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Summary
Power Quality in Distribution Networks: Estimation and Measurement of Harmonic
Distortion and Voltage Dips
Towards a sustainable energy supply in the future, the smart grid concept needs to be applied in the medium voltage (MV) and low voltage (LV) distribution network. One of the
important development is that more modern electrical devices are expected to be connected
to the network, which can deteriorate the power quality (PQ) level or are sensitive to the
PQ disturbance. erefore, PQ phenomena have become an increasing concern to utilities
and customers in the present power delivery environment. e consequence of poor PQ
can lead to signi cant inconveniences and large amount of economic losses for customers.
To deliver the electricity with an acceptable PQ level, the assessment of PQ in the network
has to be performed and the measurement is an useful tool to acquire the information of
PQ. However, since it is almost impossible to measure everywhere in the network, the PQ
estimation is required to be executed in order to obtain the PQ level on locations without
meter.
is thesis focuses on two PQ phenomena: harmonic distortion and voltage dip. Harmonic
distortion describes a phenomenon that the voltage waveform does not have the declared
perfectly sinusoidal shape. Consequences due to the harmonic distortion includes component overheating, damage to the device and interference to the communication signal,
etc. Voltage dip is de ned as the temporary reduction of the voltage magnitude at a point
in the network below a speci ed threshold. e major consequence of voltage dip is the
interruption of industrial process which may result in huge nancial cost. According to
various surveys carried out in several countries, voltage dips and harmonics are the two PQ
phenomena leading to most complaints. erefore, this thesis focuses on the measurement
and estimation of these two phenomena.
Due to the diversity and variability of harmonic phase angles from diﬀerent devices and
feeders, the sum of the multiple harmonic currents is usually lower than the arithmetical sum
of their magnitudes. When only the harmonic magnitudes are measured, the summation can
be estimated via using several recommended summation coeﬃcients. However, it was shown
v

vi
in the literature that this approach can lead to large errors. To achieve better performance
for the estimation of harmonic summation, the harmonic phase angle needs to be measured.
Since the measurement method of harmonic phase angles is not available from the standard,
this thesis analyses the measurement procedure of harmonic phase angles. e summation
eﬀect is investigated by measuring phase angles to inspect the improvement of the estimation.
To perform the harmonic assessment in the network, e.g. the propagation analysis, the future
prediction of harmonic distortion and the disturbance troubleshooting, a harmonic source
model through a bottom-up procedure is given based on the measured harmonic spectra.
e model has been veri ed with the eld measurement data and the possible development
of the devices connected to the network is incorporated. To locate the major harmonic source
in the network, a Bayesian inference-based approach is proposed which is able to involve the
dynamic grid states. e uncertainties considered in the approach includes measurement
errors and network parameters. A ranking of possible harmonic disturbance locations can
be obtained by the network operators to determine the corresponding measures. e impact
of measurement structure and measurement uncertainties is discussed through a sensitivity study whereby the minimum measurement requirement can be known when the performance
level is given.
e measurement of voltage dips is based on the root mean square (r.m.s.) values of voltage.
e accuracy level given in the standard can not be satis ed for voltage dips with particular
characteristics due to the adopted detection algorithm. In order to investigate the error
associated with the voltage dip measurement, the accuracy analysis in the r.m.s. calculation
is performed when individual parameter of several ones varies. e algorithmic uncertainty
for detecting voltage dips is discussed analytically. e factors aﬀecting the accuracy level
are investigated. It is found that voltage dips with short durations and shallow magnitudes
are impacted signi cantly by the detection uncertainty. Since voltage dips are mainly caused
by the short circuits, a statistical method containing both pre-fault and faulted grid status is
proposed based on Bayesian inference which estimates the characteristics of voltage dips on
non-monitor buses with the measured values on monitored buses. e component failure
database is used to construct the prior distribution of fault position. e uncertainties
of measurement devices and components parameters are incorporated. e residual voltages and durations of voltage dips on non-monitored buses are acquired via the estimation
approach. e sensitivity study is performed in terms of the impact of various measurement
structure and uncertainties.
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Introduction
Electricity distribution networks are responsible to transport the electricity to or from the
commercial, industrial and residential customers. e voltage needs to have certain characteristics for devices to operate properly, including the voltage level, frequency, etc. Interruption of production process due to abnormal voltage characteristics can result in huge
losses. Driven by a need for the eﬃciency and sustainability, distribution networks keep
evolving in terms of the proposal of new structures and the installation of new devices.
Distributed generators (DGs) using diﬀerent sustainable resources are increasingly integrated
in the power network through various power electronics based converters. In addition, the
technology of power electronics is extensively applied in the devices for daily usage. On the
one hand these devices are mostly sensitive to the power quality (PQ) level, on the other hand
these devices could deteriorate the PQ in the network. e consequence of poor PQ can
lead to signi cant inconveniences and large amount of economic losses for customers. e
PQ disturbances can be originated in the network as well as at a customer's premise and can
propagate to the other parts of the network. erefore the network operators are required
to provide a voltage which are standards compliant and the customers are obligated to
have devices which inject (harmonic) current emissions under limits speci ed by standards.
To understand and analyse the PQ problems in distribution networks, measurements and
estimations are two important tools.

1
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1.1 Power Quality Phenomena
An ideal distribution network is expected to deliver pure sinusoidal voltage waveform at the
fundamental frequency (50 Hz in Europe) to the end users, where the voltage magnitude
remains within the pre-declared bounds. IEC 61000-4-30 [1] has de ned the concept of
Power Quality as: "characteristics of the electricity at a given point on an electrical system,
evaluated against a set of reference technical parameters". e electricity in the de nition
stands for both the voltage and current. e International Electrotechnical Commission
(IEC) has published a series of standards and technical reports in IEC 61000 within the title
Electromagnetic Compatibility (EMC) referring to various aspects of PQ problems. e
Institute of Electrical and Electronics Engineers (IEEE) de nes PQ in the IEEE 1100 [2]
standard as: "the concept of powering and grounding sensitive equipment in a manner that
is suitable to the operation of that equipment". e parameters of both voltage and current
have been speci ed by the related standards, such as [3]. A number of individual power
system disturbances consists of the PQ problems: transients, long and short duration voltage
variation, voltage imbalance, frequency variation and waveform distortions [4]. Among
these problems, voltage dips and short interruptions are the most severe ones in terms of
the nancial costs, particularly for large industries, because they can result in the shutdown
of the sensitive equipment in the factory and it requires several minutes or even hours to
restart up the process [5]. e waveform distortion problems are not as harmful as voltage
dip. However, increased application of power electronic technology in devices increase the
distortion levels in the distribution networks which may lead to an unacceptable level of PQ
in terms of harmonics. e continuously growing demand of energy consumption and local
production prompts the network operate closer to its electrical ratings which may lead to
more signi cant harmonic problems [6].

1.1.1 Harmonic Distortion
e harmonic is de ned as the sinusoidal component of a complex waveform whose frequency is an integral multiple of the fundamental frequency [7]. Although AC systems initially
aim to operate with sinusoidal signals, the waveform can be distorted by the following
harmonic sources [8]:
• Power electronics based power ow controllers inject non-linear currents due to the
AC/DC and DC/AC converters.
• Non-linear appliances containing power electronics converters cause waveform distortion.
• Reactors, transformers and induction motors with magnetic core produce non-linear
currents because of the saturation process.

1.1: Power Quality Phenomena
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e harmonic distortion may cause serious problems such as overheating and failure of
equipment, errors in the operation of sensitive devices, false tripping of protection relays,
and interference with communication signals.
Generally, the harmonic spectrum, which is a mathematical abstraction of a signal constituted of a series of pure sinusoidal components with diﬀerent frequencies, is used for analysing
the waveform distortion. Besides harmonics, some spectral components have frequencies
which are non-integer multiples of the fundamental are de ned as interharmonics. In most
situations and time, the levels of interharmonics are much lower than these of harmonics so
that they are usually ignored in the analysis [9].
e general levels of harmonics can be described with the total harmonic distortion (THD),
which is calculated as (1.1) for voltage.
v
u∑
u H 2
u
U
t n=2 h
· 100%
T HDU =
U12

(1.1)

where:
U1
Uh
H

the fundamental voltage magnitude
the hth-order harmonic voltage magnitude
the highest harmonic order

To investigate an individual component, the harmonic distortion (HD) is de ned for the
hth-order harmonic as:
Uh
HDU,h =
· 100%
(1.2)
U1

1.1.2 Voltage Dip
e voltage dip is de ned as the temporary reduction of the voltage magnitude at a point
in the electrical system below a speci ed threshold [8]. It is a consequence of a shortduration increase of current which lead to a momentary decrease in the root mean square
values (r.m.s.) of voltage. e most common origins of voltage dips are short circuits in the
network. Other events which can cause overcurrents resulting in voltage dips includes motor
starting, transformer energizing and load switching. Voltage dips are categorized according
to their diﬀerent electrical behaviours [8]. e two main characteristics of a voltage dip are
the residual voltage and duration.
• e residual voltage of a voltage dip is the lowest r.m.s. value of voltage during the
event. It can be represented as an absolute value, a percentage, a per unit value relative
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to the nominal voltage or the sliding reference voltage before the event. e threshold
is 0.9 pu.
• e duration of voltage dip is the time diﬀerence between the time instant at which
the voltage falls below the threshold and the time instant at which it recovers to the
threshold.

Voltage dips can cause the interruption of industrial process, misoperation of equipment and
nuisance tripping of relays. Generally, a pro le over a long period (e.g. one year) containing
the number of voltage dips in particular cells speci ed by diﬀerent residual voltages and
durations is used to describe the voltage dips in the network.

1.2 Research Interest
According to worldwide surveys, it is found that complaints on PQ disturbances are growing
year by year [10]. In Europe, the voltage quality that is delivered by a grid operator has to
comply with speci c standards, e.g. EN 50160 and national grid codes [11]. e network
operators have received a large number of complaints about PQ problems from diﬀerent
groups of customers when the operation of their equipment is interrupted. Fig. 1.1 gives an
overview of all PQ complaints related to diﬀerent phenomenon in USA, 2005 [10].
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Figure 1.1: Overview of all PQ complaints in USA, 2005
Most of the complaints are due to voltage dips while harmonic problems ranks the second
place. Voltage dip is the main PQ problem for the semiconductor and continuous manufacturing industries, the hotels and Telecom sectors. Harmonic problems are complained
mostly by the commercial rms and service sectors, e.g. banks, retail departments, Telecom
etc. A survey from 25 European union countries in the year 2003-2004 shows the nancial
cost due to PQ problems accounts 152 billion euros approximately and the PQ related loss
is between 119 to 188 billion dollars in USA in the year 2000 [10].

1.3: Research Objectives
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Because of the huge nancial cost caused by the PQ problems, to understand and analyse
the PQ phenomena is essential for the sustainability and eﬃciency of the power system.
One of the most important tools for the understanding and analysis of PQ problems is
measurements. PQ measurements are required to characterize the system performance,
investigate the regulation compliance, track the disturbance source, determine the potential
risk, and ful l the advanced application and studies. Due to the expense of measurements
and telecommunication devices, it is not feasible to monitor the entire network. erefore,
state estimation whereby the system state is assessed with a limited number of measurements
is required.
e research presented in this thesis has its focus on harmonics and voltage dip regarding
their measurements and estimations.

1.3 Research Objectives
e estimation of harmonic summation with only measured magnitudes via summation
coeﬃcients can lead to large errors according to the calculated results based on eld measurement data. Since the physical reason of the summation eﬀect is the diversity of harmonic
phase angles, it can be expected that the harmonic summation will be estimated more accurately when the phase angles of harmonics are available. Generally, PQ phenomena
are measured according to the standard [1, 12]. However, the measurement method of
harmonic phase angles is given in [12] only for one time instant. e following procedure
(extracting the spectral component, aggregation in time, etc.) of harmonic phase angles
needs to be discussed. e summation eﬀect is required to be inspected in order to investigate
the improvement by measuring phase angles. e measurement of voltage dips is based on
the r.m.s. values. To investigate the error associated with the voltage dip measurement, the
accuracy analysis in the r.m.s. calculation is required to be implemented when the in uence
of various parameters is inspected. e algorithmic uncertainty for detecting voltage dips
should be explored analytically, along with the factors which aﬀect the uncertainty. e
impact of these errors diﬀers among voltage dips with various characteristics and is required
to be understood.
To perform the harmonic assessment in the network, including the propagation analysis,
the future prediction of harmonic distortion and the disturbance troubleshooting, a proper
model of harmonic sources is required to be proposed. e model should be veri ed with the
eld measurement data and able to incorporate the development of the devices connected
in the network. To determine the major harmonic source in the network, a statistical
approach is required which can involve the dynamic grid states. e approach should
properly consider the general uncertainties in the network, including measurement error
and network parameters. A ranking of possible harmonic disturbance location should be

6
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obtained by the network operators to determine the corresponding measures.
Since voltage dips are mostly caused by short circuits, a statistical method containing both
pre-fault and faulted grid status should be proposed which estimates the characteristics of
voltage dips on non-monitor buses with the measured values on monitored buses. e
component failure database should be taken into consideration and the uncertainties of
measurement devices and components parameters needs to be involved. e residual voltages
and durations of voltage dips on non-monitored buses should be acquired by the estimation.

1.4 Research Questions
Based on the research objectives described in the previous section, the main research questions are formulated as:
• How can the harmonic phase angle be measured? What uncertainties need to be taken
into account?
• How can the calculation of the summation of harmonic currents be improved with
the measured phase angle?
• How can the harmonic source in residential network be modelled? How can the
proposed model cope with the network development?
• How can the uncertainties in the distribution network be properly considered in the
harmonic disturbance location approach? How can the measurement structure and
uncertainties aﬀect the approach performance?
• How can the detection algorithm of voltage dip aﬀect the measurement results of
voltage dips?
• How can the pre-fault and faulted grid status be de ned properly in the voltage
dip state estimation approach, regarding the necessary information can be used in
the calculation of the prior and posterior distribution? How can the measurement
structure and uncertainties aﬀect the approach performance?

1.5 Research Approach
Fig. 1.2 shows the description of the research approach to ful l the research objectives. e
limits for harmonic distortion and the immunity curves for voltage dips de ned in various
standards are illustrated and compared. e measurement methods of the two phenomena
recommended by the standard are investigated. For better harmonic assessment, the method
for measuring harmonic phase angles is analysed. As an important application, the aggregation of harmonic currents is analysed based on the eld measurements and the performances
between having the phase angle measurement and the conventional method are compared.
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e algorithmic error of the voltage dip detection is calculated deterministically. Various
simulations have been implemented to investigate detection error with diﬀerent parameters.

Measurement
Standard
Beyond
Standard

Measurement Method &
Detection Algorithm
Measurement
Uncertainty

Power Quality
Phenomena Modelling

Power Quality
State Estimation

Power Quality
Measurement
Power Quality Assessment
in the Network

Figure 1.2: Research approach of the thesis

A bottom-up stochastic modelling process is applied for the harmonic injection from residential
load and veri ed with the eld measurement data. Based on that, a composite approach to
access the impact of harmonic sources on the distribution network is therefore proposed
which is capable of various scenario studies.
Based on the mathematical characteristics in the statistical approaches for harmonic and
voltage dip state estimation, this thesis presents the proper methods to solve the problems.
Depending on the complexity of the problem, solutions for the mathematical problems are
obtained through an analytical approach, a numerical approach, or with a mixed approach.
Monte Carlo (MC) methods are widely applied in the thesis to investigate the robustness and
the performance of the proposed approach. Sensitivity studies are executed to investigate the
in uence of parameter uncertainty to the estimation performance.

1.6 esis Outline
e thesis is organized as follows:
Chapter 2: an overview of the existing standards and recommendations related to harmonic
distortion and voltage dip are presented. e comparison between diﬀerent standards is
shown and the standardized methods for measuring harmonic distortion and voltage dip are
displayed. A literature review is given about the PQ state estimation.
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Chapter 3: measurement procedures are discussed and given for harmonic phase angles,
including the calculation of measurement uncertainty, extracting the spectral component
and aggregation in time. e summation eﬀect (cancelling eﬀect) is analysed with both the
summation coeﬃcients and the aggregated harmonic phase angles when eld measurement
data on several locations are used. e error analysis of r.m.s. values which is the base of
voltage dip parameters has been executed with the variation of the related parameters. e
unavoidable error due to diﬀerent detection algorithms of voltage dip is analysed. Simulation
and eld measurement results are used to investigate the impact of the individual parameter
and the diﬀerences by each method.
Chapter 4: a bottom-up stochastic approach of residential harmonic source modelling is
proposed which can be used to access the impact of harmonic sources on the distribution
network. e method is validated with measurement data and shows a good prediction of
the current level of harmonics in a residential neighbourhood for the current situation. To
demonstrate the applicability of the proposed method, case studies are performed on the
IEEE European Low Voltage Test Feeder and various possible applications are shown.
Chapter 5: a method to detect the location of harmonic disturbance source in low voltage
network through Bayesian inference is proposed. e harmonic state is estimated based on
the measurement data from limited measurement points whereby the measurement error
is also considered. e performance of the proposed method is assessed through a case
study applied in a typical low voltage network. e in uence of diﬀerent parameters like
disturbance level, measurement accuracy level, etc. is discussed.
Chapter 6: Bayesian inference is also applied to solve the voltage dip state estimation problem. A priori including the fault position among other grid conditions is used to estimate the residual voltage at each bus based on the measurement quantities, including their
uncertainties. e dip duration is calculated with the time-setting of protection system
incorporating the uncertainties. e proposed method has been applied to the IEEE 13bus and IEEE 123-bus distribution test systems for multiple simulation scenarios, such as
with or without DGs and diﬀerent types of faults. e sensitivity study has been performed
regarding to the measurement uncertainty.
Chapter 7: it concludes the main ndings and contributions of this thesis. Several recommendations are given for future research.

2

Limit Standards, Measurement Guidelines
and Estimation Methods
It is always important for the Distribution Network Operator (DNO) to guarantee the PQ
compliance with national/international standards since customers connected to the network
expects to be supplied with an acceptable voltage quality. Especially with the implementation of smart grids concept at present, the PQ compliance has gained in importance. e
international organizations, such as IEEE, IEC or the European Committee for Electrotechnical Standardization(CENELEC), have regulated a group of standards for diﬀerent PQ
phenomena. e standard EN50160 [11] which describes the voltage characteristics of the
electricity supplied by the network operator is generally adopted for the PQ assessment in
Europe. e IEC 61000-2-x and 61000-3-x series [13--19] have speci ed the planning level
and compatibility limits for various PQ parameters at diﬀerent voltage levels. e planning
level is a reference value in setting the emission limits for various installations which can help
DNO to design the network. e compatibility levels are values for coordinating immunity
and emission of the devices. In the United States, the standard IEEE 519 [3] containing
recommended practice and requirements for harmonic control in electric power systems is
commonly used. For the voltage dips, IEC has developed the standards 61000-4-11 and
61000-4-34 [20, 21] on immunity test levels and IEEE 1668 [22] is the output of the IEEE
working group.
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To verify compliance with the recommended standards, PQ measurement needs to be implemented. PQ Measurement gives the network operator information about the performance
of their network, both for the network as a whole and for individual locations. Customers
and the regulatory agencies may require the network operator to provide information on the
actual PQ level. e proliferation of power electronics based loads and DGs puts additional
pressure on network operators to monitor and record the PQ performance of network.
IEC 61000-4-30 [1] gives the PQ measurement guidelines and has been refereed by the
most of PQ limits standards. For the voltage harmonics, the measurement method, the
measurement uncertainty and the aggregation method are standardized. For the voltage dip,
the measurement method, the detection algorithm and the measurement uncertainty are
speci ed.
Due to the huge cost, it is almost impossible to install monitors at all nodes of the network.
erefore, PQ state estimation (PQSE) is necessary in order to obtain the PQ disturbance
level at non-monitored buses with the measured values on limited monitored buses. An
important feature for PQSE is the technical challenge to solve the underdetermined system
due to the lack of measurement. For the harmonic distortion, various harmonic state estimation (HSE) techniques and algorithms have been developed since 1989 [23--32]. It is
the reverse of a harmonic distortion simulation process. Simulators determine the system
response to harmonic injection in one or more buses, whereas estimators assess the harmonic
injection levels when the network responds with measurement values on a limited number
of buses. For the voltage dip state estimation (VDSE), the concept was rstly proposed in
[33]. Further algorithms have been developed to enhance the applicability of VDSE which
deals with obtaining the solution in the underdetermined system [34--36].

2.1 Limits and Regulations
For public distribution network limits of voltage distortion are recommended by both IEC
and IEEE. IEC also gives limits for industrial networks with three classes of electromagnetic
environments. Immunity test levels and regulations are necessary for voltage dip. Various
limits exist among diﬀerent European countries while some of them refers to IEC/IEEE
limits. Regulation within the EN 50160 is not detailed since the cells within the general dip
table are not lled.

2.1.1 Limits for Harmonic Distortion
Limits for harmonic voltage distortion are given in various standards, that are speci ed for the
public network or the non-public network (e.g. industrial network). In the public network,
the voltage distortion is evaluated at the point of evaluation (POE), which is the metering
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location agreed by the network operator and the customer. In the industrial network, the
evaluation has to be done at in-plant point of coupling (IPC), which is a location closest to a
particular load at which other loads can be connected. e POE is usually either the point of
connection (POC) where the customer is physically connected to the network or the point of
common coupling (PCC) which is the closest location that other customers can be connected
to. e compatibility levels given by standards are the upper limits for the disturbance levels
of voltage distortion. Table 2.1 and 2.2 show the limits given by mentioned standards of odd
and even orders for the low and medium voltage grids respectively (LV/MV). e standard
IEC 61000-3-6 has given the indicative values of the planning levels which are lower than the
values of the compatibility levels given by IEC 61000-2-x series, that keeps a safety margin
which makes the connection of additional customers without exceeding the compatibility
levels possible.
Table 2.1: Comparison of voltage distortion limits for odd order harmonics in LV and MV public
networks from available standards [11, 13, 15, 17]
XXX Standard
XXX
h
XX

EN 50160
(LV/MV)

IEEE 519
(LV/MV)

3
5
7
9
11
13
15
17
19
21
23
25

5/v
6/v
5/v
1.5/v
3.5/v
3/v
0.5/v
2/v
1.5/v
0.5/v
1.5/v
1.5/v

5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3

256h649

-

3/v

THDU

8/v

8/5

*

IEC 61000-2-2
IEC 61000-2-12
(LV/MV)
5/v
6/v
5/v
1.5/v
3.5/v
3/v
0.4/v
2/v
1.76/v
0.3/v
1.41/v
1.27/v
17
− 0.27/v
2.27 ·
h
8/v

IEC 61000-3-6
(MV)
4
5
4
1.2
3
2.5
0.3
1.7
1.5
0.2
1.2
19
17
1.9 ·
− 0.2/v
h
3.5/v

h: harmonic order; v: the same value as the one in the front of slash; -: the value is not available. e limit is the
maximum value of harmonic voltage as the percentage of the fundamental voltage [%]. For odd harmonics that
are multiples of 3 between 21 and 49, the limits are all equal to 0.2 according to IEC standards. In the standard
IEEE 519 MV is de ned as up to 69 kV while it is up to 35 kV in the other standards.

It is noted that no values are given for harmonics of order higher than 25 in the standard
EN50160, as they are usually small, but largely unpredictable due to resonance eﬀects [11].
e value of THDU can be calculated with (1.1). In EN 50160 the highest order H is
40 and in IEC standards it is generally 40 or 50 depending on the application. e 50th
harmonic is selected as the upper limit of IEEE 519.
Harmonic distortion is a continuous PQ phenomenon. e compatibility assessment needs
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Table 2.2: Comparison of voltage distortion limits for even order harmonics in LV and MV
public networks from available standards [11, 13, 15, 17]

.

