0
u<32 0 0 0 0 0.5 2 0 0 0
5>u 0 0 0 0 0 0 0 0 0

A good aspect of this approach is that the contribution of different failure modes,
where different processes participate, can be compared and this would help customers to
compare various mitigation solutions that could be applied at different levels (such as
equipment-level, process-level, or entire-plant level). For the illustrative facility, the
contribution of the failure modes to the expected number of annual equivalent
interruptions is shown in Table 6.7. About 97% of the equivalent interruptions are due to
the tripping of processes in Fy, F, and Fs while other failure modes contribute little or
nothing. It should be recalled, however, that variations in the frequency and/or severity of
voltage dips, or the load composition of process can alter the total equivalent interruptions
and contributions made by each failure mode.



6.3 PROPOSED COST ESTIMATION METHODS OF VOLTAGE DIPS 117

Table 6.7: Contribution of failure modes to the annual equivalent interruptions due to voltage dips

Failure modes

F1 F2 F3 F4 Fs Fe F7 Fg Fo Fo Total
Number of dips per year 2.75 2.00 0.00  2.00 000 000 075 000 000 175 9.25
Dips per failure-mode [%] 29.73 2162 000 2162 000 000 811 000 000 1892 100
Number of interruption/yr 2.75 1.80 0.00  1.00 000 000 023 000 000 0.00 5.78

Interruptions/failure-mode [%]  47.62 3117 0.00 1732 000 0.00 39 000 000  0.00 100

6.3.1.6 Significance of equipment and processes

An interesting feature of this methodology is that it can help the customer to evaluate and
compare the economic importance of equipment and processes in the facility. By knowing
the expected contribution of equipment and processes to the total equivalent interruptions,
the customer can rank the economic values of equipment and processes paving the way
for comparing more alternative solutions before making any investment for reducing the
voltage dip problems. Evaluating the economic importance of equipment and processes
involves the following steps:

(i) Consider that a particular equipment is completely immune to voltage dips.

(if) Formulate the failure modes and their sensitivity values (as described earlier).

(iii) Evaluate the equivalent interruptions due to any other equipment and processes.

(iv) Compute the reduction in the economic impact after the equipment under
consideration is assumed to be fully immune.

For each equipment, process or group of processes, the above steps can be repeated to
determine the respective economic values. In each case, the reduction in the equivalent
interruption (f;) can be calculated using (6.12),

fot —Zklzjlzi:(é(ui,Atj)j[sk*(ui,Atj)j (6.12)

where f, represents the equivalent interruption before any mitigation is considered in the
facility and s™ denotes the new severity density function after an equipment or a process
(or a group of processes) is mitigated. The value of f; indicates the maximum contribution
of the equipment, process or group of processes to the total equivalent interruptions of the
facility under consideration.

For the facility considered for illustration, the economic significance of individual
equipment, individual processes and combined processes during the most optimistic
situation are shown in Table 6.8. At equipment and process level, a maximum economic
gain of 40% can be attained when the ASD is considered completely immune to voltage
dips. The economic gains would increase up to 73% when a combination of two processes
are fully protected and up to 96% when a combination of three processes are made
completely immune to voltage dips.
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Table 6.8: Economic significance of equipment and processes during the most optimistic situation

Reduction in interruption/yr
Protected device or process £ [#] £ [%] Rank
Nothing 0.00 0.00 -
Only contactor of Py 0.00 0.00 19
Equipment- Only ASD of Py 2.33 40.22 10
level Only PC; or PC; of P, 1.33 22.92 16
Only PLC of P3 0.28 4.84 18
Only SEMI device of P4 1.90 32.87 13
Only process P1 2.33 40.22 9
Process- Only process P2 1.33 22.92 15
level Only process P3 0.28 4.84 17
Only process P4 1.90 32.87 12
Both processes P1, P2 3.65 63.15 5 As
Both processes P1, P3 2.61 45.07 8
Both processes P1, P4 4.23 73.10 3] Az
Group of Both processes P2, Ps 161 27.77 14
processes Both processes Pz, P4 3.23 55.80 7 Az
Both processes P3, P4 2.18 37.72 11
Processes P1, P2, P3 3.93 67.95 4 B:1
Processes P1, P2, P4 5.55 96.02 2 B2
Processes P2, P3, P4 3.50 60.55 6 Bs
Entire plant All processes 5.78 100.00 1 C

6.3.1.7 Cost-benefit analysis with technical solutions

Although the maximum economic values of equipment or processes are evaluated by
considering the equipment or processes being fully protected against voltage dips, not
every mitigation technique is effective to completely solve all dip-related problems in
practice. If a minimum reduction of interruption by 50% during the most optimistic
situation is aimed in the facility under consideration, seven conditions all involving group
of processes (ranked 1-7 in Table 6.8) can be considered for comparing the
appropriateness of more alternative solutions. As depicted in Figure 6.7, a combination of
two processes, three processes and all processes protected by solutions at ‘A’, ‘B’ and ‘C’
can be considered for further cost-benefit analysis. Again, it must be recalled that the
composition and robustness of equipment and processes can vary in different facilities.
As a result, the economic importance of equipment and processes and thus positions of
feasible solutions can also alter.
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Figure 6.7: Position of alternative solutions protecting — (a) two processes (A1=P1P2, A>=P1P4, or As=P.P4) at ‘A’, (b) three
processes (B1=P1P2Ps, B2=P1P2P,, or Bs=P,P3P.) at ‘B’, and (c) all processes (P:P2PsPa) at ‘C’.

In this section, active voltage conditioner (AVC), dynamic voltage restorer (DVR),
dynamic sag corrector (DySC), Flywheel (FW) and uninterruptable power supply (UPS)
are considered to examine their cost-benefit analysis for protecting group of processes at
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different positions shown in Figure 6.7. Taking the effectiveness of each solution (Table
6.3) into account, the reduction in the annual equivalent interruptions are evaluated and
presented in Table 6.9. It can be noticed that AVC and DVR would reduce the number of
annual shutdown of the manufacturing facility by less than 30% and this is due to the fact
that most of the dips are deeper which could not be mitigated by these devices. On the
other hand, DySC, UPS and FW can effectively reduce the number of equivalent
interruptions by ~56-100% depending on the position of solutions application.

Table 6.9: Annual reduction in the number of load halts (in the study case) with various mitigation options at several poistions

Protected Reduction of interruption [#/yr] Reduction of interruption/yr [%]

Position processes AVC DVR DysC UPS FW | AVC DVR DysC UPS FwW
A P1,P2 153 153 365 365 365 | 264 264 631 631 631

Al A P1, Py 125 125 423 423 423 | 216 216 731 731 731

A; P2, Ps 068 068 323 323 323 | 117 117 558 55.8  55.8

B1 P1,P2,Ps 153 153 393 393 393 | 264 264 679 679 679

B | B2 P1,P2,Ps 173 173 555 555 555 | 208 298  96.0 96.0 96.0

Bs P2, P3,Ps 068 068 350 350 350 | 117 117  60.6 60.6  60.6

C P1P2,PsPs 173 173 578 578 578 | 298 298 100 100 100

As described earlier, the facility under consideration experiences about 5.78
equivalent interruptions per year due to the expected annual dips. For several types of
industrial customers, a range of momentary interruption costs per kW demand of process,
adopted from [4, 128], and cost voltage dips are given in Table 6.10. The expected annual
costs of voltage dips for the typical industries are calculated using the average costs of
process interruption.

Table 6.10: Cost of momentary interruption and annualized cost of voltage dips before mitigation for typical industries [4, 128]

Cost per interruption [€/kW] Average annual cost
Category of industrial company (IC) Minimum Maximum [€lyear]
1C1: Automobile manufacturing 5 8 36,125
1C,: Textile, Metal fabrication, Mining 2 4 17,340
I1Cs: Petrochemical, Rubber& plastics, Food processing 3 5 23,120
1C4: Electronics 8 12 57,800
1Cs: Pharmaceutical 5 50 158,950
1Cs: Semiconductor manufacturing 20 60 231,200

To analyze the feasibility of the solutions at different positions, the cost of mitigation
options should be compared with the economic benefits gained in reducing the dip-related
losses. The initial investment and running costs associated with the alternative solutions
under consideration, adopted from [4, 115], are summarized in Table 6.11.

Table 6.11: Costs of different alternative solutions at machine or group of machines level [4, 115]

Alternative PQ solutions
AVC DVR DySC UPS FW
Initial investment cost, Co [€/kVA] 250 300 200 500 500
Operating & maintenance cost, OMC [%Co/yr] 2 5 5 15 7

Considering a 10-year lifespan of investments on the various solutions and 10%
discount rate, and using the average cost of interruptions for the aforementioned six
categories of industrial customers, the annualized costs after mitigation in IC;, IC; and
IC; industries (Table 6.10) are much higher, for all mitigation options considered at
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various positions, than cost of voltage dips before mitigation. This implies none of the
mitigation options considered here would be acceptable in these groups of industries. It
should be noted, however, that an illustrative facility with a generic load composition is
considered here and the results may not be applicable directly to these companies. Figure
6.8 shows a comparison on the annualized costs of voltage dips in the other categories
(Pharmaceutical, Electronics and Semiconductor industries) before and after mitigation.
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Figure 6.8: Comparison of annualized cost voltage dips without mitigation (NM) and with various mitigations at different
positions for — (a) Electronics industry, (b) Pharmaceutical industry, and (c) Semiconductor manufacturing.

It can be seen from Figure 6.8 that the effectiveness of the mitigation options to be
applied at different positions in reducing the number of annual interruptions and hence
the economic gains vary. For the Electronics plant (Figure 6.8(a)), only the DySC at all
positions showed lower annualized costs after mitigation than before mitigation and it
would be the only acceptable option for the layout under consideration. In the
Pharmaceutical industry, Figure 6.8(b) depicts that AVC at A; and B;; DVR and UPS at
A;; DySC and FW at all positions would give net positive annualized costs and would be
considered as acceptable options. Since the interruption cost is high in the Semiconductor
manufacturing industries, Figure 6.8(c) shows that DVR at A; and B, and the other
mitigation options in almost all positions would deliver lower annual costs after mitigation
than before mitigation, and they can be considered as acceptable solutions over the
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lifetime of the investments. However, the profitability of the acceptable solution
considered at several positions may again vary significantly and customers can use
decision making tools to choose the most optimal solution.

For the Electronics, Pharmaceutical and Semiconductor industries, the desirability of
the mitigation options to protect two processes at A, three processes at B; and all the four
processes at C are compared in Table 6.12 based on NPV, PI, IRR and PBT decision-
making criteria. In the Electronics industry, only investments on DySC at the different
positions would give positive NPV, Pl values greater than unity, IRR values greater than
the discount rate, and PBTS less than the lifetime of the investments. In the Pharmaceutical
and Semiconductor industries, most of the solutions under consideration are acceptable at
the various positions. At each position (in this case A4, B1 or C), the DySC would be more
preferable than any other options based on any of the decision making criteria.

Table 6.12: Comparing the desirablity of several mitigation options at three positions for three indusries

AL B C
Industry Solution NPV PI IRR PBT NPV PI IRR PBT NPV Pl IRR PBT
AVC -74,729 0.5 -4% 19.9 -108,416 04 -1% 25.1 -273,669 0.2 -14% 41.7
DVR -141,596 0.2 -16% 46.9 -188,657 0.1 -22% 79.0 -364,608 0.0 INV INV
Ele!lgn?cs DysC 67,409 1.6 22% 53 52,933 14 18% 6.3 44,186 1.2 14% 7.7
UPS -112,591 0.6 0% 16.0 -163,067 0.5 -2% 18.3 -315,814 0.5 -4% 21.1
Fw -204,759 0.3 -10% 315 -273,669 0.2 -14% 41.7 -500,151 0.2 -25% 60.1
AVC 89,254 16 23% 6.3 55,567 13 17% 7.6 -45,385 0.8 6% 118
DVR 22,387 11 13% 89 -24,674 0.9 7% 11.3 -179,119 0.5 -4% 19.9
Pharn!\accefllcal DySC 459,894 4.8 78% 14 474,988 43 70% 17 670,548 3.8 61% 19
UPS 279,894 1.9 29% 52 258,988 17 25% 5.8 310,548 15 21% 6.6
FW 187,725 16 23% 6.2 148,386 14 19% 7.1 126,211 1.2 10% 8.3
AVC 206,385 24 37% 42 172,698 20 29% 5.1 87,108 13 16% 7.7
1Cs DVR 139,517 1.8 26% 5.6 92,457 14 19% 7.0 -46,627 0.9 7% 115
Semiconductor DysC 740,239 7.2 117% 0.9 776,456 6.4 104% 11 1,117,949 5.7 92% 12
UPS 560,239 29 46% 35 560,456 26 40% 3.9 757,949 23 35% 44
Fw 468,071 2.6 40% 39 449,854 2.2 35% 4.4 573,612 20 24% 51

To compare the desirability of the DySC in the Electronics, Pharmaceutical and
Semiconductor industries, the variations of NPVs projected along the lifetime of the
investments are shown in Figure 6.9. For the three types of industries, comparative values
based on four decision-making tools are summarized in Table 6.13. In the Electronics
industry, using the DySC at A; would be more cost-effective and also returns the
investment faster than other positions. In case of the Pharmaceutical and Semiconductor
industries, the use DySC is more profitable based on the NPV rule when it is used to
mitigate the entire facility at C while the investment’s payback time is shorter when the
DySC is used to protect two processes at A;.

Table 6.13: Comparing the desirablity of the DySC at several positions for three types industries based on the decision tools

Protected Electronics Pharmaceutical Semiconductor
Position process NPV PI IRR  PBT | NPV PI IRR  PBT | NPV PI IRR PBT
A1 | PiP2 67,409 1.6 22% 5.3 459,804 48 8% 14 740,239 72 117% 09
A | A | PPy 35385 1.2 15% 7.4 481634 39 62% 18 800,384 58  94% 1.2
As | PaPs 14530 11 12% 86 369,379 36 57% 20 622,842 53  86% 1.3
B1 | PiP2Ps 52,933 14 18% 6.3 474988 43 0% 16 776,456 6.4 104% 11
B | B2 | PiPoPs 58662 1.3 16% 6.9 655453 4.0 65% 17 1,081,733 6.0  98% 1.1
Bs | PaPsPs 54 10 10% 100 | 384473 33 53% 22 659,059 49  80% 1.4
C PiPoPsPs | 44186 12  14% 7.7 670548 38 61% 19 1,117,949 57  92% 1.2
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Figure 6.9: Present values of investments on DySC at different positions in the — (a) Electronics industry, (b) Pharmaceutical

industry, and (c) Semiconductor manufacturing.

6.3.2 Cost estimation based on weighting factors

6.3.2.1 Estimating methodology

5 6 7 8 9

10

Proeject lifetime [yr]

Figure 6.10 shows a general flow diagram for estimating the economic loss of voltage
dips based on weighting factors (WFs) method. As described in detail in Chapter 5,
system average values of weighting factors (WF) are evaluated for the three types of dips
based on the weighted average of the relative loss of power for the aggregated customers
in the entire MV-networks. The number of equivalent interruptions caused by voltage dips
having a certain magnitude of remaining voltage and duration, distributed according to
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the standard EN 50160 shown in Table 5.2, is obtained by multiplying the frequency of
voltage dips with the respective value of WF.
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Figure 6.10: Flowchart for estimating the economic cost of voltage dips using weighting factor severity indices.

For each type of dips, the distribution densities for the annual frequency of voltage
dips and the weighting factor can be represented by the matrices (6.13) and (6.14),

k k
. dll dln
k k
dml dmn
k k
) wf, ...owf,
k k
wf o oooowf

where *d and “wf represent for the annual voltage dips density and the corresponding

percentage of weighting factor density with remaining voltage (u) in r’s row and duration
(At) in ¢’s column for each type of dips (k). Taking the magnitude, duration and type of
dips into consideration, the total equivalent interruptions (fo) caused by the corresponding
voltage dip densities at the PCC of the MV-network can be evaluated using (6.15).

f, 100222( At )J( (u,, At )j (6.15)

As is in (6.15), the total number of equivalent interruptions due to voltage dips is
dependent upon the frequency of voltage dips, which also depend on the location of the
process in the system network, and the severity (characterized by magnitude, duration and
type) of voltage dips at the customer‘s terminal. Even though a voltage dip with a large
drop in magnitude and/or lasting for a considerable period of time can cause wide-ranging
disruptions, its overall annual economic impact may still be minimal if it rarely occurs.

Using the WFs represented in Table 5.2, which are obtained based on the average
amount of reduction in power for the aggregated customers in the entire MV-networks,
the annual equivalent interruptions due to voltage dips can be estimated. However, the
values of average WFs can be affected by few dips leading to extremely small or too big
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losses and this again can influence the application of the WFs for estimating the economic
impact of voltage dips on the operation of various types of customer installations.
Depending on the type of customer categories and sensitivity of processes, customers may
use other values of WFs (like 25, 50, 75, and 95 percentiles) instead of the average WFs.
As depicted in Figure 6.10, the annual cost of voltage dips in an industrial plant can be
estimated by multiplying the total equivalent interruptions with the cost of process
interruption using (6.6).

If all customers in the MV-network that are affected by voltage dips are classified into
‘n’ categories, the corresponding annual economic impact of voltage dips in the same
network (fi, f2,..., f) may be estimated using the WFs that can be derived from the average
WFs. Considering the size of load (‘S’ in kW) and the cost of interruption per unit load
(‘Cint’ in €/kW) for each customer category, the total annual economic cost of voltage dips
in the entire MV-network can be estimated using (6.16)

Total cost = Zn: (S %Ciuy) (6.16)
i=1

6.3.2.2 lllustrative example

The main application of the weighting factors (WFs) method is to estimate the expected
cost of voltage dips in the MV distribution network. To illustrate the application of WFs
for estimating the cost of voltage dips in the distribution network, an MV-network with a
mean power of 60 MW is considered. In this network, the customers are categorized into
domestic, agricultural, industrial, commercial and public. Based on a four-year data, the
distribution for different type of dips shown in Table 6.6 is considered. It can be recalled
that on average 9.25 dips per year are expected in the network under consideration.

The annual cost of voltage dips in the different group of customers is shown in Table
6.14. For each group, the size of customers is estimated based on their share to the final
energy consumption (FEC) in the year 2012. Different weighting factors (WFs) ranging
from 25-percentile to 95-percentile of the average WFs are considered for estimating the
annual equivalent interruptions (IEs) of the various customer categories. Costs of outages
for sudden interruption in each customer category are adopted from [129].

Table 6.14: Application of WFs for estimating the cost of voltage dips in various customer categories in the MV-network.

Share of Mean power | WF?® used per Ellyr Outage cost Annual Share to annual

Sector FEC7 [%] (kW) sector [int/yr] [€/kW/int] cost [€/yr] cost [%]
Industrial 27 16,200 95-percentile 4.16 2.90 195,202 62.6
Commercial 17 10,200 75-percentile 3.25 2.10 69,615 22.3
Transport 29 17,400 50-percentile 2.90 0.73 36,804 11.8
Agricultural 7 4,200 25-percentile 2.58 0.70 7,593 2.4
Domestic 20 12,000 25-percentile 2.58 0.09 2,727 0.9

Total 100 60,000 - - - 311,941 100

In this particular example, the customers in each category are assumed to have similar
characteristics even though they consist of heterogonous electricity users in practice.

7 Source: Eurostat
8 Values of the 95%, 75%, 50% and 25% of average WFs can be referred to Chapter 5
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Despite the considerable energy consumption by the agricultural and domestic customers,
the economic impact of voltage dips is negligible in these groups. For this particular case,
the industrial customers share about 63% the annual cost of voltage dips in the in the entire
network.

6.4 Summary

Due to the difficulty with direct assessment of the economic loss of voltage dips, two
approaches for evaluating the economic impact of voltage dips relative to that of a
momentary interruption are discussed. The first approach deals with finding the plant-
specific sensitivity indices based on the composition of process equipment, and their
behavior and interaction against different types of voltage dips. This approach can be
easily applied in small industries and it is suggested that the effects of voltage dip
parameters including magnitude, duration and type are considered when obtaining the
process sensitivity indices for the industrial facility.

In the second approach, voltage dips severity weighting factors are obtained to express
the economic impact of voltage dips relative to that of a complete interruption. In this
case, the system severity weighting factors of voltage dips are evaluated based on the
relative loss of power for the aggregated customers connected to the MV-networks. This
approach is more applicable for making rough estimations about the economic impact of
voltage dips at a network-level and the effects of dip magnitude, duration and type are
also considered when obtaining the weighting factors.






Regulation of voltage dips in the MV
distribution network

7.1 Introduction

Based on measurement results from different countries in the world, examples of
statistical indices on voltage dips and short interruptions are reported in the IEC 610002-
8 [9]. It is stated in the document that the frequency and probability of the occurrence of
voltage dips is highly unpredictable both in time and place as it varies depending on the
type of network and the point of observation. The standard EN 50160 [8] provides a
voltage dip classification table (Table 3.2) allowing for a more harmonized way of
presenting dip data throughout Europe. For a regulatory purpose, the classification is
useful in evaluating the frequency of voltage dip occurrences over a certain period of time.
It also gives the opportunity to apply the concept of “responsibility-sharing” between
customers, equipment manufacturers and network operators. However, the regulation
within the EN 5160 is not detailed as the cells within the table are not filled with the
expected number of voltage dips; and customers usually face challenges to make the
economic analyses on the possible mitigation techniques.

Many countries in the world are currently discussing voltage quality regulation and
trying to set up a regulatory framework where also voltage dips are included in the
national grid codes [41, 49, 130-134]. The Dutch regulator also wants to include limits
regarding voltage dips in the national grid code and network operators have been
requested to prepare a proposal for a regulatory framework. In this chapter, an approach
based on severity weighting factors (WFs) is presented for classifying voltage dips into
different clusters and setting limits on the number of dips for the regulatory purpose. A
second method, based on equipment dip immunity curves, is discussed to compare the
feasibility of the proposed method for developing the regulatory framework. Datasets of
voltage dips monitored from several MV-networks over long period are used for setting
the limits on the number of dips with both clustering approaches. The voltage dip
regulation proposal can help both the network operators and the customers in evaluating
the quality of supply voltage and estimating the related costs.