XXX Standard
XXX
h
XX

EN 50160
(LV/MV)

IEEE 519
(LV/MV)

2
4
6
8
10
12
14
16
18
20
22
24

2/v
1/v
0.5/v
0.5/v
0.5/v
0.5/v
0.5/v
0.5/v
0.5/v
0.5/v
0.5/v
0.5/v

5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3
5/3

256h650

-

5/3

IEC 61000-2-2
IEC 61000-2-12
(LV/MV)
2/v
1/v
0.5/v
0.5/v
0.5/v
0.46/v
0.43/v
0.41/v
0.39/v
0.38/v
0.36/v
0.35/v
10
0.25 ·
+ 0.25
h

IEC 61000-3-6
(MV)
1.8
1
0.5
0.5
0.47
0.43
0.40
0.38
0.36
0.35
0.33
0.32
10
0.25 ·
+ 0.22
h

to be done containing the time-varying characteristic. erefore, probability limits have been
used in EN 50160 and IEC standards. e latest version of IEEE 519 is revised that statistics
should be also used for the harmonic distortion limits refering to IEC standards [3]. In EN
50160 the weekly 95th percentile 10-min mean values of the 10-cycle r.m.s. values should
be less than the given limit values. In IEC and IEEE standards the weekly 95th percentile
10-min r.m.s. values of the 10-cycle r.m.s. values should be lower than the compatibility
levels. For a short time, in IEEE 519 the daily 99th percentile 3-s r.m.s. values of the 10cycle r.m.s. values should be less than 1.5 times the given values. IEC de ned short-term
compatibility levels (3 s) as a product of the long-term levels with a multiplying factor khV S
as follow [13].
0.7
khV S = 1.3 +
· (h − 5)
(2.1)
45
Applying (2.1), it allows the voltage distortion in a short time can exceed more than 25%
which increases with the harmonic order. e THDU is 11% for the short-term compatibility level. e main idea is to use the probability limits as the time-dependent limits so that
the long-term eﬀects (e.g. component ageing) and the short-term eﬀects (e.g. malfunction
of electronic equipment) can be both involved. e using of percentile values make a
certain space for the exibility which allows some uncertainties such as the measurement
error without violating the limits. e limit of IEEE 519 for each individual harmonic
doesn't diﬀer from each other, that is more strict for lower order harmonics but less strict
for higher order harmonics comparing with EN 50160 and IEC standards. e limits of
harmonic orders that are multiples of 3 have relatively lower values in EN 50160. e reason
is probably that the limits from EN 50160 are based on eld measurements and the level of
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triple-n harmonic voltages are low due to the star-delta connection of transformers. In the
Netherlands, the over-years eld measurement results show that the limits of the 15th and
21st harmonic voltage are violated for a considerable number of measurement locations, that
needs to be addressed through a reconsideration of the limits or taking appropriate measures
of ltering [37].
For the industrial network the compatibility assessment needs to be implemented at IPC and
the responsibility for the PQ disturbance should only rest with the customer. is is diﬀerent
from the case of the public network that the customer and the network operator have to share
the responsibility. e IEC 61000-2-4 gives the compatibility levels for industrial networks
which has de ned three types of electromagnetic environments [14]:
• Class 1: it relates to the use of equipment very sensitive to disturbances which commonly connected with protected supplies, with the compatibility levels lower those
on public networks, such as laboratory instrument;
• Class 2: it relates to the use of general PCCs and IPCs, with the compatibility levels
equal to the levels for public network;
• Class 3: it relates to the use of IPCs in industrial environments, with higher compatibility levels than those for public network.
Table 2.3 shows the compatibility levels for the industrial network. For the short-term
compatibility levels, the IEC 61000-2-4 allows 50% higher values than those in Table 2.3
for Class 1 and 3. For Class 2, the values calculated through (2.1) are used as in the public
networks.

2.1.2 Immunity Curves and Regulations on Voltage Dip
Immunity curves on voltage dip are de ned according to diﬀerent types of voltage dip. As
shown in Table 2.4, voltage dips are categorized as: one phase is aﬀected (phase-to-neutral),
two phases are aﬀected (phase-to-phase) and three phases are aﬀected. All standards of IEC,
IEEE and SEMI F47 are applicable for phase-to-neutral dips [38]. IEC permits two among
three types of phase-to-phase dips while SEMI F47 are used for all three types of phase to
phase dips. For the three-phase dips only IEEE standard has included.
IEC 61000-4-11 [20] applies to equipment under 16 A per phase and 61000-4-34 [21] for
equipment over than 16 A. ey are de ned based on the Class of equipment (Class 1, 2, 3
and X) which have been already de ned in the previous section. Table 2.5 shows the voltage
dip test levels from the IEC 61000-4-11/34 standards. Instead of giving the limits according
to the diﬀerent electromagnetic environments, the de ned levels in IEEE 1668 depend on
the types of voltage dips as shown in Table 2.4. More strict limits are given to voltage dips of
Type III and Type I includes both single and three-phase equipment. SEMI F47 de nes the
minimum voltage dip levels not to cause misoperation of semiconducting equipment and it
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Table 2.3: Compatibility levels for industrial network [14]

.

h
2
3
4
5
6
7
8
9
10
11
13
15
17
19
21
odd 236h649

Class 1
2
3
1
3
0.5
3
0.5
1.5
0.5
3
3
0.3
2
1.76
0.2
2.27 · 17/h − 0.27

Class 2
2
5
1
6
0.5
5
0.5
1.5
0.5
3.5
3
0.4
2
1.76
0.2
2.27 · 17/h − 0.27

Class 3
3
6
1.5
8
1
7
1
2.5
1
5
4.5
2
4
3.52
1
4.5 · 17/h − 0.5

even 106h650
THDU

0.25 · 10/h + 0.25
5

0.25 · 10/h + 0.25
8

1
10

*

e limit is the maximum value of harmonic voltage as the percentage of the fundamental voltage [%].
For odd harmonics that are multiples of 3 between 21 and 49, the limits for Class 1 and 2 are both
equal to 0.2 and those for Class 3 are 1.

could be allocated into Class X from the standpoint of IEC. Fig. 2.1 shows the levels given
by IEEE 1168 and SEMI F47.
EN50160, the voltage quality regulations used in Europe only de nes the voltage dips
classi cation in terms of residual voltage and duration as shown in Table 2.6 but the cells
in the table are not lled [11]. Some European countries have proposed "responsibilitysharing curves" for voltage dips. Fig. 2.2 shows these curves used in France, Italy and
Sweden [39--43]. In France, MV customers are responsible for mitigating voltage dips with
magnitudes more than 0.7 pu and durations shorter than 0.6 s while the network operator
is responsible for limiting the number of more severe voltage dips. As described in [40],
the maximum limit is ve events per year for MV customers, although it depends on local
conditions. In Sweden, three areas are de ned with the magnitude and duration of the
voltage dip in order to share the responsibility. In the area A which is on the top, customers
are responsible to make their equipment and installations immune to these dips without an
exact number of voltage dips. In the area B which is between the two curves, the network
operator should take measures to mitigate dips. Voltage dips in area C should be avoided in
the network[41, 43]. In Italy, curves de ned by Class 2 and 3 testing levels in IEC 610004-11/34 are used as reference limits by the regulator to distinguish between “minor” and
“major” dips. e "major" dips are often the most problematic for customers. From eld
measurements, the regulated dip-frequency index which is the mean number of voltage dips
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Table 2.4: Recommended Type I, II, and III voltage dip classi cations and applicable standards
Voltage
dip type

Type I

Equation

Description
A voltage dip
in which a drop
in voltage magnitude
takes place mainly
in one of the
phase-to-ground
voltages.

Va

Va

=V

1
√3
jE
V b =− E −
2
2
1
√3
jE
V c =− E +
2
2

Applicable
standards

Vector diagram

70%

IEC
IEEE
SEMI F47

Vb

Vc

Va
IEC
IEEE
SEMI F47

Type II.A
Vb

Vc
70%

A voltage dip
in which a drop
in voltage magnitude
Type II.B takes place mainly
in one of the
phase-to-phase
voltages.

Va

Va

=E

1
√3
E−
jV
2
2
1
√3
jV
V c =− E +
2
2

IEC
IEEE
SEMI F47

V b =−

Vb

Vc

70%

Va
IEEE
SEMI F47

Type II.C
Vb

Type III

A voltage dip
in which there is
a drop in voltage
magnitude that is
equal for the
three phases.

Va

Va

=V

1
√3
V−
jV
2
2
1
√3
jV
V c =− V +
2
2

Vc

70%

V b =−

IEEE

70%

Vb

Vc

E: the nominal voltage, V: the residual voltage

below the two curves is constituted. In the Netherlands, the project is going on to discuss the
issue for including voltage dips in the National Grid Codes. A initial proposal on regulation
of voltage dips for the Dutch MV network is given in [44] in which voltage dips are classi ed
into three clusters regardless of the voltage dip types. Table 2.7 shows the clusters and the
number of dips for each cluster is expected to be given in the future.
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Table 2.5: Preferred test levels and durations for voltage dips [17, 19]
Class
Class 1

Test levels and durations for voltage dips (ts )
Case-by-case according to the equipment requirements
0% during
0% during
70% during 25 cycles
1/2 cycle
1 cycle
0% during
0% during
40% during
70% during
80% during
1/2 cycle
1 cycle
10 cycles
25 cycles
250 cycles
X
X
X
X
X

Class 2
Class 3
Class X

1

V [pu]

0.8
0.6
IEEE 1668
Type I &II
Type III

0.4
0.2
0
0

0.1

0.5

1

2

3

t [s]
(a)

1

V [pu]

0.8
0.6
0.4
0.2

SEMI F47

0
0

0.1

0.5

1

2

3

t [s]
(b)

Figure 2.1: Immunity curves: (a) IEEE 1668, (b) SEMI F47
Table 2.6: Classi cation of voltage dips in terms of residual voltage and duration according to
Standard EN 50160
Residual
voltage [pu]
0.9 > u ≥ 0.8
0.8 > u ≥ 0.7
0.7 > u ≥ 0.4
0.4 > u ≥ 0.05
0.05 > u

0.01 ≤ ∆t ≤ 0.2

0.2 < ∆t ≤ 0.5

Duration [s]
0.5 < ∆t ≤ 1

1<∆≤5

5 < ∆t ≤ 60
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1

V [pu]

0.8
0.6
0.4

France
Italy
Sweden

0.2
0
0

0.1

t [s]

0.5

1

5 6

Figure 2.2: Responsibility-sharing curves in France, Italy and Sweden

Table 2.7: Clusters for the Type II of voltages dips
Residual
voltage [pu]
0.9 > u ≥ 0.8
0.8 > u ≥ 0.7
0.7 > u ≥ 0.4
0.4 > u ≥ 0.05
0.05 > u

0.01 ≤ ∆t ≤ 0.2

0.2 < ∆t ≤ 0.5

Duration [s]
0.5 < ∆t ≤ 1

1<∆≤5

5 < ∆t ≤ 60

2.2 Measurement Guidelines
Although diﬀerent limits and regulations of PQ phenomenon are given by various technical
organizations as shown in the previous section, almost all of them refers to the measurement
guideline IEC 61000-4-7/30 [1, 12], which de nes the methods for measurement and interpretation of results for PQ parameters in a.c. power supply systems. Besides the compliance
veri cation, it also requires to do the PQ measurement if it is needed to assess the system
performance, a particular site needs to be characterised, for the sake of troubleshooting, advanced studies and active PQ management [45]. For each parameter measured, two Classes,
A and S, are de ned. Measurement methods and appropriate performance requirements are
included for each class.
• Class A: this class is applied for the circumstance that precise measurements are required, e.g. compliance veri cation.
• Class S: this class is applied for statistical applications such as surveys and PQ assessment, the processing requirements are much lower than Class A.
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2.2.1 Harmonic Distortion
IEC 61000-4-7 [12] which de nes the measurement instrumentation for harmonics up to 9
kHz is further referred in IEC 61000-4-30 [1]. e Discrete Fourier Transformation (DFT)
given in (2.2) is the basic mathematical formulas to express the time-domain signal into the
frequency-domain signal.
f (t) = c0 +

∞
∑

cm sin(

m1

m
ω1 t + φm )
N

(2.2)

where:
ω1
f1
cm
ϕm
N
c0
m

the angular frequency of the fundamental (ω1 = 2πf1 )
the fundamental frequency
m
the amplitude of the component with frequency fm = f1
N
m
the phase angle of the component with frequency fm = f1
N
the number of fundamental periods within the window width
the DC component
the ordinal number (order of the spectral line) related to the frequency basis

Strictly speaking only stationary signals can be applied with (2.2). However, the harmonic
signals are time-varying in nature due the the load and generation variations, network changes,
etc. erefore, IEC 61000-4-7/30 [1, 12] proposed to use a 10-cycle data window for 50
Hz system to reduce the eﬀect of the fast variation of harmonic signal and increase the frequency resolution. A 10-cycle data window harmonic subgroups Usg,n and interharmonic
subgroups Uisg,n at order n are grouped as
Usg,n =

1
∑

2
Ck+i

(2.3a)

i=−1

Uisg,n =

8
∑

2
Ck+i

(2.3b)

i=2

where k is the index of the spectral component, Usg,n is consisted of three DFT components
Ck−1 , …, Ck+1 and Uisg,n is consisted of seven components Ck+2 , …, Ck+8 since 10-cycle
data window results into 5 Hz resolution spectrum. According to IEC 61000-4-30 [1], Usg,n
and Uisg,n should be calculated by a 10-cycle gap-less harmonic subgroup measurement for
Class A while a gap is permitted for Class S. IEC 61000-4-7 [12] de ned the measurement
uncertainty of instrument as shown in Table 2.8. For Usg,n , Class I represents Class A and
twice the levels of Class II represents Class S in IEC 61000-4-30 [1]. For Uisg,n , Class A
has the same uncertainty level as Usg,n but the manufacturer shall specify the measurement
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Table 2.8: Accuracy requirements for voltage and current measurements
Class
I (II)

Parameter
Voltage
Current

*

Conditions
Um ≥ 1%Unom (3%Unom )
Um < 1%Unom (3%Unom )
Im ≥ 3%Inom (10%Inom )
Im < 3%Inom (10%Inom )

Maximum error
±5%Um (±5%Um )
±0.05%Unom (±0.15%Unom )
±5%Im (±5%Im )
±0.15%Inom (±0.5%Inom )

Inom : the nominal current range of the measurement instrument; Unom : the nominal voltage range of the
measurement instrument; Um and Im : the measured values

uncertainty for Class S. As a continuous PQ phenomenon, aggregation needs to be done
over time intervals which are 150 cycles, 10 min, and 2 hour. IEC standard requires to
perform the aggregation with r.m.s. values as (2.4) and the aggregation conditions of Class
A and S for the three time intervals are:
v
u
NV
u 1 ∑
AV = t
V2
NV i=1 i

(2.4)

where:
AV
NV
Vi

the aggregated value
the number of values which needs to be aggregated
the ith 10-cycle r.m.s. value.
• 150 cycles: for Class A, no gap is permitted from the 15 10-cycle time intervals and the
150-cycle time interval needs to be resynchronized with the 10-min tick. Overlap is
created since a Universal Time Coordinated (UTC) 10-min tick triggers a new 150cycle time interval when the pending 150 cycle time still needs to be nished. For
Class S, gaps can exist between 10-cycle time intervals while at least 3 10-cycle values
needs to be adopted in each 150 cycles and not less than 1 10-cycle value among 50
cycles is required to be used.
• 10 min: for Class A, aggregated values should be tagged with the completion clock
time of 10 min while each 10-min interval starts on a UTC 10-min tick. e overlapped 10-cycle interval which is the nal one of the 10-min period should be included
in the previous aggregation interval. For Class S, it can be either Class A or a simpli ed method in which no overlap exists since the UTC 10-min tick is not used for
resynchronization.
• 2 hour: Class A and Class S are the same for this time interval which is aggregated
with the 12 10-min intervals with neither gap nor overlapping.
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2.2.2 Voltage Dip
e voltage dip characterization is based on r.m.s. voltage measurement [1]. e r.m.s. value
for a continuous voltage signal ut is:
√
∫ TP
1
Urms =
u2 (t)dt
(2.5)
TP 0
where:
TP
ut

the signal period
the instantaneous value of voltage

In the digital measurement system, according to the sampling theorem, a time-discrete signal
sequence is obtained by sampling u(t) with a certain sampling frequency, and then apply
(2.5) to calculate the r.m.s. value of u(t) by numerical integration, if the signal u(t) is
sampled for Nrms points with same interval ∆T = TP /Nrms , the discrete signal sequence
is:
U (n) = u(n · ∆T ) (n = 1, 2, · · · , Nrms − 2, · · · , Nrms − 1)
(2.6)
Particular numerical quadrature methods can be applied to calculate the r.m.s. values.
e Newton-Cotes formulas are the most common numerical integration schemes which
are based on the strategy of replacing a complicated function or tabulated data with an
approximating function that is easy to integrate [46].
For Class A, the r.m.s. voltage (Urms(1/2) ) is calculated as: 1) the sampling points over
one cycle; 2) commencing at a fundamental zero crossing; 3) updated each half cycle. For
Class S, the r.m.s. voltage measurement can be either the Urms(1/2) as Class A or the Urms1
which is updated each one cycle. Fig. 2.3 shows a schematic diagram for detecting a voltage
dip. For a single phase system a voltage dip begins when the r.m.s. voltage falls below the
dip threshold (Uth ) and ends when the r.m.s. voltage is equal to or above Uth plus the
hysteresis voltage. For a three phase system, the r.m.s. values are measured on each phase
with individual channel. It begins when the r.m.s. voltage of one or more channels is below
Uth and ends when the r.m.s. voltages on all measured channels are equal to or above Uth
plus the hysteresis voltage. e duration of a voltage dip is the time diﬀerence between the
start and end time of the voltage dip event. e measurement uncertainty of the voltage dip
is given in Table 2.9.

2.3 Estimation Methods
For certain locations where there are no monitoring instruments, the PQ evaluation can be
achieved with additional measurement devices. If the economic expenditure of the installation

2.3: Estimation Methods

21

Dip Duration
r.m.s. voltage

Hysteresis
Uth

Residual voltage
Time

Figure 2.3: Schematic diagram for detecting a voltage dip
Table 2.9: Measurement uncertainty of voltage dip
Class

Parameter

A (S)

Residual
voltage
Duration

*

Measurement
uncertainty
±0.2%Udin (±1%Udin )
one cycle (two cyclesa )

Udin : declared input voltage; a: the uncertainty is one cycle with
Urms(1/2) and two cycles with Urms1 for Class S.

is prohibitive, PQSE procedures have to be implemented. HSE deals with the static and
time-varying harmonics while VDSE aims to know the number and characteristics of voltage
dip event. Fig. 2.4 shows the framework for HSE and VESE.
Network
Topology

Component
Parameters

VD

Network
Model

SE

Voltage Dip Characteristics
at non-monitored Locations

Power Quality
State Estimator

HS

E

Measurement
Values

Busbar Voltages, Busbar
Current Injections and Branch
Currents at each Harmonic
Order at Non-monitored
Locations

Figure 2.4: Framework for PQSE
Applying the classical state estimation theory, the problem is formulated as follows:
z = Hx + e

(2.7)
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where:
z
H
x
e

the m × 1 measurement vector
the m × n measurement matrix
the n × 1 state variable vector
the m × 1 measurement error vector

e system is underdetermined if n > m which indicates that the number of state variable
measurements is greater than the number of equations, otherwise the system is completely
determined or over-determined. In state estimation the problem of fundamental frequency
under normal operation conditions, an abundant of measurement devices are available which
results in an overdetermined system. However, the PQSE problem needs to be solved in an
underdetermined system due to the lack of PQ measurement devices in the network.

2.3.1 Harmonic State Estimation
For HSE the formula (2.7)is rewritten as:
( ) [
]( ) ( )
zR
HR −HI
xR
e
=
+ R
zI
HI HR
xI
eI

(2.8)

where
R, I

the indicators of real and imaginary part

Solving (2.8) is the reverse of harmonic penetration study in which the harmonic injections
are unknown and the harmonic distortion levels in the network are estimated from a limited
number of harmonic measurement data. e synchronization of measured phasor voltage
and current harmonics are required by both a entirely or partially observable HSE. With the
network topology, the HSE is constructed with the network admittance matrix. e outputs
of the estimator are the estimation of busbar voltages, busbar current injections and branch
currents of each harmonic order at all or selected locations.
e HSE can be dealt with the normal equation approach as shown in [26, 27] with suﬃcient
observability. However, it requires a large number of PQ meters which is unrealistic economically. Hence, various techniques have been used to get the solution in the partially
observable system. e method in [23] identi es harmonic sources by using the least square
(LS) method to calculate the frequency spectra at the suspicious buses. Singular Value
Decomposition (SVD) is applied in [25, 28] which can provide a solution when singularity
occurred that results in the failure of providing satisfactory results by the normal equation
approach. SVD can also identify the observability of particular parts in the network. Due
to the spatial sparsity of the harmonic sources, the equation (2.8) is solved through using
the sparsity maximization theory in [30]. e HSE technique has been extended to track
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the time-varying harmonics with a Kalman lter approach which using the LS method in
a dynamic sense [29]. Besides these methods based on nding the harmonic response in
a wide solution space, the harmonic content can be also estimated from the waveforms as
shown in [32] which used an evolutionary strategy (ES). Arti cial Neural Network (ANN)
is developed for detecting harmonics of the power line distorted waveforms in [31]. For
training the ANN and verifying the success of the training large data sets are required.

2.3.2 Voltage Dip State Estimation
e concept of 'VDSE' is proposed in [33] which refers to the use of measurement data
from a limited number of buses to estimate the voltage dip characteristics on non-monitored
buses. An estimation approach based on the least-square curve tting method has been
implemented in which the tting parameters are calculated from a speci c simulation case.
e classical state estimation theory as shown in (2.7) have been formulated as follows:
H = MX + E
H
X
M

E

(2.9)

the measurement vector indicates the number of voltage dips recorded by the PQ
monitors with residual voltage equal to or lower than a threshold
the state vector to be estimated that indicates the number of faults occurring at
certain line section during the investigation period
the binary matrix and its element equals to one when the fault taking place in
the associated line segment causes voltage dip at the considered bus, otherwise the
element is zero
the vector of measurement error which is ignored in this problem

e VDSE approach is addressed based on an analytical method which calculates the residual
voltage due to faults along the system lines in [34]. e approach can be applied for any
geometry and for all types of fault. As mentioned, the VDSE problem diﬀers from the
traditional state estimation issue in terms of its observability. With inadequate PQ monitors,
the equation (2.9) needs to be solved in a partial observable system which turns into an
optimisation problem subjected to several constraints. It is approached via integer linear
programming (ILP) techniques. In order to obtain the solution more eﬃciently, the generic
algorithm, another important tool to solve optimisation issues, has been applied in [35]
when the analytic analysis described in [34] is used for the formulation of the optimisation
problem. A much simpler mathematical approach is proposed in [36] when the concept
of 'fault positions' is taken into consideration. e equations are straightly determined
according to the number of selected fault positions and the solutions have been found by
means of the SVD technique which has also been adopted for HSE [25, 28]. Since SVD is
not an iterative method which has convergence problems, like ILP or GA, the problem is
always solvable regardless of the size and type of the network.
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2.4 Conclusion
Compliance assessment is an important objective for PQ evaluation. For the harmonic
distortion, the voltage limits given by EN 50160 [11] and IEC 61000-2-2/12 [13, 15] have
the same levels for the odd order harmonics lower than 19th-order (except 15th-order).
Above 17th-order, there are slight diﬀerences but the limits for THDU are both 8%. IEEE
519 [3] simply takes 5% for all frequencies regardless of odd and even orders in LV networks
and 3% in MV networks, that result into stricter limits for lower order but looser ones for
higher order harmonics. IEEE 519 [3] diﬀers between LV and MV systems which are not
distinguished in the other standards. EN 50160 [11] has proposed a voltage dip pro le table
without lling the cells. IEC 61000-4-11/34 [20, 21] have given test levels and durations
based on the Class of equipment. Not all types of voltage dips can be tested by these levels
from IEC [17, 19]. IEEE 1668 [22] have included all types of voltage dips while the level
diﬀers with each type. Available regulations on the national scale are illustrated and the
related discussion which is going on is presented.
Measurement of PQ needs some measuring guidelines to guarantee the PQ assessment at
diﬀerent locations and by various parties follows the same rules. IEC 61000-4-30 [1] denes the methods for measurement and interpretation of results for PQ phenomenons.
For harmonic distortion the DFT is used to describe the spectral components of signals.
Grouping is implemented in the processing of DFT values to compensate the eﬀect due to
its non-stationary nature. Aggregation methods are slightly diﬀerent between those who IEC
de ned and the methods presented by EN 50160, that may result in diﬀerent consequences
when verifying with the standardized limits. Although the measurement procedure of phase
angle is not de ned yet, the information of phase angle can be easily obtained from the DFT
values and it will be discussed in Chapter 3. For the voltage dip, it lies on the measurement
of r.m.s. values so the characterisation of a voltage dip depends on the r.m.s. calculation
methods. e associated uncertainties are de ned in the standard and would be further
discussed in Chapter 3.
PQSE, as an approach to assess PQ performance at locations without monitoring, are proven
to be necessary and feasible. Classical state estimation theory can be applied for both HSE
and VDSE [47]. Due to the lack of PQ meters in the network, the solution for PQSE needs
to be obtained in an partially observable system. Various techniques, such as LS, GA, SVD,
have been applied for the estimation. Another barrier is to obtain high quality PQ data since
there is a wide range of PQ meters which have variation in their data format, accuracy and
synchronisation. However, with the improvement of measuring data, further development
of PQSE can be expected.