127
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7.2 Voltage dip responsibility-sharing practices

An integral part of voltage quality regulation is defining the responsibilities to be
shared among different parties involving in the delivery and usage of power. VVoltage dip
responsibility-sharing curves define the voltage quality requirements of the network in
coordination with the performance of equipment or installations. These curves set up a
boundary between the voltage dips for which customer equipment or installation should
be immune and the number of events that should be limited by the network operators for
the regulatory purpose. The responsibility-sharing curves could be defined based on:

e Test levels recommended by some standards (e.g. IEC 61000-4-11/34), or

e Immunity requirements for industrial equipment (such as SEMI F47, ITIC).

When responsibility-sharing curves exist as national standards, customers may make
a contractual agreement with the network operators to deal with voltage dip-related
inconveniences. In France, voltage dip duration of 600 ms and remaining voltage of 70%
of the nominal voltage are adopted in the Emerald Contract (EdF) [133, 134] as threshold
values that are applicable to medium- and high-voltage customers under contract.
According to the contract, customers are responsible for dealing with voltage dips shorter
than 600 ms and for dips with magnitude of remaining voltage above 70% of the nominal
voltage (see Figure 7.1). The network operators are responsible for limiting the number
of voltage dips longer than 600 ms and deeper than 70% of the nominal voltage. As in
[132, 135], the limit on the number of voltage dips per year for MV customers is set based
on the local circumstances; whereas for HV customers the objective is set based on
historical performance of the networks.
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Figure 7.1: Voltage dip responsibility-sharing curve according to the contract with MV customers in France [134].

To apply the concept of sharing the responsibilities between different parties, the
Swedish national regulatory authority® has also introduced voltage-quality regulation
[130]. Regarding voltage dips, the responsibility-sharing curves® (Figure 7.2) divide the
dip table into three areas based on remaining voltage and duration. As discussed in several
reports [130, 136-138], voltage dips in Area A are expected to have little impact on end-

® Energy Markets Inspectorate
10 Different curves are provided for networks above 45 kV, and networks with 45 kV or less.
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user installations and it is the responsibility of the customers to make their equipment or
installations immune against these dips; and no limit is set on the number of voltage dips
in this area. In Area B, the impact of voltage dips is limited and the network operator has
the responsibility to mitigate the voltage dips to the extent that the mitigation measures
are reasonable. With regard to Area C, the quality of supply voltage is considered to be
insufficient and voltage dips in this area are unacceptable. With this approach, equipment
manufacturers must assure that their equipment is immune to voltage dips in Area A and
must assure that different classes of equipment immunity are able to cover Area B.
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Figure 7.2: Voltage dip regulation in Sweden for networks up to and including 45 kV [130].

For the distribution networks in Italy [49, 131], immunity curves defined by Class 2
and Class 3 testing levels in IEC 61000-4-11/34 [37, 38] shown in Figure 7.3 are used as
reference curves by the Italian regulator to distinguish between “minor dips” and “major
dips” where the latter are often the most problematic for the customers. From
measurement campaigns, the EN50160 standard table is used to classify dips when
estimating the numbers of voltage dips, process immunity and related costs for customers.
The “regulated dip-frequency index” is the average of voltage dips below the two curves
(for Class 2 and Class 3).
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Figure 7.3: Voltage dip classification and responsibility-sharing proposed by the Italian regulator [49, 131].

Responsibility-sharing curves for undervoltages also exist outside of Europe (e.g.
South Africa). A South African user specification standard [41] classifies voltage dips
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into Y, X, S, T and Z categories, shown in Table 7.1, based on a combination of network
protection characteristics and customer load compatibility. This PQ standard places the
responsibility with the customer for voltage dips in area Y that are expected to occur
frequently in typical HV and MV systems. The number of dips is limited for all other dips.
The X-areas (X1 and X2) reflect voltage dips with normal clearance times and hence a
significant number of events in this area. Customers should attempt to protect their plant
against at least X1-type dips. The T-type area reflects voltage dips due to close-up faults,
which are not expected to happen too regularly and which the network operator should
specifically address if excessive. S-type dips, which may occur with impedance protection
schemes or with delayed voltage recovery, are not as common as X- and Y-type. Z-type
dips are very uncommon in HV systems as this generally reflects problematic protection
operation [139]. The allowed number of X-type dips is more than S-type dips, and the
sum of X-and S-type dips is more than T-type dips.

Table 7.1: Voltage dip classification and responsibility-sharing according to the South African standard [41]

Duration [ms]
Remaining voltage [%] | 20 <At<150 [ 150 <Ar=<600 [ 600 <Ar<3000
90>u>85
85>u>80 Y
80>u>70 Z1
70> u > 60 X1 S
60> u>40 X2 z2
40>u>0 T

At present, most of the proposals are based on immunity curves of certain equipment
only specified for test levels against Type | and Type Il voltage dips. Although the same
test levels and immunity curves are considered for equipment against one-phase and two-
phase dips, the performances of equipment are different in practice. Moreover, the dip
immunity test levels and voltage-tolerance curves in the existing standards are not
applicable for three-phase equipment or installations.

7.3 Voltage dip regulation in the Netherlands

Voltage dips are monitored in the Dutch HV- and MV-networks and there has been a
growing interest from the regulatory body to set up a regulatory framework regarding
voltage dips to be included in the national grid code. This chapter discusses a proposal on
voltage dip regulation for the Dutch MV distribution networks.

7.3.1 Building the dip regulation proposal

When building the proposal regarding voltage dips for the regulatory framework, different
aspects are considered including:

Monitoring voltage events,

Assessing the monitored data,

Presenting voltage dips, and

Impact of voltage dips on customers connected to the MV-networks.
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7.3.1.1 Monitoring data

As described in Chapter 3, voltage events monitored from 6 substations during 4 years
and from 47 substations during one year are used.

7.3.1.2 Assessing monitored data

Regarding the data used, phase-to-ground voltages are monitored in the MV-networks
while the end-users are essentially influenced by voltage dips associated to the phase-
phase voltages [140, 141]. In this proposal, the following considerations are made:

e The characteristics of phase-phase voltages as a function of time are obtained for
each event from the waveforms of phase-to-ground voltages. In this way, the
effect of propagation on the number and severity of voltage dips at the customer
terminals will be taken into account.

e An event, in a polyphase system, is considered as a voltage dip when the
remaining voltage at least in one of the phase-phase voltages is below 90% of
the nominal and at least in one of the phase-phase voltages is above 5% of the
nominal voltage for a duration ranging between %2 cycle to 1 minute.

e When an event consists of multiple-dips occurring within a short interval, the
principle of aggregation is applied. In this case, the aggregation interval is chosen
based on the definition of a voltage dip as having the maximum duration. All
dips occurring within 1-minute are, therefore, aggregated and counted as a single
dip which is represented by the parameters of the most severe dip. To determine
the most severe dip, the method of voltage sag energy index [39] is applied.

e Depending on the number of (one, two, or three) affected phase-phase voltages,
voltage dips are classified as Loo1, Lo1z and Liaz dips. In this way, the effect of
different types of disturbances can be related to their impact on single-phase and
three-phase equipment or installations.

7.3.1.3 Presenting voltage dips

Taking into account the propagation of voltage dips and aggregating multiple-dips into a
single event, single-event indices of each substation are combined into annual site indices.
The general voltage dip table of the EN 50160 standard (Table 3.2) is used for presenting
the annual frequency of voltage dips. For this proposal, the following points are
considered:
e For each monitoring location, classification of voltage dips is considered and
annual voltage dip profile for each type of dips is treated separately.
e For each dip type, a voltage dip profile representing system indices is obtained
based on the average number of dips per year over all monitoring locations.

7.3.1.4 Impact of voltage dips on customers

As discussed in Chapter 5, industrial processes are usually composed of several
equipment and many customers of different category are connected to the MV distribution
networks. The effect of voltage dips on the combined customers is, therefore, more
complicated in practice than the equipment dip immunity requirements specified by some
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industrial and national/ international standards. Besides, the effect of different types of
(balanced and unbalanced) voltage dips is not well considered in the standards. With this
proposal, the effect of voltage dips on the aggregated customers connected to the MV-
distribution networks is considered to determine voltage dips severity weighting factors
(WFs) and the obtained severity WFs are used for building the framework on voltage dip
regulation for the Dutch MV-networks. With regard to the WFs, the following points are
considered in this proposal (more detail can be found in Chapter 5 and [142]):

e For each phase-phase dip at the MV side of the HV/MV substations, the absolute
loss of power for the aggregated customers in each feeder is estimated based on the
change of power before and after the dip event. The losses of power in all feeders
are combined to evaluate the impact of the dip on the aggregated customers in the
entire network.

e The size and type of customers as well as the occurrence time of disturbances can
vary from location to location, and this may significantly affect the amount of
absolute loss of power due to voltage dips that even have similar characteristics.
To obtain a strong correlation between the severity of voltage dips (characterized
by magnitude, duration and type) and their impact on the aggregated customers,
the relative loss of power is considered for all phase-phase dips.

o WHFs representing the severity for various types of voltage dips are obtained from
the weighted average of the relative loss of power for the aggregated customers due
to voltage dips (in the same cell) over all monitoring locations. When completing
values of WFs that correspond to voltage dips in each cell of the EN 50160 dip
table, missing values are interpolated and the 95-percentile values of the average
WFs is proposed as voltage dips severity indices for industrial customers.

7.3.2 Clustering and defining limit based on WFs: method-1

Based on the system severity indices obtained from the relative impact of voltage dips on
the aggregated customers connected to the MV-networks, the method of weighting factors
is applied here for building a voltage dip regulation proposal. Using the severity WFs
shown in Table 5.7, the effect of different types of voltage dips are classified as BIG,
MEDIUM or SMALL. This divides the voltage dip table into three clusters described as
follows:

e Voltage dips with WFs above 50% (i.e. leading to the loss of more than 50% of
the pre-dip power of customers) are considered as BIG effect and they are
clustered as C;

e Voltage dips with WFs in the range of 30%-50% are regarded as MEDIUM
effect and they are clustered as B; and

e Voltage dips with WFs below 30% are considered as SMALL effect and they are
clustered as A.

Based on these criteria, three clusters (A, By, Cp), Which also define the responsibility-
sharing areas of different parties involved in the delivery and usage of power, are made
for each type of dip ‘p’ as shown in Table 7.2. According to this approach, a total of 8
clusters are made out of the three types of voltage dips. Because of the small effect they
have on end-users, Loo: dips are not included in cluster C. On the other hand, cluster A
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covers very small area for Ly11 dips due to the fact that these dips have very significant
effect on the aggregated customers. It can also be seen from Table 7.2 that areas of similar
clusters considerably vary from one dip type to another and this indicates the variation in
the severity of various types of voltage dips which are even characterized by the same
magnitude and duration.

Table 7.2: Clusters for various types of voltage dips based on weighting factors (WFs)

(a) Clusters for Loo: dips (b) Clusters for Lo dips (c) Clusters for L1 dips
Remaining Duration [s] Duration [s] Duration [s]

voltage [%] | A1 At A= A< Ae | Al A A< A= AP | A AS A A AB
02 05 1 5 5 |02 05 1 5 5 02 05 1 5 5

90>u>80

80>u>70 A1 A I As

70>u>40 I Bs
40>u>5 B: B>
5>u |

With this clustering approach, the number of voltage dips in each cluster of the Lgos,
Lo11, and Li1: dips can be calculated from the respective dip profiles shown in Table 3.8.
The different types of voltage dips belonging to similar clusters (e.g. A1, Az, and As) have
similar effect on end-user installations. Due to this, such clusters can be combined to
reduce the number of clusters into three general categories (A, B and C) for setting limits
on the amount of voltage dips for the regulatory purpose. The number of voltage dips from
all type of voltage dips belonging to similar cluster can be added together using (7.1),

A=A+ A+A
B=B +B,+B, (7.1)
C=C +C,+C,

where the subscripts 1, 2 and 3 represent for the dip types Looi, Lo1a and Li1z respectively.
For the various types of dips, the average occurrence of voltage dips within the different
clusters over all monitoring locations is summarized in Table 7.3. Considering the data
from all monitoring locations, clusters A, B and C contribute about 52%, 43% and 5% to
the average occurrence of 8.48 dips per year. It can also be seen from Table 7.3 that the
majority of the Loo1 (~98%) and Loix (~67%) dips have small impact on the customers
while more than 80% of the L dips have medium to big impacts on end-user
installations.

Table 7.3: Average yearly occurrence of voltage dips within different clusters defined based on weighting factors

Culster per dip type
Dip type A B Total Share
Looz 2.61 0.06 0.00 2.67 31%
Lo11 1.27 0.44 0.19 191 22%
Ly 0.56 3.13 0.22 3.90 46%
Total 4.44 3.63 0.41 8.48 100%

For both network operators and customers, the frequency and probability of voltage
dips occurring every year is useful for estimating the quality of supply voltage and costs
incurred due to this level of voltage quality. As it is noticed in Chapter 3, the frequency
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and severity of voltage dips vary from location to location and time to time. Using the
average number of dips for regulatory purposes may underestimate the expected
occurrence of voltage dips to some locations and it can also overestimate the expected
occurrence of dips in other locations. Assuming the occurrence of voltage dip events is
random and consecutive events are independent of each other, the probability of the
occurrence of events occurring in a fixed period of time, with a known average rate, can
be predicted using the Poisson’s distribution function [4]. The probability mass function
in the Poisson’s distribution is given by (7.2),

A

P(X=k)=""e

(7.2)
where P(X=K) is the probability that exactly k dips occur in a fixed period of time,

k is the amount of voltage dips occurring in that particular period of time,

A refers to the average voltage dips per the specified period, and

e is base of natural logarithm.

The number of dips within a particular cluster can be all from any of the dip types or
they can be shared among all types. However, the total occurrence of events per cluster is
important when setting limits on the number of voltage dips for the regulatory purpose.
Because of the limited amount of voltage dips in cluster C (i.e. 0.41 dips/year), direct
application of the Poisson’s distribution function can lead to unrealistic values when
setting the limits. To improve the practical application of the Poisson’s distribution
function, two possible options can be considered:

e  Setting limits based on historical data;
e  Setting limits by combining clusters B and C in one cluster (BC).

7.3.2.1 Setting limits based on historical data

It is possible that a high number of dips can occur in one year and few (or no) dips
occur in the next year. Because of changes in the network, the regulator may consider to
update the limits based on the number of voltage dip occurrences in the previous years
(e.g. during the last 4-years). Using the prescribed clustering approach and considering
the occurrence of voltage dips in the last four-years, the number of dips within the clusters
A, B and C are about 18, 15 and 2 respectively. Using the Poisson’s distribution function,
it can be seen from Figure 7.4 that the number of dips in each cluster for the 95% time of
the last four-years can be limited to 25, 21 and 4 dips respectively. From this point of
view, a maximum of 21 and 4 dips for cluster B and C in the previous four-years can be
considered as indicative limits for the network operator beyond which the quality of
supply voltage at present is insufficient. From this, it can be said:

e voltage dips in cluster A have very little impact on customers’ equipment or
installations, and end-users are expected to choose equipment that ride-through
these dips. Therefore, there is no need for setting a limit on the number of dips
in this group.

e voltage dips in cluster B and C can affect customer installations significantly.
The network operators should take measures to reduce these dips where possible,
and they should take responsibility to avoid the dips from exceeding the
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maximum limits. During periods when the numbers of voltage dips exceed the
objective reference values, there is an indication of alarming power quality
problems and the network operators should investigate the problem.
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Figure 7.4: Probability distribution and cumulative function for the three clusters of voltage dips based on severity weighting
factors and considering a four-year occurrence of dips.

7.3.2.2 Setting limits by combining B and C in one cluster

As described earlier, voltage dips within cluster B and C have significant effect on end-
users and they should be regulated. By combining clusters B and C in one cluster, the
number of clusters for each type of dips can be reduced to two (A and BC) as shown in
Table 7.4. Similar to the previous case, the number of dips from the three types of voltage
dips having similar effect can be aggregated. In this case, the average number of dips in
clusters A and BC become 4.44 and 4.04 dips per year.

Table 7.4: Grouping for reduced clsuters with various types of voltage dips

(a) Clusters for Lo dips (b) Clusters for Lou dips (c) Clusters for Li11 dips
Remaining Duration [s] Duration [s] Duration [s]
voltage [%] A< M A A A || A A NS M A || A M NS M A
02 05 1 5 5 02 05 1 5 5 02 05 1 5 5
90>u=80
80>u>70 AL Az As
70>u>40

5>u

Applying the Poisson’s distribution function, it can be seen from Figure 7.5 that the
average number of dips in cluster A (~5 dip/year) and BC (~4 dips/year) have occurrence
probabilities of 18% and 19% respectively. For the 95% of the time in a year, the number
of dips can be restricted to 8 and 7 dips respectively; and a maximum of 7 dips per year
in cluster BC can be considered as a limit beyond which the quality of the supply is
unacceptable.

Comparing the two options to improve the application of the Poisson’s distribution
function for setting limits on the number of voltage dips, it can be deduced that:
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e The number of clusters per each type of dip is reduced in the second case with
the number of dips per year set for the combined cluster CB being close to the
number of dip in the clusters (B +cC)/4 in the first case.

e Voltage dips with BIG impact are treated together with dips having an average
(MEDIUM) impact in the second case option while these are treated separately
in the first option.
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Figure 7.5: Probability distribution and cumulative function of the average dip occurrences for the reduced (two) clusters of
voltage dips.

7.3.3 Clustering and defining limit based on immunity: method-2

Based on the equipment immunity specifications against unbalanced and balanced dips,
five equipment immunity classes are proposed by the CIGRE/CIRED/UIE JWG C4.110
[2]. According to this document, voltage dip immunity Class A provides the highest level
of equipment immunity to voltage dips and Class D specifies a basic level of equipment
dip immunity. Voltage dip immunity Class B and Class C are in between the two while
Class E is for equipment falling into none of the other classes.

Considering the voltage-tolerance curves for equipment with the highest (Class A) and
basic (Class D) dip immunity levels, three clusters can be made for balanced and
unbalanced voltage dips as shown in Table 7.5. The three clusters and the responsibilities
of different parties to voltage dips in the different clusters can be briefly described as
follows:

e Cluster A (Ai2 for unbalanced and As for balanced dips) covers areas above the
curves for the basic level of dip immunity (Class D). Voltage dips in in this cluster
(A1=A1t+A, and As3) have little impact on end-users and the customers should
make their equipment or installations tolerate the dips in this area. Equipment
manufacturers should also ensure that their equipment are immune to these dips.

o Cluster C (Cy for unbalanced and Cs for balanced dips) covers areas below the
curve for the highest level of dip immunity (Class A). Voltage dips in this cluster
(C12=C1+C;, and C3) are the most severe dips indicating the supply voltage is
inadequate. Voltage dips in this area may not be acceptable and the network
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operators should work to prevent the number of dips from exceeding the limit set
based on previous years.

e Cluster B (B1. for unbalanced and B; for balanced dips) covers areas between the
curves for the basic and highest level of dip immunity. Due to the various level of
immunity classes covered within this cluster, a certain number of dips in this area
(B12=B1+B,, and B3) may be accepted and voltage dips in this area can be limited.
The network operators have the responsibility to reduce dips in this area to the
extent that the mitigation options are feasible. Equipment manufacturers should
also make sure that different classes of products are available to cover this area.

Table 7.5: Responsibility-sharing curves based on dip immunity levels for Class A and Class D equipment against unbalanced
and balanced dips.

(a) Clusters for Looz and Lous dips (b) Clusters for L1 dips

Remaining Duration [s] Duration [s]
voltage [%]  \pr  pr<arsos  os<acst g<ass  aes | a02  02<Mi=05  05<Asl I<ASS  AeS
90> u >80
80>u>70 A Az I
70> u>50
50> u>40 B
40>uz>5

5>u

For setting the limits on the number of voltage dips in the clusters B and C, the same
procedure as for the previous method can be followed. The number of voltage dips in each
cluster of the Loo1, Lo11, and L1z dips can be calculated from the respective dip profiles
shown in Table 3.8. Due to the similar effect presumed to have on end-user installations,
the different types of voltage dips belonging to similar clusters (e.g. A1, Az, and Aj3) can
be combined and this reduces the number of clusters into general A, B and C groups.
Adding up all dips belonging to similar cluster using (7.1), the average occurrence of
voltage dips within the different clusters over all monitoring locations is summarized in
Table 7.6. On average, the number of measured voltage dips in cluster A, B and C is 3.98,
4.25 and 0.25 dips per year respectively. It can also be seen from Table 7.6 that equipment
with minimum immunity level of Class D would negligibly be affected by the majority
(~84%) of the Lgo; dips while the same equipment would trip to more than 58% and 76%
of the monitored Lo11 and Li11 dips respectively.

Table 7.6: Average yearly occurrence of voltage dips within clusters defined based equipment dip immunity

Dip type A Culster pe;d'p type Total Share
Loo1 2.24 0.43 0.00 2.67 31%
Lon 0.79 1.08 0.03 1.91 22%
Lin 0.95 2.73 0.22 3.90 46%

Total 3.98 4.25 0.25 8.48 100%

Due to the limited amount of voltage dips especially in cluster C (i.e., 0.25 dips/year),
the historic performance of the networks is again considered with this approach to apply
the Poisson’s distribution function for setting the limits. Considering the occurrence of
events in the previous four years, the numbers of dips in cluster A, B and C are about 16,
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17 and 1 respectively. Using the Poisson’s distribution function, it is shown in Figure 7.6
that the number of dips in cluster A, B and C for the 95% of the time in the last four years
can be limited to 23, 24 and 3 dips respectively. According to this approach, 24 and 3 dips
in the previous four years can be considered as the maximum limits beyond which the
quality of supply voltage is insufficient.
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Figure 7.6: Probability distribution and cumulative function for the three clusters of voltage dips based on equipment dip
immunity levels and considering a four-year occurrence of dips.