3

Measurement of Power Quality beyond
IEC Standard
To avoid problems with harmonic distortion, the harmonic summation has to be estimated
for the design of the distribution networks and industrial installations. If all harmonic
sources are assumed in phase, which results in the arithmetical sum as the total harmonic, it
can lead to more harmonic mitigation costs than needed. erefore, the summation eﬀect
(cancelling eﬀect) needs to be analysed, which refers to the total harmonic current from a
group of loads lower than the arithmetical sum of their magnitudes due to the diversity of
harmonic phase angles [48]. To describe the summation of harmonics, IEC standard [17]
proposed an index known as the summation coeﬃcient based on the summation law which
only requires magnitudes of harmonic currents. However, previous study shows the calculated summation coeﬃcients can be signi cantly diﬀerent according to diﬀerent types of loads
[48--52]. Physically, the summation eﬀect is due to the diversity of phase angles. erefore,
the estimation of summation harmonics at a new location can be performed if the harmonic
phase angle can be measured. IEC 61000-4-7/30 [1, 12] concentrate on the measurement
guidelines of harmonic magnitudes. Harmonic phase angles, which are required for various
applications (e.g. harmonic power ow, assessment of harmonic summation eﬀect, etc.),
are not speci ed in any of the standards in terms of the measurement method. Due to
the lack of the standardisation, manufactures of PQ meters either exclude the phase angle
measurements or de ne the measurement procedure individually, which brings diﬃculties to
25

26

Chapter 3: Measurement of Power Quality beyond IEC Standard

the future applications and analysis. In order to ll the gap existing in the present standards,
measurement procedures are discussed and given in this chapter. With eld measurement
data on several locations, summation of harmonic currents are estimated based on harmonic
phase angle measurement and compared with the conventional method based on summation
coeﬃcients.
Currently, the results of voltage dip measurements are used to calculate the severity levels
and site indexes that are signi cant for the assessment of PQ and also to select equipment
with appropriate immunity. However, instruments for voltage dip measurements have unresolved technical and theoretical issues because of the adopted detection algorithms in the
standard, so it is found that measured values can be signi cantly diﬀerent from real values
depending on the voltage dip characteristics. is chapter deepens the knowledge about
the measurement of voltage dips through calculating the algorithmic detection uncertainty
analytically. It starts with the discussion of the measurement of the voltage r.m.s. values.
For the r.m.s. calculation, it can be aﬀected by the sampling frequency, the initial phase
angle and the window size. e error analysis has been executed with the variation of these
parameters. After that, the unavoidable error due to the detection algorithm is analysed
depending on various parameters, e.g. the initial phase angle, the phase-angle-jump (PAJ),
etc. In addition, the error can be quite diﬀerent if diﬀerent r.m.s. calculation methods are
applied. Generally, two ways can be applied to deal with the samples: (1)sliding window
r.m.s.; (2)synchronization r.m.s. [1]. Simulation and eld measurement results are used to
investigate the impact of the individual parameter and the diﬀerences by each method.

3.1 Summation of Harmonic Currents
When only the magnitudes of harmonic currents are known, harmonic power ows mostly
gives an overestimation of harmonic currents and voltages. Due to the diversity of phase
angles of individual sources, the sum of multiple harmonic currents is lower than the arithmetical sum of their magnitudes which is the consequence that all sources are in the same
phase. On the one hand it is a conservative estimation which can give a reliable range of
safety margin, on the other hand it can lead to more-than-needed mitigation installations.
To describe the summation of harmonics, IEC standard [17] proposed an index known as
the summation coeﬃcient based on the summation law which only requires magnitudes
of harmonic currents. In this section, the summation coeﬃcients are calculated and compared with the recommended values in [17]. e indices to investigate its performance
are introduced and a revision on summation coeﬃcient calculation is suggested. Based
on the analysis for measuring the harmonic phase angles, the aggregated phase angle of
harmonic currents is used to constitute a summation phasor. e summation coeﬃcient and
the summation phasor are compared in terms of the performance of harmonic summation
estimation.
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3.1.1 Field Measurement Campaign
e available eld measurement data is given at rstly. e cDAQ acquisition chassis from
National Instruments is used to carry out the measurement. e voltage is acquired with
the NI 9225 module and the NI 9234 module as well as current transducers for current
measurements. e NI 9225 module has 3 channels for voltage signals. Each NI 9234
module is consisted of 4 channels which obtain the current signals with BNC connectors
through a conversion by current transformer. A Labview program is built to run on the
laptop as the software part of the system.
e load types of measurement sites can be categorized as four types [48].
Category I: Residential loads.
• Site A: a residential LV network which supplies over 300 household loads in the
Netherlands.
Category II: Commercial loads.
• Site B: a commercial LV grid with oﬃces, connected via three feeders.
• Site C: a commercial LV grid with workshops, oﬃces, warehouse and restaurants,
connected via ve feeders.
Category III: Industrial loads.
• Site D: a group of triac controlled heaters for industrial usage.
• Site E: a industrial installation which has 8 drives.
• Site F: a group of variable speed drives (VSDs) with a six-pulse recti er.
Category IV: Distributed generation.
• Site G: a photovoltaics generation system with 5 inverters and the total capacity is
about 40 kWp.

3.1.2 Summation Coeﬃcient
In technical report [17], a summation law is used to describe the summation eﬀect of
harmonic currents as shown in (3.1).
(I)α
h,Σ =

Nd
∑
(I)α
h,i
i

where:

(3.1)
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the summation coeﬃcient for the hth-order harmonic
the value refer to 95% non-exceeding probability values of the total current
the value refer to 95% non-exceeding probability values of the device/feeder i
the number of devices/feeders

ere are two advantages to use the summation law (3.1). Firstly, it allows time and phase
diversity of harmonic sources to be considered in a relatively simple manner by applying 95%
non-exceeding quantities. Secondly, the method only requires magnitudes. Table 3.1 shows
the proposed values of α for diﬀerent orders [17]. If the coeﬃcient equals to 1, it represents
the arithmetic summation. e cancellation eﬀect is taken into consideration when α is
higher than 1. In [49], the summation coeﬃcients are calculated using the measurement
data from four sites with multiple arc furnaces. It shows that the results depend on the
chosen value of the probability for the actual value not to exceed and the chosen interval of
calculation which results in the degree to which individual harmonic voltages/currents vary
randomly in terms of magnitude. e coeﬃcients are calculated between 1.8-2.0 up to the
20th order for a railway recti er [50]. For the wind farm, the topology and the assumptions
regarding the distributions of magnitudes and phase angles could impact on the summation
coeﬃcients [52]. e cancellation eﬀect of household devices is analysed in [51]. In [53], an
assessing procedure for the summation coeﬃcients which is based on the de ned acceptable
probability and the calculated harmonic phase angle diﬀerence is described.
Table 3.1: Summation coeﬃcient for harmonics [17]
Harmonic order
h<5
5 6 h 6 10
h > 10

α
1
1.4
2

To investigate the performance of summation coeﬃcient, the measured total current Ih,t,m
and the calculated total current Ih,t,Σ needs to be compared. Ih,t,Σ can be calculated by
summation coeﬃcient as:

Ih,t,Σ

1
Nd
∑
= ( (Ih,t,i )αh,T ) αh,T

(3.2)

i

where:
αh,T
Ih,t,i

the summation coeﬃcient when the duration for choosing the 95% percentiles is
T
the magnitude of h-order harmonic current at time t for feeder or device i
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e relative diﬀerence between Ih,t,m and Ih,t,Σ is used as the index to compare the performance.
Dh,t =

Ih,t,Σ − Ih,t,m
Ih,t,m

(3.3)

When Dh,t is negative (Ih,t,Σ < Ih,t,m ), the summation harmonic may be underestimated.
When Dh,t is positive, it could give a more reliable reference for mitigation measures but
there is also a chance to be overestimated. erefore, an optimized results can be obtained
when Dh,t is positive and within a certain low value range. Besides Dh,t , the probability
P(Ih,t,Σ >Ih,t,m ) can be calculated during the measurement period. In [54], the Newton
method is suggested to calculate the non-linear equation (3.1). Fig. 3.1 shows the calculated
summation coeﬃcients on Site A-G comparing with the values recommended in Table 3.1.
10
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Figure 3.1: Calculated summation coeﬃcients for Site A-G

For the case of 3rd harmonic current on Site B, α can not be calculated. For the case of 3rd
harmonic current on Site D, α has a negative value which means the total current Ih,Σ is
even lower than the lowest current of individual Ih,i . is is a rare case which may be the
consequence of load connections. At this site, the triac controlled heaters are phase-to-phase
connected [48].
Some minor amendments on Table 3.1 could be advised. For the residential grid and PV
generation, α can be always 1 even up to 21th harmonic. For mixed commercial loads, 1.2 is
a good estimation for harmonics below 9th order while 1.5 can be adopted for those equal or
higher than 9th order. For the industrial loads, α can be chosen as 1.1 for harmonics below
9th order and 1.4 for the rest. Some exceptions need to be mentioned. On Site B, the 13th
harmonic current has a α around 9 which means the cancellation eﬀect is very signi cant
for this case. On Site C, the coeﬃcients of harmonic currents below 11th orders are mostly
higher than 1.5 and for the other harmonics higher than 11th order, α is between 1.2 and
4.5. e values of α above 7th order for the traic heaters (Site D) are mostly around 2 except
one case of 4.9. For the harmonics higher than 21th order, the cancellation eﬀect is more
but the magnitudes are very low.
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According to [17], the time resolution in which the 95% non-exceeding values should be
chosen is not speci ed for (3.1). Fig. 3.2 presents the summation coeﬃcients of 3rd, 7th,
11th, 15th and 19th for Site A to G when the whole week and each 2 hour interval are used
to calculate the α respectively. e cross marks are the values with 1 week duration and the
top and bottom lines on the cross marks represent the 95 percentile and 5 percentile values
of α when 2 hour are applied to calculate the coeﬃcients. Speci cally, if the coeﬃcients
are calculated with 2 hours, there should be 84 values of α during one week, then 95 and
5 percentile values are obtained from these 84 values of coeﬃcients. For the residential
network (Site A), the triac heaters (Site D) and the PV generation (Site G), the distribution
ranges of α for diﬀerent harmonic orders are mostly within 0.2, except 15th harmonic for
the heaters and 3rd harmonic for the PV inverters. At the other measurement locations, the
coeﬃcients change in a relatively larger range. For example, the values of α for 7th harmonic
at Site B are calculated from 1.22 to 3.10. e coeﬃcients calculated within 1 week locate
in the range de ned by 5 and 95 percentile values of α calculated within 2 hour intervals.
For some cases like 7th harmonics at Site C and 11th harmonics at Site E, α of 1 week are
close to the 95 percentile values of 2 hours. For cases like 7th and 19th harmonics at Site
B, 3rd and 19th harmonics at Site E etc., α of 1 week are close to the 5 percentile values
of 2 hours. e coeﬃcients calculated within the whole measurement duration (1 week)
likely lead to miscalculation of harmonic summation which results in inadequate mitigation
measures. erefore, the summation coeﬃcients are recommended to be calculated with a
short interval (2 hours) and the eventual α is a percentile value of all calculated coeﬃcients.
In this section, 5 percentile values of all α are chosen as the nal summation coeﬃcient,
which make the probabilities of underestimation low.
To investigate the performance of the recommended values of summation coeﬃcients for
harmonic summation, Dh,t in (3.3) is calculated when diﬀerent values of α are adopted. αI
are the recommended values according to Table 3.1. αII are the calculated values when the
95 non-exceeding values are chosen from the whole measurement duration (1 week in this
case). αIII are the 5 percentile values of calculated α with 2 hours within the week. e
mean of the absolute values for Dh,t (µd ) and the probability of Ih,t,Σ higher than Ih,t,m
during measurement period T (P ) are calculated and a part of them are shown in Table
3.2, which are the results of 5th and 21th harmonics at Site A, C, F and G. For the cases
when α is below 1, they are excluded from the analysis to obtain reasonable results. For
3rd harmonics, P is always 1 for αI since the summation coeﬃcient is 1. For orders higher
than 3rd, to adopt αIII will give a higher P than αI and αII for all situations. In 43 out
of 68 situations µd with αI are greater than αIII . e number of situations that µd with
αI are greater than αII is 55 from 68. erefore, the values recommended in Table 3.1
can not give proper estimation for many cases and the modi cations of values are required
if summation coeﬃcients needs to be applied in the future. In 39 of 70 situations for αI ,
30 of 68 situations for αII and 15 out of 70 situations for αIII give values of P lower than
0.3, that indicate that even using α calculated from the measurement object to estimate the
summation harmonics of itself can not give satisfactory results for some cases. When P
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is too low, the summation will be very likely to be underestimated, which is risky for the
operation of grids. However, using the arithmetic sum will always give the P of 1 but it
will obviously lead to overestimation. erefore a good summation approach should give a
relatively higher P when µd is also not too big. Diﬀerent values of αIII for diﬀerent types
of equipment can be given based on these eld measurements. For the residential grid and
PV generation, αIII can be considered as 1. For mixed commercial loads, 1.1 is a good
estimation for harmonics below 9th order and 1.4 for those equal or higher than 9th order.
For the industrial loads, α can be chosen as 1.1 for harmonics below 9th order and 1.2 for
the rest. Although it is not a generalised result, the value of 2 in Table 3.1 is inappropriate
for all measured loads, which needs to be reduced in the future.
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Figure 3.2: Calculated summation coeﬃcients for Site A-G within 1 week or 2 hours (e cross
marks are the calculated summation coeﬃcients when the time resolution is one week and the
top and bottom lines on the cross marks represent the 95 percentile and 5 percentile of α when
the time resolution is 2 hour)

3.1.3 Summation Phasor with Harmonic Phase Angle Measurement
Physically, the summation eﬀect is due to the diversity of phase angles. In Fig. 3.3 (a) and
(b), the distribution of 3rd and 21th harmonic currents for the total and feeder 1 to 7 at Site
A are displayed in the polar plains. It is found that the phase angles of higher harmonics

32

Chapter 3: Measurement of Power Quality beyond IEC Standard

Table 3.2: e mean of the absolute values for Dh,t (µd ), the probability of Ih,t,Σ is higher
than Ih,t,m during measurement period T when diﬀerent α are applied (P )
h
Site A
Site C
Site F
Site G

µd
P
µd
P
µd
P
µd
P

αI
0.39
0
0.93
0.73
0.27
0.01
0.63
0

5
αII
0.06
0.01
0.49
0.97
0.19
0.02
0.42
0.07

αIII
0.02
0.12
1.53
1
0.02
0.57
0.41
0.09

αI
0.44
0
1.63
0.83
0.40
0.18
0.62
0.08

21
αII
0.11
0.38
1.42
0.45
0.37
0.33
0.56
0.26

αIII
0.14
0.73
1.30
0.88
0.43
0.65
0.63
0.45

(21th harmonics) distribute wider than those of lower harmonics (3rd harmonics) and the
phase angles are between a certain range [48, 55]. Due to the time-varying characteristic of
harmonics under diﬀerent grid situations, such as the varying voltage distortions, as indicated
in the gure, the aggregated phase angle as a reference under diﬀerent network conditions is
used to analyse the summation eﬀect in order to estimate harmonics at a new location. e
approach is called as summation phasor and can be expressed as (3.4).

Ih,Σ ∠φh,Σ =

Nd
∑

Ih,i ∠φagg,h,i

(3.4)

i

where:
Ih,Σ ∠φh,Σ the summation phasor for h order
Ih,i
the magnitude of device/feeder i
∠φagg,h,i the aggregated phase angle of device/feeder i
In order to calculate (3.4), the harmonic phase angle needs to be measured and aggregated.
e phase angle is a relative concept which requires a reference. In general, the phase angle
of harmonic current can be referred to the harmonic voltage phase angle of the same order
or to the fundamental voltage phase angle. Referring to the harmonic voltage of the same
order makes the harmonic load ow and calculation of harmonic losses possible [56, 57].
To study the summation of harmonic currents and assess the phase angle measurements at
multiple locations, the fundamental voltage can be used as reference [48, 58]. Using Fourier
transform as shown in (2.2), the harmonic phase angle at each order is obtained. However,
to construct an implementable procedure which can be followed by manufacturers, other
issues are required to be clari ed as: estimation of measurement uncertainty, extracting the
spectral component to gure out the phase angle and aggregation in the time series.
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Figure 3.3: e polar plain of harmonic currents on Site A (a) 3rd harmonics (b) 21th
harmonics; the harmonic phasors with aggregated magnitudes and phase angles (c) 3rd
harmonics (d) 21th harmonics

Measurement of Harmonic Phase Angle
e work ow of measuring harmonics is shown in Fig. 3.4 [12]. e harmonic signal is
sampled discretely after an anti-aliasing lter (AAF) and processed by an analog-to-digital
(A/D) converter. A rectangular window (RW) or Hanning window (HW) need to be applied
for the DFT processing depending on the uncertainty level of synchronization. For the
magnitude the post-processing part contains the grouping in the frequency spectrum as
shown in (2.3a) and the aggregation in time as shown in (2.4) according to [12]. For the
phase angle it includes the extracting the spectral component for the phase angle and the
aggregation in time. A similar procedure has been discussed in [59].

Measurement Uncertainty e requirements of measurement uncertainty for harmonic
magnitudes are given in Table 2.8 [12]. Uncertainty assessment of phase angle measurement
is required to be speci ed. e main uncertainty sources and their correlations have been
shown in Fig. 3.5. To evaluate the combined uncertainty, various approaches are available,
including:
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Figure 3.4: Work ow of measuring harmonics
1. Based on the "Guide to the Expression of Uncertainty in Measurement" (GUM)
uncertainty framework, the law of propagation of uncertainty is used to characterize
the combined uncertainty by a Gaussian or a t-distribution [60].
2. e analytic method based on the derivation of the algebraic form for the combined
uncertainty can be applied.
3. e approximation value of the combined uncertainty is obtained numerically through
a MC method which generates random values from the probability distributions for
the uncertainty sources [61].
Synchronization Error
of DFT Window
Signal Conditioning
Uncertainty

Magnitude
Uncertainty

Phase Angle
Uncertainty
Data Acquisition
System Uncertainty
Quantization
Uncertainty

Figure 3.5: Uncertainty sources for measuring harmonic phase angle
In this section, the MC approach is applied to obtain the combined uncertainty in the aspect
of its implementation feasibility [59, 61].
Synchronization Error for DFT Window: e length uncertainty of the RW for the DFT
is ±0.03% according to IEC 61000-4-7 [12]. Beyond that, a HW has to be used. e eﬀect
of asynchronous sampling in DFT on the phase angle uncertainty of the fundamental signal
is shown in Fig. 3.6. Regardless of the noises which are all the other frequency components,
the phase angle error due to the asynchronous sampling (3.5) is dependent on the true phase

3.1: Summation of Harmonic Currents

35

angle, the number of sample points and the frequency deviation. e detailed mathematical
derivation is given in appendix A.1.

Fej(φ+Δφ

ω1 )

sin (∆λ · π )
sin ( ∆λ·π )
N

Fej(2/N-φ-Δφ

ω1)

sin (∆λ · π )
sin ( ∆λ·π + 2 π )
N
N

Δφω2

φ1

Δφω1

Fejφ1

True Signal：

/2+φ1+Δφω1
2/N-φ1-Δφω1

Figure 3.6: Eﬀect to the phase angle error of asynchronous sampling in DFT

(3.5a)

∆φw = ∆φw1 + ∆φw2
where
N −1
N
∆λ · π
)
sin(
2π
N −1
N
≈
· sin(
− 2φ1 − 2∆λπ
)
∆λ · π 2π
N
N
sin(
+
)
N
N

∆φw1 = ∆λπ ·

(3.5b)

∆φw2

(3.5c)

where:
∆φw

the phase angle error of the fundamental signal

∆λ

the frequency deviation because of asynchronous sampling ∆λ =

N

the number of sample points

(f1 − fs /N )
(fs /N )

Fig. 3.7 shows the phase angle error for the fundamental signal with an asynchronous
uncertainty of ±0.03% varying with φ1 . However, the single harmonic frequency analysis
is not suﬃcient due to the spectral leakage of the signals at other frequencies. Using an
analytic method to evaluate this overall uncertainty is too complicated due to the multiple
eﬀects from diﬀerent order harmonics [62]. erefore, a MC approach as shown in [59, 63]
can be used to avoid this complexity.
Magnitude Uncertainty: e measured phase angle can be aﬀected by the magnitude
uncertainty since the measurement magnitude is the vectorial sum of the true magnitude
and the associated uncertainty. Fig. 3.8 shows the eﬀect of magnitude uncertainty to the
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Figure 3.7: Phase angle uncertainty of the fundamental signal
phase angle uncertainty. As shown in Fig. 3.5, the magnitude uncertainty is dependent on
several uncertainty sources. Moreover, it will aﬀect the phase angle uncertainty further as
depicted in Fig. 3.8 where the magnitude uncertainty varies in the circle. One approach
to assess the magnitude uncertainty is to use Table 2.8 in which the overall measurement
uncertainty of the magnitude is de ned [59]. e other approach is to access the combined
uncertainty with the input of the individual uncertainty source. Since these sources need to
be considered for the phase angle uncertainty evaluation as well, the magnitude uncertainty
can be determined through the MC process.
Uncertainty: Fuej(φu)
Measured Signal: Fe

j(Δφ )

F

ΔφF
True Signal: F

Figure 3.8: Phase angle uncertainty due to the magnitude uncertainty

Data Acquisition (DAQ) System Uncertainty: As shown in Fig. 3.9, one of the most signi cant factors contributing to the DAQ system uncertainty are the input signal conditioning
circuits where the temperature drift, oﬀset and system noise can be found [64]. e absolute
accuracy of the DAQ system is:
Absolute Accuracy = Input voltage · % of Reading+
+Of f set + System noise + T emperature drif t
Input voltage the voltage range of the device

(3.6)
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% of reading the gain error
Of f set the maximum oﬀset error
System noise the error introduced by the device itself
T emperature drif t the error due to the ambient temperature variation
Quantization uncertainty, as the other signi cant component of DAQ system uncertainty, is
due to the digitizing process of the analog signal. It is dependent on the number of bits in the
A/D converter, as long with its non-linearities. e uncertainty is up to half least signi cant
bit (LSB) which is the quotient of the full-scale voltage range divided by 2N
bit (Nbit is the
number of bits used in the A/D converter).

Ideal

Vmeasured

Gain
Offset
System noise
Quantization

Vinput

Figure 3.9: Measurement uncertainty in DAQ system

Taking the NI 9225 and 9234 modules (DAQ system) from the National Instruments as
examples since they are used for the eld measurements in this thesis, the DAQ system
uncertainties are about 0.35% and 0.5% respectively which are calculated by (3.6) with the
uncertainty speci cation given in [64].

Monte Carlo Approach: e following parameters are used in the MC approach to obtain
the combined measurement uncertainty of phase angle.
•
•
•
•
•
•

e sampling frequency fs = 10.24kHz.
e nominal voltage Unom = 230V .
e measurement range Urange = ±425V .
e DFT window size uncertainty ±0.03%.
e DAQ system uncertainty ϵDAQ = ±0.5%.
e magnitude of h-order harmonic voltage is obtained from a uniform distribution
Uh ∈ U(a, b) where a equals to 0 and b equals to the upper limit given by [11].
• e phase angle of fundamental and harmonic components are obtained as φ1 , φh ∈
U(0, 360◦ ).
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• e number of MC simulations NM C,ϵ = 100000.

In each time of MC simulations, the harmonic magnitudes and phase angles are generated
from the mentioned distribution when Gauss distributions are assigned for the uncertainties
of the DFT window size and the DAQ system. Fig. 3.10 shows the probability density
function (PDF) of the phase angle measurement uncertainty for the 3rd harmonic from
NM C,ϵ simulations. Veri ed as a normal distribution by Kolmogorov–Smirnov (K-S) test
[65], a con dence level of 99.7% is obtained with a coverage factor 3σ, where σ is the
standard deviation of phase angle measurement error. e value of σ is 1.38◦ for Fig. 3.10
which results in a measurement uncertainty of ±4.15◦ .
0.7
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Probability

0.5
0.4

-3σ

3σ

0.3
0.2
0.1
0

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5
Measurement uncertainty of phase angle (º)
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Figure 3.10: e PDF of the measurement uncertainty for the 3rd harmonic

Extracting the Spectral Component To overcome the leakage eﬀects due to the harmonic
variations within the measurement window, the magnitudes of spectral components are
required to be grouped so that the whole energy of the signal in the frequency domain is
covered. For example, the 3rd harmonic magnitude is grouped as the root-sum-of-squares
value (r.s.s.) of magnitudes at 145 Hz, 150 Hz and 155 Hz since the frequency resolution
is 5 Hz [12]. However, grouping phase angles in the frequency domain does not have any
physical meaning. Hence the harmonic phase angle is de ned as the phase angle of the main
spectral component, that is:
φh = φk

with k = 10 · h

where:
φh
φk

the phase angle of hth harmonic
the phase angle of the kth spectral component

(3.7)
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For instance, the phase angle of 3rd harmonic is the phase angle of 30th spectral component
(150 Hz).
Aggregation in Time e harmonic magnitudes needs to be aggregated by the r.m.s.
algorithm to express the thermal eﬀect according to the standard while the aggregation
algorithm of phase angle is not de ned in [1]. erefore, it is necessary to propose an
approach which should have a good performance to compensate the uncertainties of measurement devices and estimate the summation of harmonics. us, a method based on
the sinusoidal curve tting is proposed. In detail, the magnitude and phase angle of each
measuring interval (10-cycle) are used to establish the harmonic signal during the aggregation interval. For instance if the aggregation interval is 3 s and the measuring interval
is 10 cycles, there will be 15 diﬀerent signals and a new sinusoidal signal is obtained via a
curve tting process based on the least square approximation (LSA) algorithm. e LSA
algorithm minimizes the sum of squared values of residuals in which a residual is de ned as
the diﬀerence between an observed value and the tted value provided by the model [66].
e tted signal is shown as:
√
Hs (t) = 2Aagg,h · sin(ωh t + φagg,h )
(3.8)
where:
Aagg,h the aggregated magnitude
φagg,h the aggregated phase angle
Fig. 3.11 shows an example of the aggregation process where a signal consisting of Hs1 (t1 ) =
√
√
π
2π
50 2 sin(100πt1 + ) and Hs2 (t2 ) = 40 2 sin(100πt2 +
) are tted by a new
3 √
3
waveform, Hs (t) = 45.28 2 sin(100πt + 1.507).
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Figure 3.11: An example of curve tting for aggregation
In Fig. 3.3 (c) and (d), the phasors with aggregated magnitudes and phase angles of 3rd
and 21th harmonics are demonstrated which is corresponding to Fig. 3.3 (a) and (b). Fig.
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3.12 shows the distribution of harmonic phase angles for the total currents during the entire
measurement period on Site A, B, E and G as one of each category loads. e density of
phase angle values are expressed by the gray scale where the darker shades indicate a higher
density. e red line is the aggregated phase angle for each harmonic order. For the most
cases, the aggregated phase angles are close to the darker position. erefore, the aggregated
phase angle is considered to be representative.
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Figure 3.12: e distribution of harmonic phase angle for the total current (a) Site A (b) Site B
(c) Site E (d) Site G
e DFT has been performed with 10-cycle window according to the standard. Since the
waveform from Site A is available, diﬀerent window sizes can be applied. Considering the
frequency resolution, another window size for DFT is chosen as 50 cycles (1 s) which results
in 1 Hz resolution. Applying a window size larger than 50 cycles may lead to large errors
due to the frequency variation when the phase angle is extracted. Fig. 3.13 takes the 21th
harmonic current as an example, that shows the phase angle obtained by DFT with a window
size of 50 cycles and the phase angle which are aggregated based on the 5 signals of 10 cycles
within the 1 s. It can be seen that the two phase angles over 1 s are very close to each other
on the polar plain in this example. Fig. 3.14 shows the average diﬀerences between the
phase angles acquired by the 50-cycle DFT and the aggregated one with the 10-cycle DFT
at diﬀerent harmonic orders of the total current during the whole week. It can be seen that
the average diﬀerence grows with the harmonic order while the value is still below 1.2 ◦ up to
21th harmonics. erefore, using DFT with larger window gives the harmonic phase angles
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close to the aggregated ones, which illustrates that the aggregation approach can work here.
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Figure 3.13: An example of the 21th harmonic current: the phase angle obtained by the 50-cycle
DFT and the aggregated phase angle with the 10-cycle DFT
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Figure 3.14: e average diﬀerences between the phase angles acquired by the 50-cycle DFT and
the aggregated one with the 10-cycle DFT
e values of Dh,t can be calculated with (3.3) when:
Ih,t,Σ =

Nd
∑

Ih,t,i ∠φagg,h,T,i

(3.9)

i

φagg,h,T,i the aggregated phase angle of device i in T
e results of µd and P applying summation coeﬃcient and summation phasor are shown
in Fig. 3.15 for Site A, B, E and G. In the gure, the broad bars are the results using αI
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and the narrow bars are the results using summation phasors. In general, the number of
situations that the values of µd applying summation phasors are greater than those applying
summation coeﬃcients is 22 out of 70. e values of P(Ih,t,Σ >Ih,t,m ) for 3rd harmonics
by applying α are 1 on all sites since it is the arithmetic sum. Except 3rd harmonics, in 51
of 63 cases the values of P with summation phasors are higher than those with summation
coeﬃcients which are more on the safe side (not to underestimate). e probabilities that
Ih,t,Σ is greater than Ih,t,m are quite low for most cases with α at Site A, E and G. At Site
B, the performance is a little better than those on other Sites. All in all, using summation
phasors shows a much better performance than using summation coeﬃcients.
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Figure 3.15: e values of µd and P applying αI and summation phasor (αI : the board bars
are the results applying αI ; φagg,h : the narrow bars are the results using summation phasors)

3.2 Framework of Voltage Dip Detection
Since the measurement of dip parameters is essentially based on the r.m.s values, the numerical
integration approach to obtain the r.m.s. values and its associated error are discussed at rst.
To detect the voltage dip, the r.m.s. values can be calculated with each new sample which is
known as sliding window method, however, in order to save the required memory, generally
these values are updated each cycle or half cycle. If the r.m.s. values are calculated with a
sliding window, the series is called continuous while if the calculation is completed with a
certain time interval, it is called discrete [67]. In case of the transition of voltage amplitude
during the event, r.m.s. values, as periodic signals, need one entire cycle to reach the new
state value for the sliding window method. e discrete r.m.s. voltage also shows the same
characteristic. e r.m.s. value containing both pre event and during event samples will give
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a transition value which is between the previous and the new r.m.s. voltage. In addition, the
characteristics of voltage dip diﬀers by the occurring instants within one period and the values
of PAJ. e systematic deviations in characterization due to the dip detection algorithms
(sliding window and discrete) are analysed analytically. A set of eld measurement data of
voltage dips is analysed and the results are compared.

3.2.1 Numerical Computation of r.m.s. Values
Since the PQ monitor records the discrete signal samples, the numerical computation is
required to obtain the r.m.s. values. Generally, the trapezoidal rule is applied for the
numerical integration of (2.5) which can be described by Fig. 3.16 and (3.10). As shown in
the gure, the area under the curve between a and b is approximately to be the area of the
trapezoidal covered by the shadow of slashes. erefore the error is the area in blue.
f(b)
f(a)

f(x)

x

Figure 3.16: Numerical integration with the trapezoidal rule
∫

b

f (x)dx ≈
a

b−a
(f (a) + f (b))
2

(3.10)

where:
f (x)

the function which needs to be integrated

Applying the rule (3.10), the formula (2.5) can be written as:

Urms

v
u
u 1 ∆T Nrms
∑−1
≈t
·
·
(U 2 (n) + U 2 (n − 1))
TP
2
n=0

where:
Nrms

the total number of samples in the r.m.s. calculation period

(3.11)
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As u(t) is a periodic signal, hence U (Nrms ) = U (0), the formula (3.11) can be written as

Urms

v
u
u 1
=t
TP

Nrms
∑−1

U 2 (n)

(3.12)

n=0

Error due to the Numerical Integration
e error indicated in the blue area of Fig. 3.16 is the diﬀerence between the integral value
and the numerical integration result. It is only dependent on the sampling frequency and
can be expressed as:
2π 2
δint =
(3.13)
2
3Nrms
where:
δint

the absolute error for the r.m.s. calculation

e detailed mathematical derivation is given in appendix A.2. Fig. 3.17 shows the relative
error varies with sampling frequency. It can be seen that when Nrms ≥ 59 (fs ≥ 2.95
kHz), the relative error δint ≤ 0.2% which accords with the requirement in [1].
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Figure 3.17: e relative error of r.m.s. values varies with sampling rate

Error Analysis of r.m.s. Calculation
Assume the voltage signal is a sinusoidal signal with frequency f and the initial phase angle
φ:
√
U (t) = 2Urms cos (2πf1 t + φ)
(3.14)
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e r.m.s. value over an in nite window is Urms (the real r.m.s. value), the error between
′
Urms and Urms
(the calculated r.m.s. value) depends on the sampling frequency, the initial
phase angle φ (the initial location of the sampling window) and the sampling window size
[68]. With the mathematical derivation as shown in appendix A.3, the relative error in r.m.s.
calculation is:

δrms =|

′
Urms
− Urms
Urms

v
u
1
u
cos(2((Sw − )f1 π + φ)) sin(2f1 Sw π)
u
u
fs
|=| u1 +
−1|
t
2f1
Sw fs sin(
π)
fs
(3.15)

where:
Sw

the sampling window size Sw = Nrms /fs

Hence, the relative error (3.15) equals to zero when the window length Sw is an integer
multiple of one half-cycle:
sin(2f1 Sw π) = 0 ∩ sin(2

f
π) ̸= 0
fs

(3.16)

δrms [%]

Fig. 3.18 shows the relative error δrms when the uncertainty level of f1 and Sw (ϵf and
ϵsw ) varies from 0% to 10%. It can be seen that the value of δrms is proportional to the
uncertainty levels of system frequency and sampling window size. When the uncertainty
levels of the two parameters are lower than 3%, the two curves are very close to each other.
With ϵf of 1%, the values of δrms vary periodically in the range of 0 to 0.52% when the
initial phase angle is moving from 0 to 2π as shown in Fig. 3.19.
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Figure 3.18: e values of δrms vary with the uncertainty level of f1 and Sw
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Figure 3.19: e values of δrms vary with the initial phase angle when ϵf = 1%

3.2.2 Voltage Dip Detection with Diﬀerent Cycles of r.m.s. Values
One example is shown in Fig. 3.20, a cosine voltage with a dip event with a real residual
voltage of 10 % for two cycles (40 ms) and the initial phase angle of 0. Fig. 3.20(a) shows
the instantaneous voltage waveform while Fig. 3.20(b) shows the r.m.s. values with one
cycle window sliding window (solid line) and synchronized r.m.s. values (black dots), the
event duration with sliding window is about 55 ms and that with synchronized r.m.s values
is 60 ms, which are both signi cantly longer than 40 ms. e residual voltage is accurate for
the example dip. Fig. 3.21 shows an example of voltage dip with a real residual voltage of
10% for 3/4 cycle (15 ms) and the initial phase angle of 0. e measured duration values for
sliding window and synchronized one cycle r.m.s values are 28 ms and 30 ms, the measured
residual voltage for the two methods are both 0.51 pu which indicates the residual voltage is
also improper when the duration cycle is less than one cycle. Actually, the detection deviation
depends on the selected threshold, the residual voltage and the initial phase angle.

Analytical Analysis
e accuracy of algorithms adopted in voltage dip detections has been analysed in [69].
However, the PAJ, as one of the three important characteristics for voltage dip (the other
two are the residual voltage and duration), is not included in the accuracy analysis. erefore,
the algorithmic deviation for voltage dip detection is discussed in this section with the
consideration of the residual voltage, duration, and PAJ.
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Figure 3.20: Example of a 10% voltage dip for 2 cycles. (a) Instantaneous voltage waveform.
(b) r.m.s. voltage values with sliding window (solid line) and half cycle method (dots)
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Figure 3.21: Example of a 10% voltage dip for 3/4 cycle. (a) Instantaneous voltage waveform.
(b) r.m.s. voltage values with sliding window (solid line) and half cycle method (dots)

As considered as a cosine signal, the voltage signal before the dip takes place can be written
as
√
U (t) = 2Ui cos (θ(t) + φ)
(3.17)
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where:
the r.m.s. value of the voltage before the dip takes place
the angle varies with time θ(t) = 2πf1 t

Ui
θ(t)

if a voltage dip takes place at time 0, the voltage signal becomes:
√
U ¯(t) = 2Uf cos (θ(t) + φ + θJ )

(3.18)

the r.m.s. value of the voltage during the dip
the value of PAJ

Uf
θJ

Sliding Window r.m.s. Calculation A continuous r.m.s calculation with a sliding window
over one cycle period is performed for a voltage dip occurs at time 0. e squared r.m.s. value
can be calculated after a phase interval αφ from the beginning of the event as:
2
Um

1
=
(
2π

∫0

∫αφ
2Ui cos (θ + φ)dθ + 2Uf 2 cos2 (θ + φ + θJ )dθ)
2

2

αφ −2π

2
Um

1
=
(
2π

∫0

(3.19a)

0

∫αφ
2Uf cos (θ + φf + θJ )dθ + 2Ui 2 cos2 (θ + φf )dθ)
2

2

αφ −2π

(3.19b)

0

where:
φf

the phase angle during and post the dip event

e formula (3.19a) is used to calculate the r.m.s. value in the transition from the pre-dip
to during-dip voltage and the formula (3.19b) is for the transition from the during-dip to
post-dip voltage when the pre-dip voltage is assumed to be equal to the post-dip voltage.
With the integration and some manipulation, the equations (3.19a, 3.19b) are obtained as:
2
Um
=Ui2 −

+
2
Um
=Uf2 −

+

Ui2
(αφi + sin αφi cos(αφi + 2φ))
2π

Uf2
(αφi + sin αφi cos(αφi + 2φ + 2θJ ))
2π
Uf2
(αφf + sin αφf cos(αφf + 2φf + 2θJ ))
2π

Ui2
(αφf + sin αφf cos(αφf + 2φf ))
2π

(3.20)

(3.21)
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As shown in Fig. 3.20, the αφi and αφf represent the phase delays for detecting the
beginning and the end of the dip. e phase delay is the angular duration before the
instrument can detect a dip after the dip really happens. It can be seen that the measured
angular duration has an unavoidable error and can be calculated when Um is assumed to be
the threshold voltage Uth as:
δm = αφf + δd − αφi

(3.22a)

δd is the real dip angular duration which can be calculated as:
δd =

2π
Dd
TP

(3.22b)

where:
Dd

the real dip time duration

e values of αφi and αφf as a function of various parameters can be obtained as:

Uε

αφi = f (Ui , Uf , Uth , φ, θJ )

(3.23a)

αφf = f (Uf , Ui , Uth + Uε , φf , −θJ )

(3.23b)

the hysteresis voltage

In the equation (3.23), the value of Uf is equal to the actual magnitude of the waveform
during the voltage dip. For the measured residual voltage Ures , it is equal to the actual
residual voltage Uf when the event lasts longer than one cycle, otherwise it is the value
obtained exactly at the end of the dip event which means αφi = δd in the equation (3.20).
It is greater than Uf and can be calculated as:
{
U (δd , Ui , Uf , φ, θJ ) δd < 2π
Ures =
(3.24)
Uf δd > 2π
In the standards IEC 61000-3-3/11 [70, 71], a half cycle window is used for the assessment
of voltage uctuations and icker. e equations to use a half cycle window for the voltage
dip detection with the sliding window r.m.s. calculation is given in appendix A.4.1.
Synchronized r.m.s. Calculation To use the synchronized r.m.s. values as recommended
by the standard [1], the following conditions have to be satis ed as a special case of sliding
window r.m.s. calculation.
π
αφi + φ + θJ = ki π +
(3.25a)
2
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π
(3.25b)
2
To apply these conditions into the equations (3.20) and (3.21), the voltage can be calculated
as:
U2
π
2
Um
=Ui2 − i (ki π + − φ − θJ − sin (φ − θJ ) cos (φ + θJ ))
2π
2
(3.26)
Uf2
π
1
+
(ki π + − φ − θJ − sin (2φ + 2θJ ))
2π
2
2
2
U
π
f
2
Um
=Uf2 −
(kf π + − φf − sin (φf + 2θJ ) cos (φf ))
2π
2
(3.27)
Ui2
π
1
+
(kf π + − φf − sin (2φf ))
2π
2
2
αφi + φf = kf π +

ki
kf

the phase angle delay index at the start of the voltage dip
the phase angle delay index at the end of the voltage dip

e start and end of the voltage dip are detected after a phase angle delay corresponding to
an index k, for which the functions (3.26) and (3.27) cross the dip threshold voltage Uth ,
k is the rst integer number after the calculated r.m.s. voltage passes through the threshold
magnitude. us the measured angular duration can be calculated as:
δms = (kf − ki )π

(3.28)

e delay indexes ki and kf can be calculated when Um equals to Uth as:
ki = v(Ui , Uf , Uth , φ, θJ )

(3.29a)

kf = v(Uf , Ui , Uth + Uε , φf , −θJ )

(3.29b)

When φ > π/2 the measured residual voltage can be calculated with the condition that
δd + φ < 7/2π, the minimum value is obtained by choosing delay index k as close as
possible to the second stage (last sample of decreasing stage or the rst sample of increasing
stage). For δd + φ ≥ 7/2π, the measured residual voltage equals to the actual value.

{
Um (ki = 2, Ui , Uf , φ, θJ )

δd + φ < 7/2π
min
Um (kf = 3, Uf , Ui , φf , θJ )
Ures =
(3.30)
δd + φ ≥ 7/2π

Uf
When φ ≤ π/2, the residual voltage can be calculated as:

{
Um (ki = 1, Ui , Uf , φ, θJ )

min
Um (kf = 2, Uf , Ui , φf , θJ )
Ures =

Uf

δd + φ < 5/2π
δd + φ ≥ 5/2π

(3.31)

e equations to use a half cycle window for the synchronized r.m.s. calculation can be
found in appendix A.4.2.
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It can be known from the analytic analysis that the real residual voltage (Uf ) can be obtained
as the measured residual voltage for dips whose durations are longer than 7/2π (35 ms),
which is advantageous since most of dips are longer than that. And the diﬀerences with
measured durations δm or δms are insigni cant because the real angular duration δd is much
larger than the detection delays (αφf − αφi and (kf − ki )π). Fig. 3.22 (a) and (b) shows
the comparisons between the real and measured values both in terms of residual voltage and
duration for a 20 ms and 10% residual voltage dip when the initial phase angle varies. For
duration measurement (Dm ) the results of both methods show remarkable deviations from
the real value while the measured values of two measurement methods are slightly diﬀerent.
For residual voltage measurement, it can be measured accurately with sliding window r.m.s.
while that depends on the value of φ with synchronized r.m.s. values. In Fig. 3.22 (c) and
(d), the measurements of a 300 ms and 10% residual voltage dip are shown. e maximum
absolute deviation of duration is same as the 20 ms dip so that the relative error is much
smaller. Both r.m.s. methods can bring accurate residual voltages since in the Fig. 3.22 (c)
the measured curves are overlapped with the real value curve.
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Figure 3.22: Measured results for a 20 ms (300 ms) voltage dip with 10% residual voltage versus
φ (a,c) residual voltage (b,d) duration
Since the detection deviation is relatively more signi cant for short dips, the detailed devia-
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tion analysis is implemented for short dips. Fig. 3.23 (a) and (b) show the detection results
for a 20 ms dip with 10% residual voltage versus diﬀerent φ and θJ with the sliding window
and the synchronized r.m.s. values respectively when the window size is one cycle. Fig. 3.23
(c) and (d) show the results for the same simulation cases when the window size is a half
cycle. It can be found that half cycle window is more accurate than the one cycle window
when measuring the dip duration. e synchronized r.m.s. values with one cycle window
give a duration about 30 ms mostly (Fig. 3.23 (b)) while using half cycle window is mostly
getting 20 ms (Fig. 3.23 (d)) which accords with the real dip duration. For a 10% residual
voltage dip the PAJ does not aﬀect much on the duration measurement.
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Figure 3.23: Measured results for a 20 ms voltage dip with 10% residual voltage versus φ and
θJ (a) one cycle sliding window r.m.s. (b) one cycle synchronized r.m.s. (c) half cycle sliding
window r.m.s. (d) half cycle synchronized r.m.s.

Fig. 3.24 (a) and (b) show the detection results for a 20 ms dip with 80% residual voltage
versus diﬀerent φ and θJ with one cycle sliding window and synchronized r.m.s. values.
Comparing with Fig. 3.23 (a) and (b), the variations of duration versus initial phase angles
and PAJs are more signi cant. e same conclusion can be drawn for half cycle window
results as shown in Fig. 3.24 (c) and (d) but gives a more accurate result. erefore, it can
be seen that the diﬀerent residual voltages can aﬀect the measured results signi cantly with
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Figure 3.24: Measured results for a 20 ms voltage dip with 80% residual voltage versus φ and
θJ (a) one cycle sliding window r.m.s. (b) one cycle synchronized r.m.s. (c) half cycle sliding
window r.m.s. (d) half cycle synchronized r.m.s.

various initial phase angles and PAJs. e lower the residual voltage comparing with the
threshold, the smaller the in uence is.