Comparing the two methods described in this chapter for setting limits on voltage dips
for the regulatory purpose, the following points can be noted:

¢ In this thesis, the limits on the number of voltage dips is proposed to be set and
updated over a four-year historical performance of the networks. According to this,
the number of voltage dips set as a maximum limit for the combined clusters B and
C using method-1 (system dip severity weighting factors) is close to the value
obtained using method-2 (equipment dip immunity level). Method-2 led to one dip
lower in cluster C and three dips higher in cluster B over four-years than the
corresponding values in method-1. This is because the equipment with the basic and
highest dip immunity levels, which are considered to define the responsibility-
sharing curves in method-2, have the effect of increasing the area for cluster B and
reducing the area for cluster C.

e Even though the same voltage-tolerance curves are considered in method-2 for
equipment against unbalanced (Type I (Loo1) and Type Il (Lo11)) dips, the equipment
sensitivities can vary in practice [143]. Besides, the sensitivity of processes and
installations against voltage dips can be different from the equipment dip immunity
requirements. Method-1, on the other hand, considers the effect of Lgo: and Loz dips
on the customers separately, and this approach is more realistic for making different
voltage dip clusters in developing the regulation proposal than method-2.
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7.4  Summary

For building a proposal to set up a regulatory framework regarding voltage dips in the
MV-networks, two approaches are described in this chapter. Different aspects including
the frequency and severity of voltage dips occurring in the networks, the propagation of
voltage dips, the classification of voltage dips, the aggregation of multiple-dips, and the
effect of voltage dips are considered with each approach. Because of the limited number
of voltage dips occurring yearly, the limits on the number of voltage dips are proposed to
be set and updated based on historical performance of the networks over several years.
With this, the variation of voltage dips due to the possible network modifications can also
be considered in regulation.

In the first approach, three clusters are defined for each type of dips based on the
severity weighting factors which are obtained from the relative loss of power for the
aggregated customers connected to the Dutch MV-networks. The second approach
considers the highest level and the basic level of equipment dip immunity classes for
defining three clusters for the balanced and unbalanced voltage dips.

Considering the variation of voltage dips over four years, the results obtained from the
two methods are close to each other. However, the first approach (based on WFs)
considers the sensitivity of several equipment and installations connected to the MV-
distribution networks and takes the impact of three types of dips separately. This approach
is, therefore, chosen over the second method (based on equipment dip immunity) for
building the proposal on voltage dip regulation for the Dutch MV-networks. For the
network operators, this proposal can be important for evaluating the quality of the supply
voltage in the grid, and for investigating the source of the disturbance and improving the
supply voltage when the value is below the indicative minimum requirement. For the
customers, this is useful to make economic analysis on the required mitigation measures
for reducing the expected economic damages due to voltage dips.






Conclusions, contributions _and
recommendations

8.1 Conclusions

This chapter describes an overview of conclusions and main contributions which are
covered in detail in the previous chapters.

8.1.1 Voltage dips monitoring and assessment

Even though monitors at the customer connection points in the MV-networks can give
better information about the quality of supply, installing PQ-meters at all points is
financially too expensive. It is beneficial that PQ-meters are installed at the optimal
locations. Using a stochastic voltage dip estimation approach, comparative studies are
performed on a generic MV-network. Simulation results showed that a meter at the main
busbar (MV side of the HV/MV substation) can see relatively a higher number of voltage
dips (in this case, up to 8% and 6% more phase-dips and phase-phase dips) than if it is
installed at another POC downstream a feeder. The main busbar can, therefore, be
considered as the most optimal monitoring location for the grid operator to get better
insight into voltage dips at all customers POCs connected to the same main busbar.

There is considerable knowledge about the detection and characterization of voltage
dips from the measured voltage waveforms. In most literatures and standards, the severity
of voltage dips is commonly represented by the remaining voltage magnitude and
duration. This can lead to the loss of information as dips having different impact may be
represented in the same way. In addition to the two dimensions, the severity can be
significantly affected by the type of voltage dips. Counting multiple-dips occurring within
short-time intervals separately can have a significant effect on regulation while the impact
is very similar to a single event. The counting of the number and characteristics of voltage
dips which can affect the end-users, therefore, depends on the type and location of monitor
connection and type of aggregation technique with multiple-dip events. Throughout the
thesis, the remaining voltage magnitude, duration and type of dips are considered to
characterize the severity of voltage dips.

141
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8.1.2 Voltage dips impact

Present standards consider the remaining voltage magnitude and duration for the
equipment dip immunity tests. However, the behavior of devices can also be influenced
by other parameters in addition to the magnitude and duration of voltage dips. For
instance, it is observed from the experimental tests that the sensitivity of AC contactors
can also be affected by the point-on-wave dip initiation while the behavior of the
adjustable speed drive is highly influenced by the type of dip and the loading condition.
The sensitivity of processes and installations against voltage dips can also be different
from the specified requirements of the equipment dip immunity limits.

Based on experimental tests on a simple process, the equipment with the shortest
process immunity time (PIT) is in most cases found the weakest link component within
the (tested) process. The obtained results demonstrate that the PIT and voltage dip
immunity of the process can significantly be affected by the type of dip and loading
condition. Besides, the PIT and voltage dip immunity of the process can actually be
different from the PIT and voltage dip immunity of the weakest link component within
the process.

Even though many efforts have been made on characterization and classification of
voltage dips, and recommendations for testing and classifying the equipment dip
immunity, there is no standard or guideline regarding the impact of voltage dips on the
total customers connected to the MV distribution networks. An approach for estimating
the impact of voltage dips on the aggregated customers is proposed in this thesis. The
estimation approach is based on the loss of power for the aggregated customers connected
to the MV-networks. The results indicate that the impact of various types of voltage dips
on the combined customers are different. The approach shows a strong correlation
between the severity of voltage dips (characterized by magnitude, duration and type) and
their impact on the aggregated customers. From the measured data, voltage dips in one,
two and three phase-phase voltages resulted in the average relative loss of power for
aggregated customers connected to the MV-networks ranging between 0-21%, 2—-36%
and 12-78% respectively.

Despite the huge economic impact they have on (industrial) customers, the direct
assessment of the economic loss of voltage dips is difficult. In this thesis, plant-specific
and general system based approaches for estimating the economic impact of voltage dips
relative to that of an interruption are proposed. The overall accuracy of the analysis
depends on the accurate information about the appropriate number and severity of voltage
dips, the performance of customers’ installations against the dips, and the unit cost of
disturbance and mitigation technique.

8.1.3 Voltage dips regulation

Two approaches introduced for building a proposal on voltage dip regulation are
described in this thesis. The first approach uses the weighting factor (WF) method for
classifying voltage dips into three clusters based on the relative loss of power for the
aggregated customers connected to the Dutch MV-networks. In the second approach, the
highest level and the basic level of equipment dip immunity classes are considered to
define three clusters for balanced and unbalanced dips. Due to the limited amount of
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events occurring yearly, the limits on the number of voltage dips in the clusters are set
and updated based on the historical performance of the MV-networks.

Considering the variation of voltage dips over four years, the indicative values set as
the maximum acceptable limit in cluster B and C using the two methods are 21//24 and
4//3 dips in the last four years respectively. The first approach (based on WFs) considers
the sensitivity of several equipment and installations connected to the MV-distribution
networks and takes the impact of three types of dips separately. This approach is,
therefore, chosen over the second method (based on equipment dip immunity) for building
the proposal on voltage dip regulation for the Dutch MV-networks. For the network
operators, this proposal can be important for evaluating the voltage quality in the grid, and
for investigating the source of the disturbance and improving the supply voltage, where
possible, if the value is below the indicative minimum requirement. For the customers,
this is useful to make economic analysis on the required mitigation measures for reducing
the expected economic damages due to voltage dips.

8.2  Thesis contributions
The main contributions of the thesis research can be summarized as follows:

Optimal monitor placement in the MV-networks: It is showed in this thesis that a PQ-
meter at the main busbar of radial MV-network gives the best representation of dips at all
POCs than any other POC downstream the feeder. From this point of view, the main
busbar can be considered as the most optimal PQ-meter placement for monitoring voltage
dips in the MV-networks with radial operation. Depending on the length of cables and the
use of secondary protections, this monitor can miss recording some events occurring at
locations farther away from the critical distances. Results show that the choice of optimal
PQ-meter placement is not affected by the possible network modifications— such as
change of protection schemes, and applications of coils and distributed generators.

Factors to be considered when assessing monitored voltage dip data: Because of the
different impacts they have on end-users, various types of voltage dips are counted and
treated separately throughout this thesis. Besides to this, various aggregation techniques
are described to prevent multiple-dip events and short-time repetitive dip-events from
being counted several times. The method of voltage sag energy index is applied for
aggregating multiple-dips when building the proposal on voltage dip regulation for the
regulatory purpose.

Impact of voltage dips on customers: An approach for estimating the impact of voltage
dips on all customers connected to the MV distribution networks is proposed in this thesis.
The proposed method considers the loss of power for the aggregated customers evaluated
from the change between the pre-dip and post-dip powers during the events. The approach
is applied to obtain system severity weighting factors for various types of voltage dips.

Economic impact estimation of voltage dips: Approaches of process sensitivity indices
and system severity weighting factors are described in this thesis for estimating the
equivalent number of interruptions caused by voltage dips. In the first approach, the
source of coefficients for the indices are plant-specific which can be obtained based on
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the composition of process equipment, and their behavior and interaction against various
types of voltage dips. In the second approach, general values of indices for the MV system
are obtained based on the weighted average of the relative loss of power for the aggregated
customers due to voltage dips monitored in several MV-networks. In both cases, the
effects of voltage dip magnitudes, durations and types are considered. Using these
approaches, the economic loss of voltage dips can be expressed relative to the economic
impact of interruptions.

Voltage dip regulation for MV-networks: Based on voltage dip severity weighting
factors and equipment dip immunity levels with various types of voltage dips, clustering
approaches are proposed in this thesis for building a voltage dip regulation proposal and
for setting the limits on the number of voltage dips in the Dutch MV-networks for the
regulatory purpose.

8.3 Recommendations for future work

Severity of voltage dips: For customer reports or regulatory purpose, the use of
aggregation techniques with multiple-dips can reduce the number of events into a
reasonable amount. The actual effect of multiple-dips on process equipment or
installations can be influenced by the gap between successive dips. However, the time-
interval between successive dips is not limited with the aggregation methods described in
this thesis. Future work can investigate the effect of multiple-dips and influence of the
gap between multiple-dips on sensitive devices commonly used in industries.

Monitoring for impact evaluation: Most PQ meters for voltage dip monitoring
commonly measure voltage waveforms. It is recommended that PQ-meters in the MV-
networks also measure the current and/or power characteristics before, during and after
the dip events. This can help for estimating the impact of dips on customers, and for
determining the relative origin of the disturbances. However, further studies may be
required regarding their techno-economic benefits.

Dip impact on combined customers: The proposed approach for estimating the impact
of voltage dips on customers is based on the loss of power for the aggregated customers
in six Dutch MV-networks. To enhance the applicability of the proposed approach
globally, further investigations may be required in different countries by considering
different aspects such as different networks (Rural/Urban, Overhead lines/underground
cables).

Voltage dip regulation: The number of years over which the voltage dips regulation
should be updated is still a discussion for the grid operators. The proposed voltage dip
regulation may require simplifications and further discussion may be needed among
different stakeholders before it is adapted in the national grid code. Further studies on the
economic aspect will be required if any network modification to be made by the network
operator can reduce the expected number of dips with a feasible investment.



Symmetrical components method

A.1l Symmetrical components for unbalanced faults

In a three-phase system, unbalanced faults result in asymmetrical voltages. With the help
of symmetrical components, each phase voltage can be decomposed and represented by
three symmetrical components.

A.1.1 Single phase-to-ground fault

HV-network o MV-network .
—_ Zs F _____

|A¢ ‘/fault
4 3 | R

S = N
* I e e At
Zf
_> 1 — /
= B Other loads _——
PCC
LV-network

Figure A.1: Single phase-to-ground fault on an MV cable.

In the MV-network shown in Figure A.1l, a single phase-to-ground fault (pgf) is
considered to occur on phase A. The short-circuit currents during the fault time, assuming
no currents by other loads, can be expressed by (A.1) and the symmetrical currents
obtained from the asymmetrical components are given by (A.2).

VA

IA:Z; g=1c=0 (A1)
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L) Lttty L), (*
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Equation (A.2) shows that the three symmetrical components of the current for the faulted
are connected in series as in Figure A.2.

Figure A.2: Symmetrical network components and their connection during single phase-to-ground fault.

After some mathematical computation, symmetrical components of the phase-voltage
at the PCC can be expressed using (A.3). Upon the back conversion of symmetrical
components to asymmetrical components, the expressions for the three phase-ground
voltages during the fault are shown in (A.4) [1],

(A.3)

Z.+72.,+7Z Z YA
[Vl V2 VO] =|: F S0 S2 _ S2 S0 :|

Z.+Z, 7.+,  Z.+Z,

V.V, VC]:[l— Z, . @Zy+aZy,+Zy, | aZy+a'Z +zso} (A4)

Ze +2Z4 Ze +Zg Ze +2Zg

where Z, =Z,, +Z,, +Z;,and Z. =Z., +Z., + Z., are source and fault impedances in
terms of three components.

A.1.2 Phase-to-phase fault

When phase-to-phase faults (ppf) occur on phases B and C of the radial network (shown
in Figure A.1), the short-circuit currents of the three phases during the fault can be
expressed by (A.5). Transferring the asymmetrical currents to symmetrical components,
the symmetrical components are shown in (A.6) and this indicates that the positive and
negative sequence network components are connected in parallel and the zero sequence
network is open as shown Figure A.3.

l,=0; 1, =—I, =

a

: (A.5)
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;=0 l=-l, =" (A.6)
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Figure A.3: Symmetrical network components and their connection during a phase-to-phase fault

Transferring the symmetrical components of phase-voltages obtained from Figure
A.3, the asymmetrical voltages at the PCC can be given by (A.7) [1]. The voltages are
independent of the zero sequence component of impedances. When the positive and
negative sequence source impedances are the same, the voltage magnitude on the fault-
free phase is not affected by the fault.

. z,-Z,,
U, (ZSl+ZSZZ)+(ZF1+ZFZ)
U, |=| a’- a'z,-azZ, (A7)
U, (2, +Z,,)+(Z +2,,)
" az, -a’z,
L (Zg, +Z,)+(Zp +2,,) |

A.1.3 Two phase-to-ground fault

With two phase-to-ground fault (2pgf) on phases B and C of Figure A.1, the short circuit
currents of the three phases during the fault can be expressed by (A.8). Equation (A.8)
implies that the three symmetrical network components are connected in parallel as shown
in Figure A4.

l,=0; I Y Io =

z.’
0

Ze (A.8)
=S+ +1,=
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Figure A.4: Symmetrical network components and their connection during two phase-to-ground fault

Performing some mathematical computations on the network shown in Figure A.4, the
asymmetrical phase-ground voltages at the PCC can be expressed by (A.9) [1],

(Zsz — Zs1)zo + (Zso — 251)22

U 27,+272,+72,Z,

az. —a’z )z, +(Z.,—-a’Z.)Z

U — a2 + ( s2 51) 0 ( S0 31) 2 (Ag)
U 2Z,+27Z,+7/1Z,

. (@’z,,-az,)Z,+(Z,, -aZ,,)Z,

27,+272,+72,Z,

1+

where the positive, negative and zero sequence components, represented by the subscripts
1,2,0,arez,=2.,+2,, Z,=2Z.,+Zg,, and Z, =Z_, +Z,,.

Assuming the same values for the positive and negative sequence components of
impedances, Figure A.5 indicates the variation of voltages at the PCC for various faults
occurring along a 10 km feeder in the MV-network. A single phase-to-ground fault
(Figure A.5(a)) occurring along the feeder of an isolated MV-network sees an infinite path
of return path. The very large zero sequence source impedance reduces the occurrence of
large short-circuit current and results in very deep dips on the faulted phase and
overvoltage in the fault-free phases. This can be confirmed from (A.4) that the voltages

during the fault become lim (U, Uy, u) > [0, @* =1, a—1]. From this point of view,

such faults occurring throughout the MV-network would be seen as deeper dips. For
phase-to-phase faults, Figure A.5(b) shows that the voltage on the fault-free phase is not
affected because the voltage drop depends on the difference in positive and negative
sequence source impedances which are usually equal. On the other hand, faulted phases

2Z4+Zg,

voltage drop of ~50% of nominal voltage. When the fault distance increases from the
PCC, the denominator increases which reduces the voltage drop.

show voltage drop proportional to (ELJ A fault at the PCC would lead to a
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Figure A.5: Voltage dip variation with fault location in isolated MV-network for- (a) single phase-to-ground fault, (b) phase-
to-phase fault, (c) two phase-to-ground fault, (d) three-phase fault.

With two phase-to-ground faults (Figure A.5(c)), there are voltage drops in the faulted
phases and overvoltage in the fault-free phase. Depending on the fault location, deeper to
shallow dips are seen at the PCC due to such faults throughout the network. During
balanced three-phase faults, the voltages only depend on the positive sequence
impedances. Hence, Figure A.5(d) shows balanced dips at the PCC varying from deeper
to shallow depending on the fault location.

A.2 Effect of system grounding on voltage magnitude

For an MV-network with isolated, impedance grounded and solidly grounded system,
simulation results of phase-to-ground and phase-to-phase voltages as a function of the
fault distance from the PCC are shown in Figure A.6, Figure A.7 and Figure A.8 for the
four types of faults. As the fault distance varies from the PCC, the remaining voltage (dip)
is compared with a reference voltage having an upper threshold (Uyr) value of 90% for
each type of fault.

Single phase-to-ground faults in an isolated or impedance system grounding can cause
deeper phase-dips which are not perceived in the phase-phase voltages at the PCC of the
MV-network. In solidly grounded system, this type of fault can cause dips in the phase-
to-ground and phase-phase voltages. The other types of faults can cause dips related to
both phase-to-ground and phase-phase voltages with magnitude varying depending on the
type of fault and system grounding. Except for the single phase-to-ground fault, the phase-
phase dips due to the other faults seen from the PCC are the same in the three types of
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system grounding. It has to be recalled that the phase-dips and phase-phase dips due to
balanced faults are the same and are independent of system grounding type. Voltage dips
due to phase-phase faults are not dependent on the type of system grounding.
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Figure A.6: Different faults in an isolated MV-network and variation of voltage magnitude with fault location for — (a) phase-
to-ground voltages, (b) phase-phase voltages.
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Figure A.7: Different faults in an impedance grounded MV-network and variation of voltage magnitude with fault location for—
(a) phase-to-ground voltages, (b) phase-phase voltages
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Monitoring voltage dips

B.1 Transfer of dips from monitoring data

For voltage dips caused by various types of faults and monitored in the MV-networks, the
changes in voltage characteristics during the propagation to the LV-networks through Dyn
transformers can be demonstrated by the examples shown in Figure B.1 through Figure
B.3. It can be seen that one-phase dips are hardly transferred to the LV-networks while
balanced three-phase dips mostly transfer without change in magnitude.
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Figure B.1: Transfer of one-phase dip in isolated MV-network- (a) phase-to-ground voltages in the MV-network, (b) phase-
phase voltages in the MV-network (=phase-voltages in the LV-network).
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Figure B.2: Transfer of two-phase dips in isolated MV-network- (a) phase-to-ground voltages in the MV-network, (b) phase-
phase voltages in the MV-network (=phase-to-ground voltages in the LV-network).
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Figure B.3: Transfer of three-phase dips in isolated MV-network- (a) phase-to-ground voltages in the MV-network, (b) phase-
phase voltages in the MV-network (=phase-to-ground voltages in the LV-network).

B.2 Scatter plots for all qualified dips
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Figure B.4: Scatter plot of total dips with all qualified dip counted individually (no aggregation) related to- (a) phase-ground
voltages in the MV-networks, (b) phase-phase voltages in the MV-networks.

B.3 Voltage dip profiles

Table B.1 shows a comparison about the effect of different aggregation techniques on the
number and severity of the monitored phase-dips in the Dutch MV-networks. It can be
seem that the use of aggregation methods with multiple-dips reduced the average
occurrence of dips from about 27 to 15 dips per year. The severity of dips, however, can
be different depending on the choice of aggregation method.
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Table B.1: Annual voltage dip profiles for phase-ground voltages using no-aggregation (M0), lowest magnitude-total duration
aggregation (M1), lowest magnitude-sum of duration aggregation (M2), lowest magnitude- longest duration aggregation (M3),

voltage sag aggregation method (M4) and voltage dip severity index method of aggregation (M5)