Analysis of Field Measurement Results
Field measurements have been executed in the Dutch MV networks with PQ monitors called
as the SASensors. e SASensor system is installed at MV side of the HV/MV substation and
a large amount of measurement data have been acquired at a central control unit connected
to current and voltage sensors via bre optics [72]. Digital fault recorder (DFR) les are
produced and are accessible through the SASensor web server. In the DFR, the voltage
and current waveforms are recorded with a sampling frequency of 4 kHz. e monitoring
campaign has been implemented at 6 MV/LV substations in the Netherlands from the year
2010 to 2013.
e residual voltage and duration of each dip is calculated using synchronized r.m.s. values,
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with one cycle and half cycle window respectively. Fig. 3.25 shows the voltage dip pro les
comparing with the SEMI F47 curve. e number of voltage dips below the curve by using
one cycle synchronized r.m.s. values is 89 while that by using half cycle synchronized r.m.s.
values is 132, that indicates a diﬀerence about 48 %. More number of severe dips are found
by the half circle window because the shorter window size can calculate the value of faster
voltage variations more precisely. Moreover, as shown in the gure, the most detection
diﬀerences can be observed for voltage dips with short durations since those dips are more
sensitive to the adopted window sizes, and other parameters as shown above.
1
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Figure 3.25: Voltage dip pro les with one/half window synchronized r.m.s. values

3.3 Conclusion
Characterizing harmonic phase angles is advantageous for many applications, e.g. harmonic
summation and harmonic propagation analysis, etc.. Since no uniform measurement approach
for harmonic phase angle is applicable in the current standards, it is an important step to
specify the measurement procedure including the discussion of measurement uncertainty, the extraction of the spectral component to get the phase angle and the aggregation
in time. As one of the important applications, harmonic summation is analysed based
on eld measurement data at several locations with the conventional method known as
the summation coeﬃcients and the harmonic phase angle implemented as the proposed
approach. By calculating the summation coeﬃcients with the eld measurement data, it
shows that the recommended values in [17] are inappropriate for the most measurement
locations. erefore, the summation coeﬃcients could be updated and should diﬀer with
diﬀerent categories of loads for a more accurate estimation in the future. For mixed loads,
α can be at least 1.2 for harmonics lower than 9th order and 1.5 for higher harmonics.
For loads of less mixing, α should be considered up to 1.3 for all harmonics, like 1.1 for
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lower harmonics and 1.3 for higher ones. e calculation method of α is modi ed to obtain
better estimation results. Instead of choosing 95% non-exceeding probability values from the
whole measurement duration, the nal summation coeﬃcients are the low percentile values
(5%) obtained among the calculated coeﬃcients with short intervals within the period, e.g.
2 hours. To represent the summation harmonic currents with the aggregated phase angles,
a remarkably better performance can be investigated. It will be helpful for the network
operators to be aware of the harmonic distortion within the network and take actions when
the harmonic phase angle is available.
e detection of voltage dip is based on the r.m.s. values. e discretization of the voltage
signal requires the numerical integration in which the accuracy improves with the growth of
sampling frequency. Since the real r.m.s. value should be calculated with an in nite window,
the accuracy of representing the eﬀective magnitude using the r.m.s method depends on the
sampling rate, the initial phase angle, and the sampling window size. e relative error
between the real r.m.s. value and the calculated one equals to zero when the window length
is an integer multiple of one half-cycle. e algorithmic error for the voltage dip detection is
introduced by the adopted r.m.s. calculation methods. e initial phase angle and PAJ are
involved in the detection accuracy study. e higher the residual voltage (swallow dips) is,
the larger in uence from above two aspects are regardless of the r.m.s. calculation methods
and the window size. However, using half cycle window can detect more dips with short
durations and reach closer to the real residual voltage as shown in the waveform. Field
measurements shows that the diﬀerence between using half cycle and one cycle window
synchronized r.m.s. value is signi cant and it is around 48% when the SEMI F47 curve
is used as the threshold to investigate the number of dips below the curve. erefore, for
short voltage dips, it is recommended to use half cycle window for the voltage dip detection
as de ned for the voltage uctuation and icker in [70, 71] in order to avoid disturbance
ignorance.
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4

Stochastic Residential Harmonic Source
Modelling
Household appliances based on power electronics (non-linear loads) are increasingly connected
to the distribution network due to the rapid development of semiconductor technology.
Although an individual device emits an insigni cant amount of harmonic current in the
network, the sum of a large number of such appliances could result in a large amount of
harmonic distortion [73]. Most of the research focuses on the harmonic impact by one single
type of device [73--79]. However, in real life, not only a single new harmonic source will
be placed in the network, but many diﬀerent types of harmonic sources will be added. e
eﬀect of these multiple sources is not simply the combined eﬀect of the individual devices.
A composite approach, which takes into account diﬀerent new types of harmonic sources
at the same time, is therefore required. Moreover, the evolving of existing appliances is
not included in earlier works. In this chapter, the ageing, removing and replacement of
the existed appliances (appliance development) are incorporated on the time series, and the
eﬃciency improvement of the new connected appliances should be involved.
In this chapter, such a framework is proposed. e proposed framework builds on previous
research on the modelling of the residential load [80, 81] and the modelling of the harmonic
sources [82]. With this framework, future harmonic impact studies can be performed, and
not only the combined eﬀect of many harmonic sources can be assessed, but also the time
57
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evolution of the level of harmonic distortion can be estimated. It starts with the bottom-up
stochastic harmonic injection modelling and it is validated based on measurement results of
a residential network. Hereafter, the advantages of the proposed framework are shown based
on a case study on the IEEE European low voltage test feeder.

4.1 Harmonic Injection Modelling
To model the harmonic current injected by a household, a closer look needs to be taken at the
injections of the individual appliances. As the harmonic current injection of a household is
dependent on the type of appliance that is activated, an accurate description of the harmonic
current injected for the diﬀerent appliances is a vital rst step in the modelling of the
household harmonic current injection. e main diﬃculty with de ning these injected
currents is the determination of when and for how long a certain appliance in the household
is switched on. To tackle this problem, a bottom-up approach is adopted to model the households appliances [81]. Subsequently, measured harmonic spectra of household appliances
are used to obtain the model of the current injection of a household.
As the behaviour of the household members determines when an appliance will be switched
on or oﬀ, the modelling of the current injection of a household starts with the household
occupancy modelling. With a database of time use surveys (TUS) and a library of detailed
appliance models, simulations are carried out to get the appliance usage patterns as a sequence
of on/oﬀ states of each appliance. Harmonic spectra of various appliances are used in the
harmonic load ow calculation to obtain the harmonic injection currents at each POC.
Since the occupancy plays a signi cant role in the electricity usage through the interactions between occupant and appliance, an improved version of techniques based on Markov
chain Monte Carlo (MCMC) simulation is applied [81, 83]. Allocating the appliances in
a household can be completed with the database on the appliance ownership, the wealth
level and the dwelling size [81, 84]. e harmonic spectra of diﬀerent household appliances
are either measured in the laboratory or collected from the PANDA database [85], so the
harmonic emission level of a speci c appliance under laboratory conditions is obtained. To
obtain the harmonic injection level of a speci c household, the harmonic spectra are utilized
as described in [86]. e scaling of magnitudes and shifting of phase angles have been done
according to the recommended formulas.
With the knowledge of the occupancy and the set of allocated appliances, a more in-depth
analysis of the appliance usage pattern can be obtained through simulation. Another Markov
chain is applied to model the on/oﬀ status of each appliance. e weather variables and the
time of the day are taken into consideration, as well.
In Fig. 4.1, the ow chart of the methodology is illustrated. e detailed explanation of
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Figure 4.1: e methodology for modelling the residential harmonic load.

4.1.1 Occupancy Modelling
e Dutch national statistics agency, Statistics Netherlands [87], provided a TUS of 2042
respondents' behaviour with a 15-min resolution. Fig. 4.2 shows the occupancy pro le of
three individuals of diﬀerent households during two consecutive days. It can be seen that the
behaviour of an individual diﬀers signi cantly from others. ese diﬀerences in behaviour
will result in diﬀerent usage of electrical appliances. erefore, the model should incorporate
these variations in the occupancy. A MCMC method is used for the occupancy modelling,
which is explained in [88]. e Markov chain model refers to the fact that at each time
instance depending on the current state and the associated probabilities, the model switches
to another state or remains in the current state.
As shown in [81], the occupancy can be modelled for the purpose of determining the energy
consumption within a household with just two states: active (and at home) or inactive (sleeping, away from home). By applying logistic regression to the TUS data [83], a transition
probability matrix is constructed for week and weekend days, the time of day, the number
and the age of the household occupants. An individual Markov chain is assigned to each
member of the household, and the probabilities within this Markov chain vary every 10 min
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within one week. e Markov chain modelling of the occupancy is de ned as:
{
1
U(0, 1) ≥ P(Oc(t) | Oc(t − 1))
Oc(t) =
0
otherwise

(4.1)

where:
U(0, 1) the uniform distribution between 0 and 1
Oc(t) the occupancy at time t
P(Oc(t)|Oc(t − 1)) the probability of switching the state of the occupant taken from the
transition probability matrix, which only depends on the previous value
As described above, the probability of occupancy change in a speci c group (particular age
and household members) is estimated based on the data from TUS, which are used for
the construction of the transition matrix. For weekdays, the occupancy of the same time
interval of the day before is taken into account in the determination of the transition matrix,
as it is found that the occupancy data between two weekdays that are consecutive are highly
correlated.
Person 1

Person 2

Person 3

Active

Inactive
0

24
Time [hour]

48

Figure 4.2: Occupancy pro le of three occupants from diﬀerent households in two days with a
15-min time interval. * Active: the occupant is at home and awake.

4.1.2 Allocation of Household Appliances
e allocation of household appliances is modelled with data on the penetration level of
diﬀerent types of appliances. It has been shown that the penetration levels of many appliances
diﬀer with respect to income and dwelling size [89]. Information on the penetration of
diﬀerent appliances in a household is estimated from Statistics Netherlands, which has for a
number of appliances the penetration grade diﬀerentiated in regard to neighbourhood wealth
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level and dwelling size. e logistic regression analysis is applied to model the dependency
of the income and housing size on the appliances that are present in the household. e
appliances for which the necessary data are not given are allocated according to the data on
similar types of devices. e allocation of household appliances is performed by (4.2).
{
Ai ∈ AH
U(0, 1) ≤ pA × rh × rw
Ai ∈ A
1 6 i 6 NA
(4.2)
Ai ∈
/ AH
otherwise
where:
Ai
AH
pA
rh
rw
NA

the i-th appliance
the set of appliances present in the household
the fraction of households with appliance A
the household size adjustment factor
the household wealth adjustment factor
the total number of appliances

e values of rh and rw can be adjusted between 0.5 and 2.

4.1.3 Appliances Modelling
To determine which appliances are switched on in the model, diﬀerent modelling approaches
are applied for diﬀerent categories of appliances: base appliances, night appliances, temperature adjustment appliances, lighting appliances, behavioural appliances and other appliances.
e model should have a 10-min time step or shorter since it is the generically adopted time
interval in PQ standards (e.g. EN50160), therefore, the modelling is done based on a 1-min
time frame.
To cope with the development of the residential loads when the penetration level of technologies, like modern lighting (e.g. CFL), EV, PV, etc., increases, the modelling of these
appliances is required. e usage pattern of EV is obtained with a mobility survey and
the household occupancy. e generation output of PV is calculated with the weather
information, the rooftop area database and the solar panel orientation. Fig. 4.3 shows
the approach to model the EV and PV. For the main other sources of harmonics, the load
models from [81] can be used. e modelling approach of behavioural appliances is shown
as an example. In Fig. 4.4, the average load pro le of 1000 households obtained with the
modelling approach is shown.
Behavioural Appliances
Behavioural appliances (e.g. TV, oven) are directly linked to the occupants' activities as
reported in the TUS, like watching TV or cooking. ey are modelled based on statistical
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data in this chapter. A Markov chain with a transition matrix that changes over the time is
used to model the presence of these appliances.




1
Apr (t) =


1



0

U(0, 1) ≥ P(Apr (t) = 1|Apr (t)(t − 1) = 0)
& Oc(t) > 0 & Apr (t − 1) = 0
tA < tA,m & Apr (t − 1)) > 0
otherwise

(4.3)

where:
tA
the time after which the appliance A became active
tA,m the minimum run time of appliance A
P(Apr (t) = 1|Apr (t − 1) = 0) the probability that the appliance is switched on when it
was oﬀ in the previous time instance
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Figure 4.3: e modelling approach for EV and PV

Electric Vehicle
For the EV, the most important modelling from this perspective is the state of charge and
whether the EV is at home. If the household has an EV based on the analysis of the
penetration level, the EV can either be at home or away from home. When the EV is at
home, the charging process may start if the battery is not full. As shown in Fig. 4.3, a
mobility survey is used to derive these variables, including home arriving time, departure
time and daily driving distance [90, 91]. ese inputs, as well as household occupancy are
used to determine when the EV is present at home. When the EV has arrived home, the
charging strategy needs to be modelled. is charging is based on a plug-in charging strategy
as described in the second part of this section.
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Figure 4.4: e average load pro le of 1000 households
Presence of EV at home: assuming the probability that which occupant drives the EV is
equal, the probability that the EV is at home is de ned as:

Oc(t) · Npo (t) · ∫ t P (t)
Npo (t) < Np
0 av
Np
pEV,in (t) =
(4.4)

1
Npo (t) = Np
pEV,in (t) the probability that the EV is at home at t
Npo (t) the number of occupants in the household at time t
Np
the total number of occupants in the household
Pav (t) the probability of EV arrival at time t
Charging mode of EV: the battery state of charge (SOC) at the time of arrival can be
determined with the driven distance, as shown in (4.5).

 Lt − Ld
0 6 Ld 6 Lt
Lt
SOC =
(4.5)
0
L >L
d

t

where:
Lt
Ld

the distance driven with a full EV battery
the driven distance

e required charging duration (tev,r ) can be calculated as:
tev,r =

CEV · (1 − SOC)
PR,EV · ηc

(4.6)
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where:
CEV
the EV battery capacity
ηc
the EV battery charger eﬃciency
PR,EV the charging power
With the information of tev,r , charging strategies can be implemented [91, 92]. In this
study, it is assumed that all of the EVs just start charging within an hour after the EV returns
to the household, as shown in (4.7).

U(0, 1) ≤ pEV,in (t) & t − t0 > 0
 1
1
tev,r > tA
EVpr (t) =
(4.7)

0
otherwise
where t0 ∼ U(0, 1) is implemented to model a random start in the next one hour after the
driver with the EV has arrived home.
Photovoltaic System
e PV system of a household is modelled based on the roof area of a household from which
the amount of PV panels can be placed is known. Further, the output of the PV system is
obtained with the data of solar irradiance (weather conditions) [93]. e greatest potential
of PV installation can be assessed with this approach.
e level of solar irradiation is the most signi cant environmental condition for the energy
production of the PV system. Besides, it is also aﬀected by the tilt and azimuth (orientation)
angle [94, 95] of the PV panel. e radiation on a tilted surface (IT ) can be obtained by:
IT = Ib Rb + Id Rd + Ig ρ(

1 − cos β
)
2

(4.8)

where:
Ib
Rb
Id
Rd
Ig
ρ
β

the beam irradiance on a horizontal surface
the ratio of beam radiation on the tilted surface to that of the horizontal surface
the diﬀuse horizontal irradiance
e ratio of diﬀuse radiation on the tilted surface to that of the horizontal surface
the global horizontal irradiance
the ground re ectance
the tilt angle

Multiple models are available to get Rd and obtain IT [95]. In this thesis, the irradiance
model called the Liu and Jordan model, which assumes an isotropic diﬀuse sky, is applied.
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e detailed calculation process is shown in [96], and the radiation level can be de ned as a
function of two angles (β and the orientation angle γ).
IT = f (β, γ)

β ∈ U(30◦ , 60◦ ) & γ ∈ U(SW, SE)

(4.9)

e optimal angle should be generated for the location of the PV system, and a band around
these angles can be employed to generate the expected variability.
With the measured global horizontal irradiance (GHI) and diﬀuse horizontal irradiance
(DHI), the tilted irradiance is obtained with (4.9). e amount of irradiance in a day is
mainly dependent on climate conditions. A sampling approach is employed to determine
the irradiance in the future, as the climate conditions do not change much over time. To
generate an adequate database to sample from, solar irradiance data of GHI and DHI of each
day, as well as the ve days before and ve days after a day in the past 40 years are regarded
as samples of that day in the year. erefore, a database of 440 samples of time series solar
irradiance is available for each day in the future (i.e., the solar irradiance of 1 September
2016 is randomly selected from that of 27 August--6 September from 1976--2016).

4.1.4 Harmonic Current Spectra of Appliances
e harmonic spectra of over 20 typical household appliances have been obtained. For the
appliances that have high levels of the current harmonic distortion, e.g. CFL, TV, appliances
of diﬀerent brands are measured so that more than one harmonic spectrum is available.
For the appliances whose operating conditions can be considerably diﬀerent (e.g. vacuum
cleaner), the harmonic spectra with both high and low power output are obtained, as well
as the running and the standby states. With the solution of the fundamental frequency
power ow, I1 ∠θ1 , which is the fundamental current injection, are obtained. e harmonic
magnitudes and phase angles (Ih and Θh ) of h order are calculated according to [86].
Ih = I1 ×

Ih−spec
I1−spec

Θh = Θh−spec + h × (Θ1 − Θ1−spec )

(4.10)
(4.11)

where:
Ih−spec the magnitude of h order from the spectrum
Θh−spec the phase angle of h order from the spectrum
Formula (4.10) scales the measured harmonic current spectrum of a typical appliance with
the fundamental current (I1 ) of the used appliance. Formula (4.11) adjusts the spectrum
according to Θ1 . e h-times shifting of hth order harmonics to the fundamental harmonic
is also taken into account. Applying (4.10) and (4.11), the attenuation and diversity eﬀect
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are not taken into consideration. erefore, a concept introduced in [97] can be used which
measure the harmonic ngerprint of a appliance for estimating its harmonic current emission
level under various distorted grid voltage condition. A harmonic ngerprint is a database that
contains a large set of harmonic current measurements for an appliance at diﬀerent distortion
conditions of the supply voltage. In the PQ lab of TU/e, various household appliances and
lighting devices are chosen for measurement. An iterated harmonic analysis needs to be
applied in order to incorporate the harmonic ngerprints [98, 99].

4.1.5 Appliances Power and Harmonic Injection
Once the usage patterns of the appliances are derived as described above, the power and
harmonic injection need to be assigned when the appliance is on.
{
PR,A , HR,A
Apr (t) = 1
PA (t), HA (t) =
(4.12)
PS,A , HS,A
Apr (t) = 0
In (4.12), when the appliance is on (Apr (t) = 1), PR,A , the running power of the appliance,
and HR,A , the harmonic spectrum of switched-on appliance, are assigned. When the appliance is oﬀ (Apr (t) = 0), PS,A , the standby power of appliance, and HS,A , the harmonic
spectrum of the switched-oﬀ appliance, are assigned. For the appliances without standby
state, PS,A and HS,A are considered to be zero. Fig. 4.5 shows the equivalent circuit for a
household with the calculated impedance Zhouse and the harmonic injection current Ish .
Zhouse is calculated with the fundamental current of load, and Ish is determined with the
procedure described in this chapter.
Ihouse
Zg

Us

Zhouse

Ish

Figure 4.5: Equivalent circuit model for a household.
With the measured harmonic spectrum as shown in Fig. 4.6, a TV is taken as an example of
the harmonic current modelling in a household with three persons. Fig. 4.7 (a) shows the
occupancy pro le of the household obtained from the occupancy modelling process. e
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switching on/oﬀ probability of a TV is generated from TUS data and is shown in Fig. 4.7
(b) P(T Vpr (t) = 1|T Vpr (t − 1) = 0) is the probability that TV is switched on when it
was oﬀ in the previous time instance, and vice versa, P(T Vpr (t) = 0|T Vpr (t − 1) = 1) is
the probability that TV is switched oﬀ when it was previously on. When no active occupant
is present in the household, the probability is shown in a transparent manner, because there
is no one who could switch on the TV. A random number is generated from U(0, 1) and
compared to the probability value to determine the on/oﬀ state, which is shown in Fig. 4.7
(c). e power of a TV (PR,A ) is obtained from a uniform distribution to consider the
diﬀerent TV types, and then, the fundamental, 3rd, 5th and 7th harmonic currents of TV
in this household are shown in Fig. 4.7 (d). For other appliances, a similar procedure is
applied. Although the harmonic currents are only presented up to seventh order in Fig. 4.6,
the modelling has been performed up to 40th to be in accordance with the standard [11].
Harmonic
Phase angle [ ° ]

Harmonic
magnitude [%]

100
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120
60
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Harmonic order

1 2 3 4 5 6 7
Harmonic order

Figure 4.6: Harmonic spectrum of TV

4.1.6 Appliance Development Modelling
e development in appliances needs to be implemented, which deals with ageing, removing,
replacing and gaining new household appliances. e overview of the modelling approach
is shown in Fig. 4.8. e changes in the composition of the household needs to be incorporated at rst. Since the probability matrices for the occupancy are categorized into diﬀerent
groups according to occupants' age and household size, implementing future scenarios can
be achieved by changing the used probability matrices to the matrices of another group.
e changing of the household composition is re ected by the change of occupants' age
distribution versus years, and the probability metrics are updated each half year based on the
new age groups in the model.
e lifetime of each appliance (lt,A ) is assumed to be given by N (Lt,A , Lt,A /3), where
Lt,A is its average reported lifetime. At a predetermined number of intervals, the appliances'
remaining lifetime is calculated. e list of available appliances will be updated since appliance ratings will change (e.g. CFLs replace the existing incandescent lamps, and the size of
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Figure 4.7: Harmonic modelling process for TV in a house with three persons: (a) e occupancy
pro le of the house (b) the Markov chain probabilities of TV switching on/oﬀ (c) the on/oﬀ
states of TV (d) the fundamental, 3rd, 5th and 7th harmonic currents

televisions is increasing). If an appliance remaining lifetime is zero, the appliance should be
removed from the household, and there is a chance that a new appliance of the same type or
with more advanced technology is allocated to the household with the consideration of the
penetration level.
Simultaneously, an additional appliance is possible to be obtained by a household based on
the household characteristics and penetration level. If the penetration level of an appliance
changes, an additional chance of either adding or removing the appliance from the household
is performed. Fig. 4.8 shows an example that a new TV will be assigned in the house since
the old one is broken (lt,T V > N (Lt,T V , Lt,T V /3)). At the same time, an EV as a new
appliance is gained by the owner since U(0, 1) ≤ pEV ×rh ×rw . However, the development
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modelling of appliances has some constraints, e.g. since the evolution of the device topology
in the future is unknown the methodology is built on the existing types, the time use survey
is also based to the current situation and the changes is not predicted.
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Figure 4.8: e update of household appliances

4.2 Results and Validation
To assess the performance of the modelling approach, eld measurements at the secondary
side of the MV/LV transformer from a residential network in the Netherlands have been
recorded, and the simulation results are compared to these measurement data. e household
size adjustment factor rh and the household wealth adjustment factor rw are set to be the
average value 1.2.

4.2.1 Residential Network Modelling and Simulation Approach
A residential LV network in the Netherlands is selected for the validation of the modelling
approach. e network provides the electricity to 383 residential customers through a 630
kVA (10/0.4 kV) transformer via seven outgoing feeders of underground cables. e network
topology is shown in Fig. 4.9, and the network parameters can be found in [100]. As shown
in the gure, the measurement campaign has been implemented at the secondary side of
the transformer. Each household is represented as the current injection model since the
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bottom-up procedure has given the harmonic injection value at each order. e background
harmonics are represented by a voltage harmonic source in Fig. 4.5. e parameters of the
evenin equivalent can be estimated with two operating conditions according to [101].
Assuming no change in operating conditions in the grid-side of the LV network at the same
time of diﬀerent days, the parameters for the evenin equivalent circuit can be obtained
[101]. e comparison between the measurement and simulation results has been performed
as presented in Fig. 4.10.