Remaining Duration [s]
voltage At<0.2 0.2<A4t<0.5 0.5<At<1 1<4t<5 5<A4t<60
[%] "1ph  2ph i 1ph  2ph iph  2ph i 1ph  2ph i iph 2pn NN Tot
MO | 274 282 055 | 008 002 021 | 007 002 017 | 000 000 000 | 0.00 000 000 667
M1 1.19 1.43 0.29 0.00 0.00 0.08 0.07 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00 3.22
90>u M2 1.25 1.45 0.29 0.04 0.00 0.21 0.07 0.02 0.16 0.00 0.00 0.00 0.00 0.00 0.00 3.48
>80 M3 1.25 1.45 0.29 0.04 0.00 0.21 0.07 0.02 0.16 0.00 0.00 0.00 0.00 0.00 0.00 3.48
M4 | 125 145 020 | 004 000 021 | 007 002 016 | 000 000 000 | 000 000 000 348
M5 1.25 1.45 0.29 0.04 0.00 0.21 0.07 0.02 0.16 0.00 0.00 0.00 0.00 0.00 0.00 3.48
MO 211 2.95 0.66 0.05 0.04 0.05 0.06 0.02 0.02 0.05 0.00 0.06 0.00 0.00 0.00 6.08
M1 0.53 1.76 0.24 0.06 0.07 0.04 0.05 0.02 0.03 0.04 0.00 0.06 0.00 0.00 0.00 2.90
go>u | M2 | 0.62 175 032 | 005 004 005 | 006 002 002 | 005 000 006 | 000 000 000 3.03
>70 M3 0.62 1.75 0.32 0.05 0.04 0.05 0.06 0.02 0.02 0.05 0.00 0.06 0.00 0.00 0.00 3.03
M4 0.62 1.75 0.32 0.05 0.04 0.05 0.06 0.02 0.02 0.05 0.00 0.06 0.00 0.00 0.00 3.03
M5 | 062 175 032 | 005 004 005 | 006 002 002 | 005 000 006 | 000 000 000 303
MO | 303 260 346 | 008 012 008 | 011 015 002 | 004 006 007 | 000 000 000 990
M1 0.97 1.78 1.76 0.03 0.11 0.20 0.08 0.18 0.02 0.04 0.06 0.06 0.00 0.00 0.00 5.30
705u M2 1.36 1.46 1.87 0.03 0.09 0.08 0.10 0.15 0.02 0.04 0.06 0.06 0.00 0.00 0.00 583
240 | M3 | 1.36 146 187 | 003 009 008 | 010 015 002 | 004 006 006 | 000 000 000 533
M4 1.36 1.46 1.87 0.03 0.09 0.08 0.10 0.15 0.02 0.04 0.06 0.06 0.00 0.00 0.00 5.33
M5 1.36 1.46 1.87 0.03 0.09 0.08 0.10 0.15 0.02 0.04 0.06 0.06 0.00 0.00 0.00 5.33
MO 1.65 0.83 1.56 0.14 0.03 0.06 0.11 0.05 0.16 0.12 0.00 0.06 0.00 0.00 0.00 4.76
M1 | 034 036 207 | 004 003 016 | 002 007 023 | 011 000 006 | 000 000 000 350
40>u M2 0.70 0.43 1.24 0.14 0.03 0.05 0.11 0.05 0.16 0.12 0.00 0.06 0.00 0.00 0.00 3.08
=5 M3 0.70 0.43 1.24 0.14 0.03 0.05 0.11 0.05 0.16 0.12 0.00 0.06 0.00 0.00 0.00 3.08
M4 0.70 0.43 1.24 0.14 0.03 0.05 0.11 0.05 0.16 0.12 0.00 0.06 0.00 0.00 0.00 3.08
M5 | 070 043 124 | 014 003 005 | 011 005 016 | 012 000 006 | 000 000 000 308
MO 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
M1 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
M2 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
U | M3 | 000 000 002 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 002
M4 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
M5 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
MO | 953 929 625 | 034 021 040 | 035 024 037 | 020 006 019 | 0.00 000 000 27.42
M1 3.03 5.33 4.37 0.14 0.20 0.48 0.23 0.28 0.44 0.19 0.07 0.18 0.00 0.00 0.00 14.94
Sub. M2 3.93 5.09 3.73 0.26 0.16 0.38 0.34 0.24 0.36 0.20 0.06 0.18 0.00 0.00 0.00 14.94
Total | M3 | 393 509 373 | 026 016 038 | 034 024 036 | 020 006 018 | 0.00 000 000 1494
M4 | 393 500 373 | 026 016 038 | 034 024 036 | 020 006 018 | 0.00 000 000 1494
M5 3.93 5.09 3.73 0.26 0.16 0.38 0.34 0.24 0.36 0.20 0.06 0.18 0.00 0.00 0.00 14.94

Similarly, Table B.2 shows that the average occurrence of phase-phase dips in the
Dutch MV-networks are about 10 dips per year when no aggregation is used with
multiple-dips. When multiple-dips occurring within short-time interval are aggregated,
the average number dips over all monitoring locations is reduced to about 9.5 dip per year.

Table B.3 shows that the number of voltage dips occurrence varies significantly
between countries. As can be seen from the data, the average number of dips (related to
phase-to-ground/phase-phase voltages) in the Netherlands greatly lower than the other
European countries.
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Table B.2: Annual voltage dip profiles for phase-phase voltages using no-aggregation (M0), lowest magnitude-total duration
aggregation (M1), lowest magnitude-sum of duration aggregation (M2), lowest magnitude- longest duration aggregation (M3),
voltage sag aggregation method (M4) and voltage dip severity index method of aggregation (M5)

Remaining o Duration [s]
voltage A4r<0.2 [ 02<ar<os | 0.5<M<1 1<At<s 5<At<60
[%] Loo:  Lou - Loot Loyt - Lot Lou Loot Low Loor Lo - Tot.
MO | 169 037 027 | 004 000 021 | 002 002 017 | 002 000 002 | 0.00 000 000 | 285
ML | 167 034 025|000 000 010 | 002 002 016 | 002 000 002 | 0.00 000 000 | 261
g0su | M2 | 167 034 025 | 000 000 020 | 002 002 017 | 0.02 000 002 | 0.00 000 000 | 272
280 | M3 | 167 034 025 | 000 000 020 | 002 002 017 | 0.02 000 002 | 0.00 000 000 | 272
M4 | 167 034 025 | 000 000 020 | 002 002 017 | 002 000 002 | 0.00 000 000 | 272
M5 | 167 034 025 | 000 000 020 | 002 002 017 | 002 000 002 | 0.00 000 000 | 272
MO | 055 039 046 | 002 008 003 | 002 002 000 | 000 000 004 | 000 000 000 | 1.60
ML | 051 035 031 | 000 005 008 | 002 002 000 | 000 000 004 | 000 000 000 | 1.37
go>u | M2 | 051 035 031 | 002 008 003 | 002 002 000 | 0.00 000 004 | 000 000 000 | 1.37
270 | M3 | 051 035 031 | 002 008 003 | 002 002 000 | 0.00 000 004 | 000 000 000 | 1.37
M4 | 051 035 031 | 002 008 003|002 002 000|000 000 004 | 000 000 000 | 1.37
M5 | 051 035 031 | 002 008 003|002 002 000|000 000 004 | 000 000 000 | 1.37
MO | 030 053 28 | 004 004 005 | 008 019 014 | 000 002 005 | 0.00 000 000 | 4.28
ML | 017 047 226 | 006 004 010 | 006 021 016 | 0.00 002 004 | 0.00 000 000 | 359
70su | M2 | 019 045 226 | 004 004 005 | 008 019 014 | 000 002 004 | 0.00 000 000 | 350
240 | M3 | 019 045 226 | 004 004 005 | 008 019 014 | 0.00 002 004 | 0.00 000 000 | 350
M4 | 019 045 226 | 004 004 005 | 008 019 014 | 000 002 004 | 0.00 000 000 | 350
M5 | 019 045 226 | 004 004 005|008 019 014 | 000 002 004 | 000 000 000 | 350
MO | 006 025 023 | 000 004 008 | 006 012 007 | 000 000 000 | 0.00 000 000 | 0.89
ML | 002 013 021 | 000 004 008 | 004 014 007 { 000 000 001 | 0.00 000 000 | 0.73
40u | M2 | 002 013 021 | 000 004 007 | 006 012 007 | 000 000 000 | 0.00 000 000 | 0.71
5 | M3 | 002 013 021 | 000 004 007 | 006 012 007 | 000 000 000 | 0.00 000 000 | 0.71
M4 | 002 013 021 | 000 004 007 | 006 012 007 | 000 000 000 | 0.00 000 000 | 0.71
M5 | 002 013 021 | 000 004 007 | 006 012 007 { 000 000 000 ; 0.00 000 000 | 0.71
MO | 004 002 000 | 000 000 000 | 000 006 004 | 000 002 000 | 0.00 000 000 | 0.7
ML | 004 002 000|000 000 000|000 006 004|000 002 000 | 000 000 000 | 0.17
M2 | 004 002 000 | 000 000 000 | 000 006 004 | 000 002 000 | 000 000 000 | 0.7
M3 | 004 002 000 | 000 000 000 | 000 006 004 | 000 002 000 | 0.00 000 000 | 0.7
M4 | 004 002 000 | 000 000 000 | 000 006 004 | 000 002 000 | 000 000 000 | 0.7
M5 | 004 002 000 | 000 000 000|000 006 004|000 002 000 | 000 000 000 | 0.7
MO | 264 155 381 | 010 016 036 | 017 042 042 | 0.02 004 011 | 0.00 000 000 | 9.79
M1 | 240 132 303 | 006 043 036 | 013 045 042 | 002 004 011 | 0.00 000 000 | 848
Sub. | M2 | 242 130 303 | 006 016 034 | 017 042 042 | 002 004 011 | 000 000 000 | 848
Total | M3 | 242 130 303 ; 006 016 034 | 017 042 042 | 002 004 011 | 000 000 000 | 848
M4 | 242 130 303 | 006 016 034 | 017 042 042 | 0.02 004 011 | 0.00 000 000 | 848
M5 | 242 130 303 | 006 016 034 | 017 042 042 | 002 004 011 | 000 000 000 | 848

Table B.3: Numer of voltage dips in the MV-networks of different European countries

Country Monitoring period Average dips per year Major** dips per year Reference
Netherlands 2010-2015 14.94/8.48 3.94/1.56 Chapter 3
Italy 2008-2010 113.10 20.43 [49]
Norway 2014 36.12 10.01 [144]
Portugal 2014 110.36 19.01 [144]
Hungary 2009 167.60 13.30 [49]
Slovenia 2014 236.01 47.18 [144]

1 Dips below the ““indicative responsibility-sharing curve’” proposed in the European Energy Regulators’ (CEER 2011) report.
The curve is based on (40%, 200 ms), (70%, 500 ms) and (80%, 5 s) combinations of test levels and durations, and it is intended
to distinguish the dips that mostly concern the customers from the minor dips.



Dip immunity of devices

C.1 Voltage-tolerance curves of AC contactors

C.1.1 VTC of contactors for dips initiated at 0° and 90°
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Figure C.1: VTC of various contactors for voltage dips initiated at 0° and 90°.
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C.1.2 Impact of load variation on the VTC of a contactor
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Figure C.2: Impact of load variation on the voltage-tolerance curves of a contactor Ci.

C.1.3 Mitigation and improvement in the VTC of an AC contactor

When the contactor coil is supplied with a phase-phase voltage (Figure C.3(a)), a
minimum voltage of ~0.58 pu can be obtained at its terminals during voltage dips affecting
only one of the phases. This is large enough (>0.54 pu) to energize the AC-coil and to
keep the contacts connected. When the two phases supplying the AC-coil are affected by
dips, the voltage-tolerance curve of the coil is the same as the case before mitigation.
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Figure C.3: Improvement in the VTC of an AC contactor C; as compared to the case when no-mitigation (NM) with —
(a) Phase-phase mitigation (TCepz3=>both phases supplying the coil are affected by dips; TC e not both phases
supplying the coil are affected by dips),
(b)  Coil-Lock mitigation (TCcwa.2,3=>when any dip affects the contactor coil; TCcL1.2=» when one-phase and two-phase
dips are not on the coil).

With a Coil-Lock mitigation (Figure C.3(b)), the AC-coil is energized from the supply
via the Coil-Lock. With this mitigation method, the ride-through capability of the
contactor coil can be improved (in his case down to 24% of the nominal) during any type
of dip on the phase supplying the contactor coil. When the dips are on the phases other
than the phase supplying the AC-coil, the contacts do not disengage but the load
experiences the same disturbance as in the supply. The phase-phase mitigation is more
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effective against single-phase dips than Coil-Lock mitigation while the Coil-Lock
mitigation is more superior the former method with polyphaser dips.

C.2 Voltage dip immunity of ASD
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Figure C.4: VTCs of an ASD against voltage dips under various loading situations and keeping the dip type constant- (a) one-
phase dips, (b) two-phase dips, (c) three-phase dips.
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Figure C.5: Impact point-on-wave initiations on the VTCs of an ASD and contactor C; at 75% rated-load with one-phase dips.