10kV/0.4kV
630kVA

External Grid
Transformer
Customer
Measurement
point

Figure 4.9: e topology of the LV grid used for validation

4.2.2 Measurement and Simulation Results
A whole week of measurement data has been compared with the mean values of the results
from the MC simulations (NM C = 1000). Fig. 4.11 shows the magnitudes of the measured
s
(| Im
h |), the mean and the 5 to 95 percentile range of the simulation results (| Ih |) for the
th th
fundamental, 5 , 9 harmonic currents and the total harmonic current distortion (THDI ).
s
e diﬀerences between | Im
h | and the mean of | Ih | are generally lower during the night
than during the day since more appliances are used during the day. Harmonic currents of
higher orders are found to be mostly very low (less than 1 A). From Fig. 4.11 (d), it can
be seen that the model gives results of THDI close to the measured values. Next to the
magnitudes, the performance of the model with respect to the harmonic phase angle is also
investigated. Fig. 4.12 shows the phase angles of 5th and 9th harmonic currents. e mean
of the simulated phase angle ts well with the measured one. However, a lower variation
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Start
Generate a harmonic load model for each household in the LV network
Calculate the harmonic load flow
Record the values at the secondary side of transformer
k+1

No

k >NMC

Yes
Calculate the mean value at each time instance for NMC Simulations
Compare the mean vlaues and the measured values

End
Figure 4.10: e ow chart of the comparison between simulation and measurement results
is shown for the simulated curves than the measured one because of the aggregation eﬀect
of the 1000 MC simulations. e THDI is calculated using (1.1) when Uh is replaced
by Ih , which is the harmonic current of order h, and U1 is replaced by I1 , which is the
fundamental current. e root mean square error (r.m.s.e.) is calculated between | Im
h |
and the mean of | Ish | on time series of the week for both magnitude and phase angle from
fundamental to 40th harmonic. Due to the decrease of the injection level with the increase
of harmonic order, the r.m.s.e. values of magnitudes are normalized (n.r.m.s.e.) by applying
(4.13) in order to investigate the performance diﬀerence among diﬀerent harmonic orders.
e results in Table 4.1 indicate that the error becomes more signi cant when the harmonic
order is getting higher for both the magnitude and phase angle. e value of n.r.m.s.e. for the
THDI is about 22.1%, and the value of r.m.s.e. for THDI is about 5.7%. To investigate
more in the diﬀerences from the modelled to measured data, the values of n.r.m.s.e. are
calculated for diﬀerent days (weekday and weekend) and time periods (night (4:00 to 5:00)
and peak load (19:00 to 20:00)). e results are depicted in Table 4.2. e results do not
show a signi cant diﬀerence between weekdays and weekends. Comparing the errors of the
night and peak load periods, the performance of model is better during the night than during
the peak load hours. Most likely this is caused by the presence of base and night appliances
during the night which make the appliance usage more predictable. e peak load period
has more random switching of appliances which make the estimation more volatile and less
accurate.
√
Nt
∑
2
(| Ish (t) |− | Im
h (t) |) /Nt
n.r.m.s.e. =

t=1

Nt
∑
t=1

(4.13)
(|

Im
h (t)

|)/Nt

72

Chapter 4: Stochastic Residential Harmonic Source Modelling
Measured

Mean of model

5 to 95 percentile

I1 [A]

450
300
150
0

0

12

24
Time [hour]
(a)

36

48

0

12

24
Time [hour]
(b)

36

48

0

12

24
Time [hour]
(c)

36

48

0

12

36

48

I5 [A]

40
30
20
10

I9 [A]

12
10
8
6

THDI [%]

40
30
20
10

24
Time [hour]
(d)

Figure 4.11: Comparison of the measured and the mean of simulated results of current
magnitudes (NM C values at each time instance) (a) fundamental (b) 5th (c) 9th and (d)
THDI

Table 4.1: n.r.m.s.e of magnitudes and r.m.s.e of phase angles for harmonic currents between the
s
time series of | Im
h | and the mean of | Ih |.
hth
Magnitude (%)
Phase angle (◦ )

3rd
11.3
14.7

5th
12.0
12.1

-, the value is not available from the results.

7th
18.1
16.3

9th
16.2
25.2

17th
30.2
71.5

21st
33.7
68.0

THDI
22.1
-

I9 Phase angle [º]

I5 Phase angle [º]
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Figure 4.12: Comparison of the measured and the mean of the simulated results of the harmonic
phase angle (NM C values at each time instance) (a) 5th (b) 9th
Table 4.2: n.r.m.s.e of magnitudes for harmonic currents between the time series of the | Im
h |
and the mean of | Ish |: weekday and weekend, night and peak
hth
Weekday
Weekend
Night
Peak

3rd
10.8
12.4
1.44
13.6

5th
12.1
11.8
5.71
8.01

7th
21.1
12.1
10.1
15.2

9th
15.6
17.5
12.5
17.2

17th
25.7
39.1
34.0
31.4

19th
34.9
18.4
39.1
16.5

THDI
24.4
14.6
16.2
16.9

4.3 Case Study for Future Scenario
A case study for the future is performed on a benchmark of the LV network as depicted in
Fig. 4.13 to show the possible application of the approach and investigate the impact of the
development of residential loads. e benchmark network is known as the IEEE European
LV test feeder, which is operated in a radial structure [102]. ere are 55 household loads
in total on the feeder. For the EV, a mobility survey carried out in the Netherlands [103]
is used to generate the synthetic driver pro les as described in [91]. Fig. 4.14 shows the
probability of the arrival times of drivers in one day.
For the PV generation, since the roof area of the houses in the European LV test feeder
is unknown, an estimate is generated using the statistics from a Dutch DNO. e dataset
includes the rated power values of PV installations of many households. With the informa-
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Figure 4.13: e IEEE European LV test feeder
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Figure 4.14: e probability of the EV arriving at home in one day
.
tion of solar irradiance and the installed rated power of PV, the PV generation curve of each
household is obtained. In the Netherlands, the PV module should face south to get higher
solar irradiance. erefore, the orientation angle (γ) is assumed to be between southwest
(SW) and southeast (SE) and β is between 30◦ and 60◦ [95]. e solar irradiance database
of last 40 years is obtained from the KNMI [104].

4.3.1 Scenarios
Future scenarios need to be implemented. e scenario of appliance eﬃciency (ηA ) can
be obtained from [105], which studied the energy savings potentials in European Union
countries. e expectation of Dutch economic growth (ΠE ) is in [106], which shows the
scenario up to the year 2040. In [107], the scenarios on the penetration level of EV and PV
(ρEV and ρP V ) are discussed, where three drivers have been concerned: a more nationallyor internationally-focused policy, a more economically- or environmentally-oriented society
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and the economic growth. According to those, three typical penetration level scenarios are
de ned as the low, medium and high penetration level scenarios. For the low scenario, it
is the output that the number of households does not increase and the electricity demand
grows slowly, the investments in new technologies and the renewable energy production
growth are low. For the high scenario, the number of households grows with 1% per year,
the investment in sustainable energy technologies increases much and the share of distributed
electricity generation grows due to the high economic growth. e medium scenario is in
the middle of the high and low scenarios. erefore, the penetration levels of PV and EV of
the three scenarios up to 2056 are shown in Fig. 4.15.

The penetration level [%]

e parameters of (4.2) are updated for the future analysis, the factor fA changes based on
the scenarios on the penetration of technologies, rw is assigned based on the income level
of the neighbourhood and subsequently based on the economic growth, as well. e factor
increases the chance of a household having non-essential appliances, and the values PR,A
and PS,A change with the eﬃciency scenarios. It needs to be noticed that the reinforcement
may be required for some networks when the penetration levels of EV and PV reach certain
values, which will aﬀect the voltage distortion level since the impedance varies. However,
for the benchmark as given in Fig. 4.13, no overloading and voltage problems occur when
the de ned penetration scenarios are incorporated.
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Figure 4.15: e penetration levels of EV and PV in the next 40 years
In the case study, the methodology is applied to a scenario with a medium level of ηA , a high
level of ΠE and high values of ρEV and ρP V .

4.3.2 Harmonic Analysis for Compliance Assessment
With the de ned scenario, the simulation of one week has been done at the benchmark
network. Fig. 4.16 shows the 95 percentile value of voltage harmonic distortion at the
secondary side of the MV/LV transformer in one week up to 40 years. With the de ned
scenario, the values of the 5th harmonic distortion and THDU all grow with time and
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the distortion level may exceed the limits at a certain point in time. e values of the
7th harmonic distortion keep under the limit. In future studies, diﬀerent scenarios can
be implemented from which the harmonic impact can be analysed with regard to the aspect
of regulatory compliance.
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Figure 4.16: e estimation of harmonic voltage distortion in the next 40 years: the 95 percentile
value: (a) 5th (b) 7th (c) THDU

4.3.3 Harmonic Distortion throughout the Network
Since the harmonic distortion levels are distinct from each other at diﬀerent nodes on the
grid, investigating the harmonic distortion value at one speci c location may not be suﬃcient.
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e approach simulates the harmonic current injection of each load, which implies that
the harmonic sources over the entire network are known. e harmonic distortion levels
over the entire circuit can be calculated rather than only the secondary side of the MV/LV
transformer. Fig. 4.17 shows the 95 percentile value of THDU at each node of the network
and the r.m.s. value of total harmonic current as de ned in (4.14). e results are obtained
from the simulation on the year 2016. e increment of the harmonic distortion along the
feeder is better observed through the color plot of the simulated harmonics. It can be seen
from the example in Fig. 4.17 that THDU at the end of the feeder is 12.5% more than
that of the feeder head. erefore, it may lead to an underestimation if only looking at the
secondary side of the transformer. e visualization tool is also applicable to identify the
signi cant harmonic source and the location exceeding the higher distortion level. is is
important when it comes to the design of mitigation measures, such as the lter locating and
the isolation of sensitive loads [108, 109].
v
u 40
u∑
Ih2
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Figure 4.17: An example of harmonic distortion through the network for 2016: the 95 percentile
value: (a) e THDU over the network (b) the r.m.s. value of the total harmonic current

4.3.4 Losses due to Harmonic Distortion
Applying the methodology, the network losses due to harmonic distortion can be assessed.
In the Netherlands, the three-phase four-wire system is used in the LV network. e losses
on the neutral conduct should be calculated since it is mainly due to the PQ phenomenon
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(unbalance and harmonic). Figure 4.18 shows the 95 percentile fundamental and harmonic
losses both in the phase conductors and neutral conductor where the values are expressed as
the percentages of consumption power.
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Figure 4.18: e 95 percentile fundamental and harmonic losses both in the phase conductors
and neutral conductor: the neutral conductor losses (light green) is added on the top of the
phase conductor losses (dark green)

4.3.5 Impact of Speci c Appliances
e approach can be used to gain more insight into the harmonic impact of speci c appliances.
For example, the increased penetration of EV for the sake of less environment pollution and
the replacement of incandescent lamps with energy saving lighting system can be assessed
with the proposed methodology. Fig. 4.19 shows the impact of the EV, CFL, EV + CFL to
THDU when the penetration level moves from 0%-100%.
e penetration level of CFL means that a certain percentage of incandescent lamps is
replaced by CFL lamps. e superposition of EV and CFL is also given in the gure, which
has higher values than EV + CFL. is is due to the cancellation eﬀect between EV and
CFL, which becomes more and more signi cant with the increase of penetration levels. More
exactly, the value of THDU when the penetration level of CFL is 100% is about 4.35%, and
the value when the penetration level of EV is 100% is about 4.9%. However, the CFL and
EV can be both connected to the network. If only the individual analysis result is obtained,
the combined eﬀect of EV and CFL has to be obtained by the superposition of the two
values, which is about 5.3%. Applying the composite approach, the EV and CFL are both
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Figure 4.19: e 95 percentile value of THDU at the secondary side of the MV/LV transformer
with the penetration level from 0%-100%
simulated, so the harmonic interaction between diﬀerent appliances are incorporated. e
distortion line in the gure shows that the THDU level when the penetration levels of two
appliances are 100% is about 5.1%. e integration of two devices has made a diﬀerence of
about 0.2%. If more appliances are simulated, more signi cant diﬀerences are expected.

4.4 Conclusion
An appliance-based methodology for the modelling of the harmonic source of a household
with the random operating states of appliances is proposed. Appliance ownership and TUS
is used to calculate the Markov Chain probabilities of household occupancy and appliance
switching based on the respective age, wealth and size of a household. Simulation of a
residential LV network shows that the modelling method provides a close match to actual
eld measurements in terms of both harmonic magnitude and phase angle.
e proposed approach can be applied to model the harmonic pollution from all kinds of
residential loads through the bottom-up procedure, e.g. CFL, EV and PV. By applying the
method, the combined eﬀect of diﬀerent harmonic sources in LV networks can be assessed
for future load conditions. In the modelling of the future household harmonic sources,
not only new devices are added, but also the evolution of the current harmonic sources
within a household are modelled. e replacement of old devices with more eﬃcient power
electronics based devices can in this way be taken into account for the harmonic injection
modelling. e future penetration levels of particular appliances are determined with other
relevant statistics. e three most important characteristics of the framework for the future
harmonic injection modelling are: multiple harmonic sources, scenario implementation and
the appliance development.
e advantages of the proposed methodology are illustrated through a case study. With the
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de ned scenarios (a medium level of ηA , a high level of ΠE and high levels of ρEV and ρP V ),
it is shown that the harmonic distortion level grows. Diﬀerent applications, e.g. regulatory
compliance, the harmonic distortion through the whole network, the harmonic losses and
the in uence of a speci c appliance, are demonstrated. e circumstances that lead to
the exceeding of the harmonic distortion limits can be predicted. e diﬀerences in the
harmonic distortion within the network can be calculated, which simpli es the installation
of mitigation equipment. e losses due to the deterioration of PQ are assessed. e
comparison of simply adding the eﬀects of multiple sources, compared to an integrated
analysis of the development of the household harmonic injection, shows clear diﬀerences
in the resulting harmonic distortion, due to the harmonic cancellation. e harmonic
distortion level increases with the growth of the penetration level of CFL and EV, indicating
that the application of a composite approach as presented would give a better assessment of
the harmonic distortion in the network.

5

Bayesian Inference based Harmonic
Disturbance Location
Locating the main harmonic disturbance source is important to improve the PQ level of
the network and it is important for the DNO to share the responsibilities. Many literatures
have been describing the identi cation and detection of harmonic sources in distribution
systems. In [110], the vector-matrix form the Kirchhoﬀ's laws is solved with a hybrid
weighted least squares estimator, and then the harmonic signal magnitudes are obtained.
e harmonic power direction-based method is one of the most common tools to gure
out the source of the disturbance [111, 112]. e principle of the method is to investigate
the direction of harmonic active power. If it is from the utility to customer, the utility is
considered to be dominant to the pollution, and vice verse. It is proposed in [101, 113]
to calculate the harmonic sources of the utility and customer with the measured harmonic
impedances at the POC. e Norton model is applied to represent the harmonic equivalent
circuit. In [114, 115], utilization of the critical impedance/critical admittance criterion to
identify the harmonic source is discussed. e exact information of the internal impedances
or admittance both of the supplier and customer sides' equivalent circuits is demanded for
this method. HSE which is capable to calculate the harmonic generation and penetration
throughout the grid is applied to locate the nonlinear load in the network [27, 116, 117].
In the previous studies, most of the approaches can only detect which side of the meter the
disturbance is from, which may need multiple meters or repeated measurements to obtain
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the exact location. Moreover, some of them needs the detailed electric model of the network
and loads, which is unrealistic for some cases. Lastly, the network uncertainties are not
incorporated.
To address these issues, a harmonic disturbance location (HDL) approach based on Bayesian
inference is proposed which takes the measurement errors and load diversities into account.
In this chapter, the mathematical model behind the problem and the location method
framework is presented at rst. e prior distribution of the harmonic background distortion
and injection, the grid condition, the measurement framework and the solution of the
distribution of the harmonic disturbance source are discussed step by step. Simulations have
been done and the results are analysed involving the uncertainties of various parameters.

5.1 Harmonic Disturbance Problem and its Location Framework
Distribution grids are mostly operated in radial structure. e power is delivered to the
customers which are connected along the feeder. Fig. 5.1 shows the equivalent circuit for
HDL. e harmonic characteristic of each load can be represented by the Norton equivalent
model and the grid side is represented by the evenin equivalent model. e high level
of harmonic pollution may be caused by the grid voltage (Us ) or a disturbing customer
which produces extremely high level of harmonic current (Idh ) when the other customers'
injections are under certain values (Ih ). Cs is the parallel capacitance of source voltage.
Zc represents the cable parameters. Zl and Cl give the load parameters. If one of these
customers deteriorates the PQ, it is necessary to analyse the disturbance for the responsibilitysharing and problem-solving. Fig. 5.2 shows the methodology framework, which illustrates
the proposed HDL approach. It includes 3 parts; 1) the pre-processing to obtain the prior
distribution of harmonic background distortion and injection, 2) the Bayesian inference
to acquire the posterior distribution, and 3) the ranking of possible harmonic disturbance
locations.
Grid side Load side

Zc

Zc
Cl

Cs
Us

Zc
Cl

Zl

Ih

Cl
Zl

Ih

Idh

Zl

Ih

Figure 5.1: e equivalent circuit for harmonic disturbance location
In the pre-processing part, the prior distribution (marginal distribution) of harmonic back-
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ground distortion and injection is acquired based on several groups of input data. e
eld measurement database and historical harmonic disturbance statistics are used to determine the harmonic injection distribution. e grid condition for the Bayesian inference
is obtained through quasi real-time state estimation [118]. e measured voltages and
currents will also be recorded and provided to the inference process. With the network
parameters, the grid condition and measured quantities, the posterior distribution (conditional distribution) can be obtained with the application of Bayesian theorem. e network
parameters give the information of components (cable, transformer) parameters, the grid
impedance, the number of customers and the lengths of cable sections between each pair of
customers. In the post-processing part, the probability that the main harmonic disturbance
is from the background distortion or each customer is calculated. Eventually, the ranking of
possible harmonic disturbance location is acquired.

Normal Operation
Status

State Estimation

Field Measurement
Database
Historical Harmonic
Disturbance Statistics

Prior Distribution of
Harmonic Background
and Injection

Grid
Condition

Posterior
Distribution
of Disturbance
Locations

Bayesian
Inference

Ranking of
Suspected
Disturbance
Locations

Network Parameters
Measured Voltage
and Current

Figure 5.2: e framework of harmonic disturbance location
Bayesian inference is applied to detect the exact location of disturbance. e theorem is a
branch of statistics that is rooted on the well known Bayes’ formula which is shown in (5.1)
[119]. Bayesian probability models compute a conditional probability based on new data
information and former probabilistic beliefs. e model parameters in Bayesian inference are
usually treated as random rather than xed quantities which are applied in classical statistics.
fx (x1 , · · ·, xn , |Θ)fΘ (Θ)
f (x , · · ·, xn , |Θ)fΘ (Θ)dΘ
ΩΘ x 1

fΘ (Θ|x1 , · · ·, xn ) = ∫

(5.1)

where:
Θ

a continuous (similar for discrete or mixed random variables) random variable (a
scalar or vector) which needs to be investigated
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fΘ (Θ|x) the posterior pdf which is the central object of interest
fΘ (Θ) the pdf of the prior distribution
fx (x|Θ) the conditional pdf of the observation x which is called the Bayesian likelihood
function
x = (x1 , · · · , xn ) the observed data vector
ΩΘ
the whole space of Θ where the integral is calculated
e pdf of Θ is assumed and existed beforehand, the observation of data x will aﬀect the
information of Θ and the Bayes’ rule is used to update the information further. e posterior
pdf thus conveys the knowledge of Θ with the consideration of the vector x. In other
words, the posterior fΘ (Θ|x) depends on the converse likelihood fx (x|Θ) and the prior pdf
fΘ (Θ). e pdf fΘ (Θ) determines the scale of pdf fx (x|Θ), which means it can de nitely
aﬀect the accuracy of the posterior pdf fΘ (Θ|x). According to the Bayesian statistics, the
prior distribution can come from the existed knowledge, besides, it can also come from
the objective data or statistical hypothesis tests like chi-squared or Kolmogorov–Smirnov
tests [120]. In this chapter, Θ represents the harmonic disturbance location and x is the
measurement data. fΘ (Θ|x) gives the ranking of suspected disturbance locations and is
calculated with the priori fΘ (Θ) and measurement data x. More details about Bayesian
inference can be found in appendix A.5.

5.2 Prior Distribution of Harmonic Background Distortion
and Injection
e prior distribution which refers to the marginal distribution is determined at the rst
place. e harmonic disturbance can be either from the background voltage (grid side) or
the customer harmonic injection (load side). e probability of the harmonic disturbance
at the grid side PGD and the load side PLD can be calculated as
PGD = Pg ,

PLD = 1 − PGD

(5.2)

where:
Pg

the basic probability of harmonic disturbance at grid side.

erefore, the potential harmonic disturbance location L is a discrete random variable represented by a probability mass functions (PMF), which are fL,D (l). In Fig. 5.2, the
prior distribution is obtained through a pre-processing with eld measurement database and
historical harmonic disturbance statistics. However, An uniform distribution is assumed to
be the basic prior distribution in this chapter for simplicity. So Pg is 1/(1 + Nload ) where
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Nload is the number of customers.
{
PGD
fL,D (l) =
PLD /Nload

l ∈ SGD
l ∈ SLD

(5.3)

where:
SGD
SLD

the grid side
the set of all customers

which can be shown as:

{

SGD = {0}
SLD = {1, · · · , Nload }

(5.4)

where:
0
Nload

the disturbance is from grid side
the number of loads

e 1 to Nload means one particular customer originates the disturbance.

5.3 Grid Condition and Measurement
e grid condition, describing the network parameters, needs to be formulated as well as the
measured vectors of voltage and current.