C.3 Voltage dip immunity of a simple process
C.3.1 Impact of loading on the process immunity against voltage dips
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Figure C.6: Impact of load variation on process immunity for various types of voltage dips- (a) one-phase, (b) two-phase, (c)
three-phase.
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C.3.2 Weakest link of process equipment to voltage dips

For the (tested) simple process, comparisons of the equipment and process voltage-
tolerance curves against two-phase and one-phase dips under various loading conditions
are shown Figure C.7 and Figure C.8.
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Figure C.7: Comparison for the immunity of a contactor C1, an ASD and the process against two-phase dips at loadings- (a) 0%
rated-load, (b) 50% rated-load, (c) 75% rated-load, and (d) 100% rated-load.
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Figure C.8: Comparison for the immunity of a contactor C1, ASD and Process against single-phase dips at loadings- (a) 0%
rated-load, (b) 50% rated-load, (c) 75% rated-load, and (d) 100% rated-load.

For two-phase dips, three-phase interruptions caused by the contactor trip triggered
the tripping of the ASD and hence the process at no-load conditions (Figure C.7(a)). The
contactor is, therefore, the weakest link component of the process at no-load. At 50%
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rated-load (Figure C.7(b)), the ASD tripped before the contactor to voltage drops below
25% of the nominal voltage and this caused the process trip. For dips above 25% of
nominal voltage, the disruptions caused by contactor trip triggered the ASD to fail and
hence the process at 50% rated-load to trip. Therefore, the contactor or ASD can be the
weakest link depending on the magnitudes of the remaining voltage. At 75 and 100% of
rated-loads (Figure C.7(c-d)), the ASD tripped before the contactor for two-phase dips
and the ASD is the weakest link.

With one-phase dips, the three-phase interruptions due to the disturbance on the AC-
coil of the contactor triggered the tripping of the ASD and hence the process at no-load
and 50% rated-load (Figure C.8(a-b)) even though the ASD was immune to all dips. At
75% rated-load, the voltage-tolerance curve of the process shifted even closer to that of
the contactor. At full-load, the voltage-tolerance curve of the process followed that of the
ASD. From this, it can be said that the contactor is the weakest link for loading conditions
up to 75% rated-load and the ASD is the weakest link at full-load conditions during one-
phase dips.

C.3.3 Process immunity time

The process immunity time (PIT) is defined in the CIGRE/CIRED/UIE JWG [2] as
the time interval between the start of the voltage interruption and the moment when the
process parameter goes out of the allowed tolerance limit. This concept is applied to the
(tested) simple process, and the PITs for the equipment and process tested against different
types of voltage disturbances and at various loading conditions are given in Table C.1.
The criticalities of the equipment are ranked based on the PIT values.

For interruptions on one phase of the supply voltages, the contactor has the shortest
PIT and it receives higher priority than the ASD except during the rated-load condition.
For interruptions on two or on three of the supply voltages, the ASD during actual loading
conditions has the shortest PIT and is ranked first. The critical process equipment ranked
first, based on the PIT values, can be considered as the weakest link component. However,
the PIT of the process can be different from that of the weakest link component in the
process. The type of disturbance and the loading condition also have influence on the
actual PIT values of the process.

Table C.1: PITs of equipment and process for various types of voltage disturbances under different loading condtions

(a) Interruptions on one phase of the supply voltages
Component 0% rated-load 50% rated-load 75% rated-load 100% rated-load
PIT[ms] Priority | PIT[ms]  Priority | PIT[ms]  Priority | PIT[ms]  Priority
Contactor 210 1 190 1 190 1 190 2
ASD NT” 2 NT 2 1000 2 10 1
Process 900 240 200 10
(b) Interruptions on two phases of the supply voltages
Contactor 210 1 190 2 190 2 190 2
ASD 900 2 80 1 30 1 10 1
Process 750 80 30 10
(c) Interruptions on three phases of the supply voltages
Contactor 210 1 190 2 190 2 190 2
ASD 900 2 80 1 30 1 10 1
Process 750 80 30 10

“Not Trip
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C.3.4 Performance of the process at various loadings to field data
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Figure C.9: Performance of the process to one-phase (Loo1), two-phase (Lo11) and three-phase (Li11) dips transferred from an
MV-network- (a) 0% rated-load, (b) 50% rated-load, (c) 100% rated-load.

Table C.2: Voltage dips performance of a process with load variations

Dip typesinan | Total number of Number of dips below the VTC of the process at various loading
MV-network dips in 4 years 0% rated 50% rated 75% rated 100% rated
Loox 2 0 0 0 0
Loir 4 0 1 2 4
L 6 0 3 5 6
Total 12 0 4 7 10
Mean 3.00 0.00 1.00 1.75 2.50




Dip impact on aggregated customers

D.1 Relative loss of loads Vs dip parameters

The scatter plots shown in Figure D.1 through Figure D.5 depict the effect voltage dip
parameters on the relative loss of power for the aggregated customers connected to the
different MV-networks. In each network, the relative loss of power gets higher when the
severity of dips, which is characterized by the magnitude, duration and type of dips,
increases. This indicates that there is a strong correlation between the severity of voltage
dips and their impact on the aggregated loads connected to the networks during the
occurrence of dip events.
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Figure D.1: Relative loss of aggregated loads for different types of dips in NK1 with duration- (a) At<200 ms, (b) 200<At<1000
ms, and (¢) At>1000 ms.
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Figure D.2: Relative loss of aggregated loads for different types of dips in OHK with duration- (a) At<200 ms, (b) 200<At<1000
ms, and (¢) At>1000 ms.
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Figure D.3: Relative loss of aggregated loads for different types of dips in WEW1 with duration- (a) At<200 ms, (b)
200<At<1000 ms, and (c) At>1000 ms.
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Figure D.4: Relative loss of aggregated loads for different types of dips in ZBM1 with duration- (a) At<200 ms, (b)
200<At<1000 ms, and (c) At>1000 ms.
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Figure D.5: Relative loss of aggregated loads for different types of dips in WWGB with duration- (a) At<200 ms, (b)
200<At<1000 ms, and (c) At>1000 ms.

D.2 X-percentile of weighting factors

As described in Chapter 5, average voltage dip severity weighting factors (WFs) are
obtained for the various types of dips based on the weighted average of the relative loss
of power for the aggregated customers connected to the MV-networks.

The severity WFs factors can be used for estimating the economic impact of customers
relative to that of interruptions. Depending on the type of customer categories and
sensitivity of processes, customers may use other values of WFs (like 25-, 50-, 75-, 95-
and 99-percentiles) instead of the average WFs. Table D.1 through Table D.4 are values
of weighting factors for the 25-, 50-, 75- and 99-perecentailes obtained from the average
WFs.

Table D.1: 25-percentile of WFs (%) for various types of dips

Remaining - - "
voltage Duration [s] Duration [s] Duration [s]

[%] 4t=0.2 At=0.5 At=1 A5 A>3 A10.2 At=0.5 A=l A5 A>5 At=0.2 At=0.5 A1 A5 4t>5
90>u=80 0 0 1 1 1 1 10 15 16 16 9 19 23 26 30
80>u=70 0 5 7 8 8 5 15 16 19 19 17 22 26 28 33
70>u>40 3 15 17 18 18 17 23 24 25 28 26 28 30 38 44
40>u=5 10 21 25 25 26 29 34 40 42 44 35 37 42 59 65

5>u 11 21 25 26 27 31 37 46 49 50 37 42 48 67 73

Table D.2: 50-percentile of WFs (%) for various types of dips

Remaining N " "
voltage Duration [s] Duration [s] Duration [s]

[%] At<0.2 At<0.5 A<l At<5 At>5 At<0.2 At<0.5 At<l A5 At>5 At1<0.2 At<0.5 At At<5 At>5
90>u=80 0 1 2 2 2 1 12 18 19 19 11 22 27 30 34
80>u=70 1 7 9 10 10 6 18 19 22 22 20 26 29 32 37
70>u=40 4 17 20 21 21 19 27 28 29 32 30 32 34 42 48
40>u=5 12 24 28 29 29 33 38 44 46 49 39 41 46 64 71

5>u 13 25 29 30 30 35 42 51 54 55 41 46 53 73 79
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Table D.3.: 75-percentile of WFs (%) for various types of dips

Remaining - " "
voltage Duration [s] Duration [s] Duration [s]

[%] At=0.2  A=0.5 A1 A5 A5 M=0.2  AS0.5  AS] MS5S A5 | A0.2 A=0.5 A A5 A5
90>u=80 0 2 3 3 3 2 14 21 22 22 14 26 30 34 38
80>u=70 1 9 11 12 12 8 21 22 26 26 23 29 33 36 41
70>u>40 6 20 23 24 24 22 30 32 32 35 34 36 38 46 53
40>u=>5 15 27 32 33 33 37 42 49 51 54 43 46 51 70 76

5>u 16 28 33 34 34 39 46 56 59 60 46 51 58 78 85

Table D.4: 99-percentile of WFs (%) for various types of dips

Remaining X . "
voltage Duration [s] Duration [s] Duration [s]

[%] M<0.2  M=05  M=I M5 A5 | M<02  M<05  M<I M5 A5 | M<02  M=05  M<I M5 A5
90>u=80 2 4 6 7 7 5 21 29 30 31 ‘ 20 34 40 43 48
80>u=70 4 14 17 18 18 13 28 30 34 34 31 39 43 46 52
70>u=40 10 28 32 32 33 31 40 41 42 45 44 46 49 58 65
40>u=5 21 36 41 42 43 47 53 60 63 66 54 57 63 84 91

5>u 23 37 42 43 44 49 58 69 72 73 57 63 71 93 100
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Index Meaning

A/C Air Conditioner

AC Alternating Current

AFE Active Front End

ALOC Annual load outage cost

ASD Adjustable Speed Drive

AVC Active Voltage Conditioner
BB Busbar

CB Circuit Breaker

CHP Combined Heat and Power
CIGRE International Council on Large Electric Systems
CIRED International Agency for Research on the Environment and Development
CL Coil-Lock

CPU Central Processing Unit

CVT Constant Voltage Transformer
DC Direct Current

DFR Digital Fault Recorder

DG Distributed Generation

DPI Dip Proofing Inverter

DSO Distribution System Operator
DUT Device Under Test

DVR Dynamic Voltage Restorer
DySC Dynamic Sag Corrector

El Equivalent interruption

EMC Electromagnetic Compatibility
EU European Union

FW Flywheel

HV High Voltage
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IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
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IRR Internal Rate of Return
IPC In-plant Point of Coupling
IT(IC) Information Technology (Industry Council)
JWG Joint Working Group
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MV Medium Voltage

NCF Net Cash Flow

NPV Net present value
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3ph
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A Ampere

Al Aluminum

C Capacitance

der Critical distance

Der Dips within the critical distance
DGpL Penetration level of DG-units

Dhmiss Dips missed by a PQ-meter

Dyn Delta-star transformer connection with neutral
Evs Voltage Sag Energy index (ms)

| Current

kHz Kilo Hertz

km Kilometer

Loo1 One phase-to-phase dipped voltage
Lo Two phase-to-phase dipped voltages
L Three phase-to-phase dipped voltages
P Active power

Pce Power of the central unit

Poc Total power of DG-units

Paur During dip power

Ppost Post-dip power

Ppre Pre-dip power

R Resistance

R? Coefficient of determination (measure of goodness)
S Apparent power

Se Severity index

U Voltage magnitude

Uecr Critical voltage

Uuth Upper threshold voltage

Y Volt

VA Volt Ampere

w Watt

X Reactance

4 Impedance

AP Change of power due to a voltage dip
At Dip duration

U4 Phase angle

@ Magnetic flux
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