5.3.1 Grid Condition
e grid condition is a vector giving the most parameters for the input of the inference except
the disturbance location. e parameters vector Gc is considered as random variables from
diﬀerent distributions to consider the uncertainties. In this chapter, Gc is given as
Gc = [Zg , S load , Ush , I hload ]

(5.5)

Zg is the impedance of the grid side in front of the rst measurement point, which is at the
secondary busbar of the transformer. So it includes the external grid impedance Zeg and the
transformer impedance Zt . It is diﬃcult to estimate Zeg accurately, so a normal distribution
is applied to de ne Zeg .
2
)
(5.6)
Zeg ∼ N (Zeg,µ , Zeg,σ
where:
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the estimation of Zeg
the assumed standard deviation

e values of short-circuit power at MV side of the MV/LV transformers are mostly between
50 MVA and 150 MVA and the value of X/R is about 0.5 for a cable network [98]. Zeg,µ
can be calculated with these parameters.
S load is the vector of the loads in the network, can be shown as:
S load = [P li , P f i ] 1 ≤ i ≤ Nload

(5.7)

where:
P li
P fi

the active power of the ith load
the power factor of ith load

S load is calculated via state estimation and the applied approach is illustrated in [118].
Given the estimated load status, the real load status is assumed to follow the multivariate
normal distribution with mean S load,µ and covariance matrix Σse . e covariance matrix
Σse represents the state estimation error and it is a diagonal matrix containing the variance
of all the individual components: P lσ,i and P f σ,i .
Ush represents the background harmonic distortion. Field measurements of LV and MV
networks were carried out in several European countries and the voltage distortion results
are given in [98, 121, 122]. ese measurement data are used as the basis to determine
the values of the parameters for Gc . In this chapter, the background voltage distortion is
assumed as a uniform distribution during the measuring period.
Ush ∼ U(Ush,pmin , Ush,pmax ) · Un

(5.8)

where:
Ush,pmin the low level of the magnitudes for harmonic current in percentage of nominal
voltage
Ush,pmax the high level of the magnitudes for harmonic current in percentage of nominal
voltage
Ush,dpmin and Ush,dpmax are the limits applied when the grid is the harmonic source.
I hload is the vector of the injected h-order harmonic current of each load which can be
shown as:
I hload = [I h,p,i , Θhload,i ] 1 ≤ i ≤ Nload
(5.9)
I h,p,i the magnitude for I hload of the ith load
Θhload,i the phase angle for I hload of the ith load.
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e uniform distribution is applied for the values which is a function of the fundamental
current:
I h,p,i ∼ U(Ih,pmin , Ih,pmax ) · If,i 1 ≤ i ≤ Nload
(5.10)
where:
Ih,pmin the low level of the magnitudes for harmonic current in percentage of the fundamental current magnitude If,i
Ih,pmax the high level of the magnitudes for harmonic current in percentage of the fundamental current magnitude If,i
ese limits are for non-disturbing customers, which can be acquired with the results of
chapter 4. I h,p,i also includes the disturbing customer, Idh,pmin and Idh,pmax are the low
and high level of disturbance, which are much higher than Ih,pmin and Ih,pmax .
Θhload,i ∼ U(Θh,min , Θh,max ) 1 ≤ i ≤ Nload

(5.11)

where:
Θh,min the low level of phase angle range
Θh,max the high level of phase angle range
e values can be assumed according to eld measurements and results of chapter 4 [123].

5.3.2 Measurement
Measurement provides the observations for the Bayesian inference. is section speci es the
required measurement data and its uncertainties.

Measurement Points and Quantities
It is almost impossible to install the measurement units at every POC in the distribution
network due to the huge economic cost and information capacity. So some points need
to be selected as the measurement points and the harmonic states on the non-monitored
nodes need to be estimated. In this chapter, the measurement points are recommended at
the following locations
• At the secondary side of M V /LV transformer (At the beginning point of the feeder).
• At the node and branch of the POC connected to the end of the feeder.
• At the nodes and branches of POCs which are likely to produce high level of harmonic
currents.
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e number of the dimensions for measurement vector M ′ is 11 × Nmea × Nt , where
Nmea is the number of measurement points in the grid and Nt is the number of time steps.
M ′ = [Uh′ (a, b, c)t1 , Ih′ (a, b, c)t1 , φ′h (U a, U b, U c)t1 ,
φ′h (Ia, Ib, Ic)t1 , Uh′ (a, b, c)t2 , Ih′ (a, b, c)t2 ,
φ′h (U a, U b, U c)t2 , φ′h (Ia, Ib, Ic)t2 , ..., Uh′ (a, b, c)tn ,

(5.12)

Ih′ (a, b, c)tn , φ′h (U a, U b, U c)tn , φ′h (Ia, Ib, Ic)tn ]

where:
Uh′ (a, b, c) the magnitudes of voltages
Ih′ (a, b, c) the magnitudes of currents
φ′h (U a, U b, U c) the voltage phase angle vectors
φ′h (Ia, Ib, Ic) the current phase angle vectors
t1 · · · tn the time vector

Measurement Error
e error of measurement devices is generally considered to be normally distributed [124].
So the real value vector is de ned as M correspondingly. Its standard deviation θ can be
calculated as:
θ=

1
Ψτ
3

(5.13)

where:
Ψ
τ

the measuring range
the maximum relative error

e absolute error is obviously lower when the measuring range is narrower and at the same
time the range should also cover the largest measured value with suﬃcient margin. For the
phase angle measurement, the standard deviation θφ is:
θφ =

1
τφ
3

where:
τφ

the maximum error of phase angle measurement

(5.14)
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Conditional Distribution of Measured Value
Given L and Gc , the real values of measurement vector M can be calculated through
harmonic load ow, which can be shown as:
M = hlf (L, Gc )

(5.15)

With a speci c disturbance location l, grid condition g c and the real value vector of measurement vector m, the conditional PDF of M ′ can be calculated as
fM ′ (m′ |l, g c ) = N(m′ |m, Σe )

(5.16)

where:
N(·|µ, Σ) the PDF of multivariate normal distribution with mean µ and covariance matrix Σ
Σe
the covariance matrix with measurement uncertainties

5.4 Posterior Distribution of Harmonic Disturbance and Ranking of Suspected Disturbance Locations
With a speci c real grid condition, the relevant measurement vector m′∗ can be obtained.
Given the harmonic disturbance location l, the probability density of m′∗ can be calculated via the integral on the sample space of grid conditions to consider the diﬀerent grid
conditions, shown in (5.17)
∫
fM ′ (m′∗ |l) =
fM ′ (m′∗ |l, g c )fGc (g c )dg c
(5.17)
ΩG c

Applying the law of total probability, the marginal probability density of m′∗ includes two
summations which are corresponding to fL,GD (l) and fL,LD (l) as shown in (5.18).
fM ′ (m′∗ ) =

∑

fM ′ (m′∗ |l)fL,D (l)

(5.18)

l∈SGD ∪SLD

Applying (5.1), the posterior conditional PMF of disturbance location L given the measurement vector m′∗ can be acquired by (5.19).
fL,D (l|m′∗ ) =

fM ′ (m′∗ |l)fL,D (l)
fM ′ (m′∗ )

(5.19)
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With the posterior distribution of harmonic location, the probability that the harmonic
disturbance is from the grid or each particular load can be calculated. en the ranking
of suspected harmonic disturbance location is obtained.
Pgd = fL,D (0|m′∗ )

(5.20a)

Pi = fL,D (i|m′∗ )

(5.20b)

where:
Pgd
Pi

the probability that the harmonic disturbance is from the grid
the probability that the harmonic disturbance is from the ith customer

5.5 Monte Carlo Integration with Independent Importance
Sampling
Given the measurement vector m′∗ , for each particular l of the harmonic disturbance location L, fM ′ (m′∗ |l) in (5.17) needs to be calculated while the number of dimensions of the
integral equals to that of the grid condition Gc , which is 2 + 2Nload + 2Nload . Applying
a analytical approach to calculate this high-dimensional integral is almost impossible. us,
MC integration should be applied with independent importance sampling[125, 126]. Since
the parameters in Gc are assumed to be not dependent on each other, it is viable to sample
each component independently and merge them together. e uniform distribution and
truncated normal distribution are carried out in this chapter to acquire the PDF p(g c ).
When NM C random grid conditions are sampled like (5.21), fM ′ (m′∗ |l) in (5.17) can
be √
calculated with (5.22) approximately and the error of the approximation decreases as
1/ NM C theoretically.
MC
p(g c ) ⇀ g 1c , · · · , g N
∈ ΩGc
c

fM ′ (m′∗ |l∗ ) ≈

1
NM C

N
MC
∑
k=1

=

fM ′ (m′∗ |l∗ , g kc )fGc (g kc ))
p(g kc )
1

NM C

N
MC
∑
k=1

fM ′ (m′∗ |l∗ , g kc )

(5.21)

(5.22)

5.6: Network Modelling and Simulation Algorithm

91

5.6 Network Modelling and Simulation Algorithm
In this section, a LV network is modelled and several scenarios are designed to investigate
the performance of the proposed methodology by simulation. e sensitivity study is carried
out with diﬀerent simulation parameters.

5.6.1 Network Modelling
e LV distribution network in the Netherlands are mostly operated in a radial structure.
Fig. 5.3 shows the topology of LV grid used for the case study. e feeder is distributed
with a 10/0.4kV substation and the conductor of the cable are made of aluminium with
the cross-section of 150mm2 . e other parameters are presented below and some of them
will be changed in the simulation to investigate the sensitivity.
• Zeg = Un2 /Ssc , Ssc is the applied short-circuit power. Un = 400V is the nominal
voltage of the grid and Ssc = 100M V A is the applied short-circuit power. Zeg,σ =
0.0001Ω is the assumed standard deviation when Zeg,µ is calculated as 0.0016Ω.
• Nl = 60, Nl is the number of POCs on feeder. In LV network, the customers are
usually signal-phase connected. So the harmonic load ow is calculated on one phase
which has 20 POCs .
• h = 5th, the investigated harmonic order is 5th.
• In each simulation case, the network state is randomly generated rst. en the
real load status can be obtained based on the truncated normal distribution with the
covariance matrix Σse . e range of estimated active power is considered same for
all loads which is U(400W, 1100W ) and P lσ,i is equal for each load as 30 W. e
power factor of the estimated loads are randomly chosen from 0.98 capacitive to 0.95
inductive with P f σ,i of 0.05 for all loads.
• Ush,pmin and Ush,pmax give the range of background harmonic voltage distortion. In
[121], it shows the 5th harmonic voltage distortion is between 2% to 4.4% of nominal
voltage in one day. In a relatively short measurement time like 1 hour, the average
value of diﬀerences between the maximum and minimum distortion in each hour is
about 0.2%. erefore, Ush,pmin = 3% and Ush,pmax = 3.2% are assumed. If the
disturbance is from grid side, Ush,dpmin and Ush,dpmax are 3.5% and 3.7% respectively.
• Ih,pmin = 5% and Ih,pmax = 8% give the low and high levels of harmonic current
in percentage of the fundamental current. If the disturbance is from one speci c
customer, Idh,pmin and Idh,pmax are 50% and 80% when the disturbance level (DL)
is 10 by default.
• Θh,min = 270◦ and Θh,max = 360◦ . e phase angle range of 5th harmonic current
is based on the results of eld measurement in one LV network in the Netherlands
[48].
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• e lower and upper bounds of the measuring ranges are shown as ΨU for voltage,
ΨI for current. e measurement error of phase angle is shown as τφ . ΨU ∼
[10V, 1.25Un ], ΨI ∼ [5A, 200A] and τφ ≤ 5◦ .
• θI = 0.3A and θU = 0.05V . e sensitivity of measurement accuracy to detection
results is investigated in the following section.
• Nm = 2. e initial measurement points are installed at the beginning and the end
of the feeder.
• Nt = 6. e measurement is carried out during the period Tm . e default number
of groups of measurement results are assumed to be 6.
′
• NM C = 10000 and NM
C = 100 for the MC integration and MC simulation.

1

10 kV

2

Opening point
Measurement point
Load
18 19 20

3

400 V

Figure 5.3: e LV network for case study

5.6.2 Simulation Algorithm
Fig. 5.4 shows the algorithm ow chart of the HDL by simulation. A random grid condition
is generated in order to obtain the measuring values within the error range. en the
probability that the harmonic disturbance is from the grid or each customer is calculated
with (5.20a) and (5.20b) applying MC integration. In order to get a statistic result, MC
simulation is run to obtain more cases. Eventually, the average value of the ranking matches
the real harmonic source location is obtained as:

εr,a =
εk

1

′
NM
C

∑

′
NM
C k=1

εk

(5.23)

the ranking of the real location in the calculated PMF

Fig. 5.5 shows a bar chart of probability of the suspected harmonic source. e 0 on
horizontal axis represents the grid side and numbers 1 to 20 represents each customer. In
this example, the real disturbance location is at POC. 8 and the calculated probability at
POC. 8 ranks at the second place. So εk is 2 in this case and εr,a can be obtained with
′
NM
C repetitions of the simulation.
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Start
Give the input parameters, like measurement accuracy, locations, duration,
disturbance location and level etc.
Generate one random grid condition to acquire the real values at the scheduled
measuring points
Generate the measured values using the distribution mentioned in section 5.3.1
Apply Bayesian inference (NMC grid conditions are sampled in the MC integration )
Obtain the ranking of suspected disturbance location
No

k+1

k>N’MC
Yes

Calculate the average value of the ranking marches the real disturbance location

End
Figure 5.4: e algorithm ow chart for the simulation
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Figure 5.5: e probability of each location to be the harmonic source

5.7 Analysis of Simulation Results
e sensitivity study of diﬀerent parameters to the detection performance is carried out in
this section. e results can be used to determine the necessary measurement conditions
according to the required performance level, or help to know the optimum number of
measurements which both considers the performance and the cost.
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5.7.1 In uence of the Number of Measurement Points, Locations and
Measurement Quantities on Time Series
e detection performance when diﬀerent number of measurement points are applied is
investigated in this section. εr,a is used as an index to observe the performance. e
detection performance is considered better when the index is lower. For 1 measurement
point case, it is located at the LV busbar of the transformer while the ending point is also
measured when there are two measurement points. e other measurement points are
assumed to be evenly installed along the feeder when there are 3 measurement points or
more. e location accuracy is found to grow when more measurement devices are installed
in the feeder. For example, εr,a is below 2 when there are 6 devices installed. In order to
investigate the impact of measurement locations, the measurement devices are assumed to be
at particular points, which may be feasible when some customers are more likely to produce
the disturbance. In the simulation, if there are 3 measurement points on the feeder, besides
the beginning and ending points, the third point is assumed at the point of disturbance. e
branch current in front of the disturbance source and the voltage at this POC are measured.
If there are 4 measurement devices, besides the previous mentioned 3 points, the current in
the branch behind the disturbance source and the voltage at the next POC are also measured.
e comparison with Fig. 5.6 in which the measurement points are distributed evenly on
the feeder are shown in Table 5.1. e statistics show that the performance is better when the
measurement units are installed at the particular points than when the devices are installed
evenly on the feeder. erefore, the additional measuring points can be installed at points
which has higher probability to inject disturbance. Since the additional measuring point
at ending point brings higher accuracy comparing with the 1 measurement point case, 2points measurement is assumed in the following parts which discuss the impacts of other
parameters. e default number of measurement vectors on time period Tm is 6 which is
considered as 10-min value in 1 h. Fig. 5.7 shows the values of εr,a when Nt is 3, 6, 12, 15,
20, 30, 60 and 120 which represent 20, 10, 5, 4, 3, 2, 1 and 0.5-min measurement values
respectively. It shows more measurement quantities which bring more information increases
the detection accuracy.
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Figure 5.6: e values of εr,a with diﬀerent number of measurement points
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Table 5.1: e comparison between the cases when the measurement locations are evenly
distributed and at the particular points
Number of points
3 points
4 points
Case 1
Case 2

Cases of locations
Case 1
Case 2
2.93
2.26
2.50
1.44
e measurement points are evenly distributed
e measurement points are at particular locations
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Figure 5.7: e values of εr,a with diﬀerent measurement time steps

5.7.2 In uence of Disturbance Level
In this part, the diﬀerent disturbance levels of loads are applied and Fig. 5.8 shows the values
of εr,a with diﬀerent disturbance levels. e disturbance level means the integer multiples
of the injection value from non-disturbing customer. It is found that the detection accuracy
is better when the disturbance level is higher. e mean of indices is lower than 3 when the
disturbance level is more than 15, which is considered as a good performance.
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Figure 5.8: e values of εr,a with diﬀerent disturbance levels
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5.7.3 In uence of Measurement Parameters and Accuracy
One important advantage of applying Bayesian inference is the possibility to consider the
measurement error of devices. Fig. 5.9 shows the in uence of diﬀerent measurement accuracy levels of both current and voltage to the detection accuracy. Fig. 5.9 (a) shows the values
of εr,a changes from 3.8 to 4.5 when ΘI increases from 0.1 A to 0.8 A (ΘU = 0.03V ).
Generally, the value of εr,a is higher when the current measurement accuracy level of device
is lower. However, it is not a continuous growth because the detection result is sensitive to
other parameters applied in MC simulation as well. A smooth growing curve can be obtained
if a larger number of MC simulations is run which can be very time-consuming. Comparing
with the results shown in Fig. 5.9 (a), the detection performance shows to be more sensitive
to the accuracy level of voltage measurement accuracy (Fig. 5.9 (b)). e value increases from
3.2 to 8.2 when the accuracy level of voltage measurement decreases (ΘU grows from 0.01
V to 0.19 V and ΘI = 0.3A). e sensitivity of phase angle to the detection result is not
signi cant while the total change of εr,a is about 0.8 with diﬀerent measurement accuracy
level of phase angle (Θφ = 5◦ ∼ 40◦ ). Fortunately, the voltage measurement accuracy
in LV grid can be quite high since the voltage signal can be sampled directly while the
current measurement may have relatively bigger error because current transformers (clamp)
are mostly applied.
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Figure 5.9: e values of εr,a with diﬀerent measurement accuracy levels: (a) Current. (b)
Voltage
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5.7.4 In uence of the De nition of Prior Distribution
In the previous simulation, the marginal probability to be the harmonic disturbance as shown
in (5.3) of grid and each customer is considered equally. However in reality, some customers
may have a higher probability to be the harmonic pollution source than others because of
particular combination of loads and the prior distribution can be modi ed to get a more
accurate estimation. In this section, the marginal probability to be the harmonic source of
one particular customer is assumed to be m% more than other customers as described in
(5.24). As shown in the Fig. 5.10, m is considered to be from 0% to 100% which means
the marginal probability of the particular customer is 1–2 times higher as other customers.
It is clear that more accurate de nition of prior distribution will bring better estimation.


PGD
l ∈ SGD



 (1 + m)PLD
l ∈ Sith
fL,D (l) = (1 + m + Nload )
(5.24)
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Figure 5.10: e values of εr,a with diﬀerent prior distributions

5.7.5 Summary
Table 5.2 shows the approximate required value of each individual parameter to achieve a
certain performance level (εr,a : the average value of the ranking matches the real harmonic
source location) when the other parameters are kept at their default settings. For the cases
that the disturbance level is not remarkably high, better results can be achieved with more
measurement data or higher measurement accuracy. However, the measurement accuracy
level of current is less in uential than that of voltage. If more research on the priori has
been done, a non-uniform prior distribution can be applied to have a better performance.
In addition, the combined adjustment of several measurement parameters could help to
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achieve the required performance. For example, when the second row of Table 5.2 which
are Nm = 3, Nt = 15, DL = 15, ΘI = 0.3A, ΘU = 0.01V and m = 7 are applied
in the simulation simultaneously, the value of εr,a almost equals to 1 instead of 3 which is
achieved by the adjustment of single parameter.
Table 5.2: e approximate required value of each individual parameter to achieve a certain
εr,a when the other parameters are kept at their default settings
εr,a Nm Nt DL ΘI [A] ΘU [V ]
2
5
60 40
–
–
3
3
15 15
–
0.01
4
2
6
10
0.1
0.03
–
3
5
0.8
0.05
5
- the value is not available from the results

m%
15
7
0
–

5.7.6 Discussion
Previously, the main three strategies applied to detect the harmonic source were based on the
harmonic power direction [111, 112, 127--130], the critical impedance [114, 115, 131] and
the harmonic state estimation (HSE) [27, 116] respectively. Applying the harmonic power
direction method, the harmonic source is either upstream or downstream of the metering
section can be determined by the positive or negative sign of the calculated harmonic power.
e principle of critical impedance method is to compare the harmonic voltage magnitudes
in the evenin equivalent circuits of grid and load sides and to choose the larger one as
the main harmonic source. Since operators can only know which side of the measurement
node has the harmonic source, these two methods are applicable only when a particular load
is suspected to be the disturbance source and it is measured at this particular POC. If the
whole network needs to be investigated, the measurement meters are required at all nodes
of the power system. erefore, they are considered as single point measurement methods
(S-method). In addition, uncertainties are hardly to be taken into account if either of them
is used. To compare the performance of the S-method and the proposed method based on
Bayesian inference (B-method), the measurement condition (the number of devices, etc.) for
applying two methods is assumed to be same. A new index is de ned as (5.25) for B-method.
εp,a =

1

′
NM
C

∑

′
NM
C k=1

εp,k

(5.25)

where:
εp,k

the probability of the real location in the calculated PMF at the kth MC simulation
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εp,a could be also concerned as the probability of detection accuracy. For the case in Fig.
5.5, εp,k at POC. 8 is about 0.18. e performance is considered better when εp,a is
higher. For S-method, the probability of detection accuracy could be calculated analytically.
Since one measurement device is supposed to be installed at the beginning point of the
feeder, the conditional probability of detection accuracy is 1 if the harmonic disturbance
is at the external grid (Pcon,GD ) when the measurement error is ignored. If the harmonic
disturbance is at the load side, the conditional probability of detection accuracy (Pcon,LD,i )
is dependent on the number of measurement installations. For the case of one measurement
device, Pcon,LD,i is 1/20 because 20 loads are connected in the system.
(5.26a)

Pcon,GD = 1
Pcon,LD,i =

Nm
Nload

(5.26b)

where the measurement devices are assumed to be installed evenly on the feeder. Together
with (5.3), the total probability of detection accuracy for S-method can be calculated. Fig.
5.11 shows the values of εp,a with diﬀerent number of measurements and it is found Bmethod shows higher values of εp,a when there are more than 1 measurement points even
with the consideration of uncertainties. Moreover, it should be noted that the best scenario
to apply S-method is taken into consideration when the probability of detection accuracy
is calculated. In other words, the disturbance location (either side of the meter) identi ed
by S-method is assumed to be always accurate which may be too optimistic for the practical
application [132].
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Figure 5.11: e values of εp,a with diﬀerent number of measurement points

5.8 Conclusion
In this chapter, a new method for HDL in distribution network, which is based on Bayesian
inference, is proposed. Bayesian inference is applied in order to consider the uncertainties of
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measurement values and the dynamic states of grid (load distribution, etc.). e conditional
probability expressed as the ranking of suspected disturbance locations is obtained based on
the prior distribution (grid conditions) and measurement data. It can be used as a tool to
locate the harmonic disturbance with limited measurement information in the future.
MC simulation is carried out to obtain the statistic results. It shows that the proposed
method performs quite well when the accuracy level of measurement device is higher than a
certain level. And generally, the performance is proportional to the measurement accuracy
level. e detection results are more accurate when the harmonic pollution is higher. On the
other hand, more measurement points will bring better performance. If the measurement
locations can be decided according to the known information, for example, installing at
the POC which is more likely to inject higher harmonic pollution, then the detection is
more eﬀective. Comparing with the single point measurement method which can only
detect which side of the meter the disturbance is from as proposed in the previous study,
the Bayesian inference-based method can be used to observe the whole system with limited
number of measurements.
It is essential for the estimation results to choose proper priori. An unrealistic de nition of
the priori will bring results with large error. us the most concerned disadvantage is that
it requires a large amount of eﬀorts to get a proper assumption. Another disadvantage is
that the computation time and the needed CPU power for applying Bayesian inference are
generally higher.

6

Bayesian inference based Voltage dip State
Estimation
In recent years, the need to quantify the PQ levels for a particular customer site has emerged.
e voltage dip performance at a speci c site can be used to determine the feasible mitigation
actions. For example, an index called the System Average r.m.s. Frequency index (SARFIx),
which requires the number of customers experiencing a speci ed voltage level, are widely
used by industry for the PQ evaluation. To calculate SARFIx the voltage level at each
bus needs to be known [33]. Based on accurate information about PQ disturbances, the
performance among diﬀerent network operators can be compared. Stochastic estimation
and monitoring are the two main methods to obtain the voltage level at a certain bus.
Voltage dips are mostly caused by the short-circuits within parts of the network. Stochastic
approaches which utilize historical fault data to estimate the voltage dip characteristics are
discussed in [133, 134]. e drawback of this approach is the diversity of the fault rates from
diﬀerent years and the uncertainties brought by unexpected event, e.g. weather condition.
For a long term estimation, the approach can give acceptable results, but for a speci c year
the estimated values may diﬀer signi cantly from measured ones. Monitoring at every bus
could bring the most precise voltage dip performance but it is almost impossible due to
its prohibitive cost. VDSE is proposed in [33] which refers to the use of measurement data
from a limited number of buses to estimate the voltage dip characteristics on non-monitored
101
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buses. Using the classical state estimation formulation, the VDSE problem is mostly an
under-determined problem in which the number of measurements is less than the number of
state variables. erefore, diﬀerent techniques can be used to obtain the solution [34--36] in
which the measurement noise vector is ignored in all these studies. However, Measurements
are generally noisy and parameter estimation is required to improve accuracy. Moreover, the
state of renewable and distributed generation needs to be estimated with their uncertainty.
e components failure rates or other statistic data used in the stochastic approach [133,
134] are not used in the previous VDSE studies which could be helpful to achieve a higher
estimation accuracy if they can be used. e duration, as a second important characteristic
of voltage dip, was not discussed [33--36]. Hence it is estimated in this chapter based on the
time-settings of the protection system when the uncertainties due to dip detection algorithm
of the r.m.s. values are incorporated as described in chapter 3.
In this chapter, the methodology of VDSE based on Bayesian inference is presented and it has
been tested on the IEEE 13-bus and the 123-bus distribution test systems. e estimation
accuracy is also analysed through multiple scenarios with or without DG and diﬀerent type
of faults. e sensitivity study has been done with various accuracy levels of the measurement
instrument.

6.1 De nition of the Problem and the Methodology
Due to cost constraints, it is impossible to install dip monitors at every node on a feeder.
e purpose of VDSE is to obtain the voltage dip magnitudes at the non-monitored nodes
using the measured voltage values at a limited set of nodes. e number of voltage dips at
the non-monitored buses and the characteristics of the voltage dip (magnitude and duration)
can be estimated. From these estimations the voltage dip pro le can be constructed. e
VDSE problem can be solved by performing short-circuit calculations if the grid conditions
at the time of faults occurs are known. e prior (marginal) PDF of the grid condition g c
can be acquired based on various input data. With the measurement values, the posteriori
PDF of the grid condition is obtained. Bayes' theorem is adopted for the implementation
of the estimation of the grid conditions as (5.1) [135].
Fig. 6.1 shows the framework of how Bayesian inference is applied to the VDSE. e prior
distribution of the grid conditions (pre-fault and faulted) is acquired from state estimation
[118]. e load at each POC is estimated and the generation of each DG is determined based
on the weather conditions (photovoltaic system). e component parameters, including network topology, type and impedance of cables and transformers etc., are necessary to calculate
the load ow and short-circuit current. e prior distribution of the fault location is obtained
from the component failure rates. At nodes where measurements are installed, the transient
current and voltage values are recorded. Given the prior distribution of the grid conditions
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and available measurements, the posterior (conditional) distribution is calculated through
Bayesian inference. In the next stage, the posterior distribution of the grid conditions is used
to calculate the expected value of residual voltage at each bus. e duration of the voltage
dip due to the short-circuit fault is determined by the time settings of the protection relays
within the grid with the consideration of the uncertainties due to the adopted measurement
processing algorithm.
Load
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Generation
Estimation
Component
Parameters
Component
failure database

Pre-fault Grid
Condition

Expected Value
of Residual Voltage
at each Bus
Bayesian
Inference

Prior Distribution
of Grid Condition
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Protection
System

Posterior Distribution
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Measurement
Vector

Voltage Dip Duration
at each Bus

Figure 6.1: e framework of voltage dip state estimation

6.1.1 Prior Distribution of Grid Condition
In this section, the determination of the prior distribution is discussed. fGc (g c ) is the joint
PDF of the grid conditions which consists of six independent components. Each of the six
components is assigned to a variable of Gc .
Gc = [Ssc , S load , S DG , Lf , Rf , Z 0 ]

(6.1)

where:
S sc
S load
S DG
Lf
Rf
Z0

the short-circuit capacity of the grid
the vector of the loads in the network
the vector of DG generation in the network
the fault position
the fault breakdown resistances
the zero-sequence impedance of cable

S sc , S load and S DG have de ned the the pre-fault grid state. Lf , Rf and Z 0 indicate the
faulted grid state. In the next section each component of the grid conditions is obtained by
a particular PDF which is de ned one by one as follows.
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Short-circuit Capacity
e short-circuit capacity (Ssc ) is an indication of the strength of a power system. Given
the estimated short-circuit capacity s̄sc , the PDF of the real short-circuit capacity can be
calculated by (6.2)
fSsc (ssc ) = N±3σssc (ssc |s̄sc , σssc )
(6.2)
here,
N±3σ (x|µ, σ) =



∫

x ∈ S±3σ




other

N (x|µ, σ)
N (ρ|µ, σ)dρ
S±3σ

0

(6.3)

where:
N (x|µ, Σ) the PDF of the normal distribution with mean µ and variance σ
S±3σ the subset truncated by ±3σ
e truncated distribution is selected due to the numerical stability.
Load Vector
S load represents the load vector which can be obtained with same approach as shown in (5.7)
of section 5.3.1. e truncated bound is selected as ±3σ load . us, the prior distribution
of the load is calculated as:
fS load (sload ) = N±3σload (sload |S̄ load , σ load )

(6.4)

DG Generation Vector
SDG is the vector of the DGs that are present in the network which can be de ned as:
S DG = [SDG,i , pfDG,i ] 1 ≤ i ≤ NDG

(6.5)

where:
SDG,i the apparent power of DG
pfDG,i the power factor of the ith DG
NDG the total number of DGs
A truncated normal distribution is assumed in which the estimation error can also be calculated with MC simulation under normal operating conditions. Applying (6.3), the prior
distribution of SDG is obtained:
fS DG (sDG ) = N±3σDG (sDG |S̄ DG , σ DG )

(6.6)
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where:
S̄ DG the estimated generation vector
σ DG (σ sDG , σ pf DG ) the variance vector
Fault Position
e failure rate of components is used to calculate the prior distribution of the fault position. e failure rate of diﬀerent components is modelled through an estimated lifetime
using inspection-based equipment condition rankings [136]. e two most commonly used
statistic distributions for failure analysis are the exponential and the Weibull distribution.
e constant failure rate in exponential distribution is proven to describe the remaining
life time in the traditional concept of the bathtub curve [137]. e Weibull distribution
is frequently used in reliability studies due to its exibility [138]. In this chapter, the
exponential distribution is adopted. A short-circuit fault can take place on the cable, the
cable joint or the bus. e failure rates of the three components are modelled based on
condition rankings from equipment inspection data and is subsequently calculated by [136].
λ(x) = AeBx + C

(6.7)

where:
λ
x

the failure rate of a component
is the condition score

e condition score can be 0, 1/2 and 1 which indicate the best, average and worse condition. e parameters A, B and C are presented for a variety of components in [136]. Given
the component failure rates, the probability that a fault occurs on the cable during the time
interval t0 to t0 + ∆t (PC (∆t)) is calculated with (6.8a), the probability that the fault takes
place on a cable joint (PJ (∆t)) is calculated by (6.8b) and the probability that a bus fails
(PB (∆t)) is calculated with (6.8c).
PC (∆t) = 1 − e−LC λC ∆t

(6.8a)

PJ (∆t) = 1 − e−NJ λJ ∆t

(6.8b)

PB (∆t) = 1 − e−NB λB ∆t

(6.8c)

where:
λC,J/B the failure rates of cables, cable joints and buses respectively
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the total length
the number of joints and buses

e probability that a fault occurs in the network (at least one component fails) during the
time interval t0 to t0 + ∆t (PF (∆t)) can be calculated with (6.9).
PF (∆t) = 1 − e−(LC λC +NJ λJ +NB λB )∆t

(6.9)

e conditional failure probability of an individual component (PC,J/B|F ) given a failure
somewhere in the grid is calculated with (6.10)
PC,J/B|F (∆t) = PC,J/B (∆t)/PF (∆t)

(6.10)

e probability that the fault occurs on a speci c component at t0 (PC,J/B ) is obtained by
solving the limit problem as shown in (6.11).
PJ/B = lim PJ/B|F (∆t) =
∆→0

NJ/B λJ/B
LC λC + NJ λJ + NB λB

(6.11)

PC = 1 − PJ − PB
If the fault position is at a joint or bus, it is a discrete variable for which the PMF needs to
be applied to describe its distribution(fF P,J/B (f p)). e PDF (fF P,C (f p)) is adopted for
the case that the fault position is along the cable. e prior distribution of the individual
components are shown in (6.12a) and (6.12b).


f p ∈ SJ
PJ /NJ
fF P,J/B (f p) = PB /NB
(6.12a)
f p ∈ SB


0
other
{
PC /LC
fF P,C (f p) =
0

f p ∈ SL \ (SJ ∪ SB )
other

(6.12b)

where:
SJ/B
SL

the set of all joint and bus positions
the set of all the fault positions in the network

Fault Breakdown Resistance
If the fault position is calculated based on the measured reactance, the fault resistance (Rf )
is the main source of error. For interphase faults, the fault resistances are relatively small
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compared to phase-to-ground faults [139]. In this section, the fault breakdown resistances
are de ned for diﬀerent types of faults as shown in Fig. 6.2. e value of Rf is assumed to
follow a uniform distribution as:
Rf ∼ U(0, Rf max )

(6.13)

e values of Rf max are considered diﬀerent between the phase to phase fault and the phase
to ground fault.
a

a

a
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b

b

b
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3FF
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3FF: Three-phase fault
LLF: Phase to phase fault
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LLGF

SLGF: Single line ground fault
LLGF: Two phases to ground fault

Figure 6.2: e fault breakdown resistance for diﬀerent type of faults

Zero-sequence impedance of cable
In general, the cable sheath is connected to ground at several locations. e zero-sequence
path impedance is determined by the way the earth sheaths are connected, the connection
resistance and the grounding strategy, which can diﬀer from case to case. Moreover, the
zero-sequence impedance varies with the zero-sequence current in the case of magnetic ducts
[140]. e real zero-sequence impedance of a cable (Z 0 ) is de ned as:
Z 0 = [R0,i , X 0,i ] 1 ≤ i ≤ NCT P

(6.14)

where:
R0,i
the real zero-sequence resistance per km of the ith cable type
X 0,i the real zero-sequence reactance per km of the ith cable type
NCT P the total number of cable types
Given a measured Z̄ 0 from the data sheet of a cable, the real zero-sequence impedance Z 0 is
assumed to follow the truncated normal distribution with mean Z̄ 0 and covariance matrix
Σz0 as shown in (6.15).
fZ 0 (z 0 ) = N±3σz0 (z 0 |Z̄ 0 , Σz0 )

(6.15)
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Prior Joint Probability Distribution
e grid condition Gc vector consists of the aforementioned six components: short-circuit
capacity, load vector, DG generation vector, fault position, fault breakdown resistance and
zero-sequence impedance of cable. e Prior Joint Probability Distribution of Gc can be
calculated as shown in (6.16).
{
fG∗ c (gc∗ ) · fF P,J/B (f p)
fGc (g c ) =
(6.16a)
fG∗c (gc∗ ) · fF P,C (f p)
where:
fG∗ c (gc∗ ) = fSsc (Ssc ) · fS load (sload ) · fS DG (sDG ) · fRf (Rf ) · fZ 0 (z 0 )

(6.16b)

6.1.2 Measurement
e measurement structure is an important part for the estimation approach. In this section,
the quantities that are measured are de ned in the measurement vector and the measurement
error is also included. With the measurement error, the conditional PDF of measured values
can be calculated.
Measurement Vector and Error
Measurement instruments are installed at selected nodes of the grid. In order to minimize
the number of measurement instruments, for the determination of voltage dips, monitoring approach which is able to identify optimal measurement locations in the transmission
network is proposed in [141]. By applying this approach, the placement of the meters
guarantees that every fault in the network triggers at least one voltage dip meter. For the
distribution network monitoring approach analysed in this chapter, the following principles
of selecting monitoring locations are employed for the sake of simplicity.
• At selected nodes where the protection devices are installed.
• At selected junction nodes
• e monitoring cover the entire network which regards that the monitoring placement
makes sure that every fault in the system is recorded by at least one monitor[142].
e voltage waveform of a short time before, during, and after the voltage dip is recorded.
It can be used to extract the required parameters[72]. For a single measurement point, the
measurement vector M is shown as (6.17).
M =[U α,β,γ (a, b, c), I(a, b, c), φ(a, b, c),
ΘJ (a, b, c), φϕ (a, b, c)]

(6.17)
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where:
U α,β,γ (a, b, c) the three phase magnitudes of the voltages before, during and after the
voltage dip
I(a, b, c) the three phase magnitudes of the currents during the voltage dip
φ(a, b, c) the initial three phase phase angles which indicate the moment of the fault occurringtime in the cycle
ΘJ (a, b, c) the PAJ during the voltage dip
φϕ (a, b, c) the phase angle vector during the voltage dip
e phase angle vector diﬀers for each fault type [126]. e error of the measurements
is generally considered to be normally distributed [143]. e standard deviation for the
current, voltage θU,I and phase angle θφ can be calculated by (5.13) and (5.14).

Conditional Distribution of Measured Value
Given a speci c grid condition Gc , the real values of the measurement vector M is acquired
through short-circuit calculations as shown in (6.18).
M = γf (Gc )

(6.18)

where:
γf (Gc ) the function for the short-circuit calculation in the grid
With the real values of the measurement quantities m, the measured values of the measuref follow a normal distribution with the existence of measurement error as
ment vector M
f is calculated with (6.19).
de ned above. e conditional PDF of M
fM
m|g c ) = N (f
m|m, Σm )
f(f

(6.19)

where:
Σm

the covariance matrix of the measurement error

6.1.3 Posterior Distribution of Grid Condition
f is
For the speci c grid conditions during a fault, the corresponding measurement vector m
f under a given grid condition g c can be
obtained. e marginal probability density of m
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calculated via the integral on the sample space of the grid conditions as shown in (6.20).
∫ ∫
fM
m) =
fM
m|g c )fG∗ c (g ∗ c )fF P,C (f p)dg ∗ c df p
f (f
f (f
SL

+

ΩG∗ c

∑

f p∈SJ ∪SB

∫
ΩG∗ c

fM
m|g c )fG∗ c (g ∗ c )fF P,J/B (f p)dg ∗ c
f (f

(6.20)

where:
ΩG∗ c

the integral space of G∗c

Applying (5.1), the posterior distribution of the grid condition given a measurement vector
f is calculated as shown in (6.21).
m

f f(f
m|g c )fG∗ c (gc∗ )fF P,J/B (f p)


 M

fM
m)
f (f
fGc (g c |f
m) =
(6.21)

fM
m|g c )fG∗ c (gc∗ )fF P,C (f p)
f(f



fM
m)
f (f

6.1.4 Expected Value of Residual Voltage at each Bus
With the calculated posterior distribution of the grid condition, the expected value of the
residual voltage at each bus is obtained by (6.22).
∫ ∫
fM
m|g c )fG∗ c (gc∗ )fF P,J/B (f p)
f(f
U res =
γf (g c )dg ∗ c df p
f
(f
m
)
f
SL ΩG∗ c
M
(6.22)
∗
∑ ∫
∗
fM
(f
m
|g
f
c )fG c (gc )fF P,C (f p)
+
γf (g c )dg ∗ c
fM
m)
f (f
ΩG∗
f p∈SJ ∪SB

c

[U1 (a, b, c), · · · , Unb (a, b, c)] = γf (g c )

(6.23)

where
nb

the number of buses

6.1.5 Short-circuit Calculation and MC Integration using Importance
Sampling
When a fault occurs in the network, the residual voltage at each bus can be obtained with
a short-circuit calculation based on the impedance matrix. When a fault occurs on a line
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segment between two neighbouring buses, a ctional bus is generated on the fault location. Subsequently the residual voltage on the buses of interest is acquired by solving the
short-circuit calculations on the ctional bus [144]. DGs can in uence the short-circuit
level. With the integration of DGs, the conventional short-circuit calculation approach
is inapplicable [145]. In this chapter, the method as described in [146] is adopted. is
method substitutes all of the power sources, including generator-based and inverter-based
DGs, with equivalent current sources. e fault equivalent circuit is decomposed into a
normal and a faulted component network. ese networks can be calculated with the node
voltage equations.
e MC integration approach has been applied as well for the high-dimensional integral on
m) in (6.20) is approximated with (6.24), when NM C random
ΩGc . e function fM
f (f
grid conditions are sampled.
∑NM C fM
m|g kc )fGc (g kc ) · γf (g k c )
f (f
k=1
N
p(g kc )
≈ MC
m|g kc )fGc (g kc )
1 ∑NM C fM
f (f
NM C k=1
p(g kc )
∑NM C
fM
m|g kc )γf (g k c )
f (f
= k=1
∑NM C
m|g kc )
f (f
k=1 fM
1

U res

(6.24)

MC
p(g c ) ⇀ g 1c , · · · , g N
∈ ΩGc
c

6.1.6 Estimation of Voltage Dip Duration
e residual voltage (magnitude) and the duration of the voltage dip are the two main
characteristics of a voltage dip. For voltage dips caused by faults in the network, the dip
duration mostly depends on the fault-clearing time. e distribution network has a radial
structure and overcurrent relays with fault-clearing times between 200 to 2000 ms are used.
e detection uncertainties due to various initial phase angles and PAJs have been involved as
described in section (3.2.2). For example, with a fault-clearing time of 200 ms, the measured
duration could be between 190 and 210 ms depending on the applied parameters.

6.2 Case Studies on the IEEE Distribution Test System
In order to investigate the performance of the proposed approach, case studies are implemented on both the IEEE 13-bus and the IEEE 123-bus distribution test systems [102]. Scenarios with and without DG and for diﬀerent types of faults are simulated. MC simulations
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are implemented as shown in Fig.6.3. To investigate the performance improvement of the
proposed approach, another method called the X-method is also adopted based on the fault
impedance [72]. For each case, random grid conditions are generated, and the measurement
values with error are acquired from the generated grid conditions. e magnitudes of the
voltage dip on the non-measured points are estimated through both methods with the same
measurement vector. When the magnitudes are obtained, the dip durations are calculated
′
as shown in the previous section. e MC simulation is performed for NM
C times. Based
on these results, the performance of both methods is compared. e X-method consists of
two steps:
1 e fault position is determined by the fault loop impedance, which is calculated with
the voltage and current values measured from the rst upstream measurement point
[72].
2 e voltage magnitude at each node is obtained by a short-circuit calculation for the
fault position obtained by step 1. e other elements in the grid condition vector are
randomly generated with the prede ned prior distribution.

Start
Generate one grid condition with the defined distribution as described in section 6.1.1
Calculate the magnitude of the generated grid condtion & obtain the measured values
in which the measurement error is taken into account
Apply the proposed method based on Bayes’
theorem to obtain the magnitude

Apply the X method with fault loop impedance
location approach to obtain the magnitude

Calculate the dip durations
Record the results

k+1

No

k>N’MC
Yes
Analyse the results

End
Figure 6.3: Flow chart of MC simulations
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6.2.1 IEEE 13-bus Distribution Test System
e IEEE 13-bus distribution test system is shown in Fig.6.4 where the three phase topology,
measurement nodes, DG locations and protection relays are indicated. Most of the necessary
parameters for network modelling are presented in [102] and other important parameters
are de ned below.
• Short-circuit capacity: s̄sc = 350 M V A and σssc = 20 M V A.
• Load vector: the load values in [102] are regarded as S̄load , P lσ,i and P fσ,i of load
i are de ned as 10% of the given values of load and power factor.
• DG generation vector: S DG,i of each DG is randomly chosen from U(2 M W, 3 M W )
and plDG,i is chosen from U(0.8, 0.9). σsDG = 0.2 M W and σplDG = 0.05.
• Failure rates: e average condition is chosen as x = 1/2 and the values of A, B and
C in (6.7) can be found in [136]. e failure rate of a line (λL ) is 0.062 year−1 ·
km−1 , 0.043 year−1 ·km−1 of a cable (λC ), 0.03 year−1 of joint (λJ ) and 0.04 year−1
of bus (λB ). ere are no joints in the IEEE 13-bus test feeder, so a ctional joint
is assumed at the middle point of the cable of three phase conductors between two
buses.
• Fault breakdown resistance: Rf,max is dependent on the type of fault. Rf,max is 1Ω
for phase to ground resistance and 0.5Ω for phase to phase resistance.
• Zero-sequence impedance of the cable: the covariance matrix Σz0 (σ r0 , σ x0 ) is dened as 10% of the zero-sequence impedance of cable.
• Voltage and current measurement accuracy: ΨU = 10 kV , τU = 3%, ΨI = 15 kA,
τI = 5% and Ψφ = 10◦ .
• Tripping time of the overcurrent relays: t1 = 200 ms and t2 = 500 ms
• e number of sampled grid condition NM C = 10000 and the number of simulation
′
cases NM
C = 100.
For a three phase system, the residual voltage magnitude at each bus is the lowest r.m.s. value
measured on any phase during the dip [11]. Fig. 6.5 shows the residual voltage magnitudes
along the feeder for one of the simulated cases with a three phase fault in the network. e
measured values are shown at monitored buses while the estimated values are shown for the
non-monitored buses. e estimated values of the B-method are closer to the real values than
those of the X-method. To assess the performance of the B and X-method, the real simulated
residual voltage at each bus (Ures,real ) is compared with the estimated one (Ures,B|X ). e
diﬀerences between the real and estimated values (Ud,B|X ) is calculated by:
Ud,B|X =| Ures,real − Ures,B|X |

(6.25)

′
95
e 95th percentile value of Ud,B|X at each bus for NM
C cases (Ud,B|X ) is calculated. e
95
index (Ud,B|X
) is used to compare among diﬀerent simulation scenarios of diﬀerent types
95
of faults and with and without DG. is index consists of the average of Ud,B|X
at all the
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Figure 6.4: IEEE 13-bus distribution test system
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95
buses. Fig. 6.6 shows the values of Ud,B|X
for various simulation scenarios. Regardless of
the fault type and the existence of DG, the estimation of the B-method is better than the
estimation with the X-method. With the X-method, the estimation accuracy is impacted
95 for
by the existence of DG for diﬀerent types of faults. For example, the value of Ud,X
a LLGF with DG is about 0.172 pu and without DG the same metric is about 0.140 pu.
However, the estimation accuracy by applying the B-method is slightly improved when DGs
are connected in the network. is is due to the additional information given by the prefault grid status for the Bayesian inference. e simulated and the estimated dip durations
are calculated with the simulated and estimated residual voltages as described above. e
immunity curve of SEMI F47 is used to compare the simulated dip and the estimated dip
[38]. It incorporates both the dip duration as well as the dip magnitude and the immunity
curve determines whether equipment would be hampered by a voltage dip, so it also has
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Figure 6.6: Ud,B|X
for diﬀerent simulation scenarios of diﬀerent type of faults and with or
without DG

practical meaning. In detail, the equipment must tolerate dips to 0.5 pu of residual voltage
for up to 200 ms, dips to 0.7 pu of residual voltage for up to 500 ms, and dips to 0.8 pu
′
of residual voltage for up to 1 s. For each of the NM
C cases and at each bus, the simulated
voltage dip is compared with the immunity curve. e value can either be above or below
the immunity curve. For the same case, the estimated voltage dips from both the B and
X-methods are compared with the immunity curve. If the estimated value is at the same side
of the immunity curve as the simulated value, it is classi ed as a correct estimation. Among
′
NM
C cases, the percentage of correct estimations (P rg ) at each bus is calculated to show
the method performance. Fig. 6.7 shows the box-plot of P rg including the maximum,
minimum, median, 25th and 75th percentile values for P rg on all the buses. e results
are with and without DG for both a 3FF and a SLGF. It can be seen that the B-method
performs better than the X-method for all scenarios. e performance of the X-method
decreases with the integration of DG. For example, the median of P rg for a 3FF without
DG is about 98.2% while with DG this value drops to 92.6%. However, the integration of
DG has little eﬀect on the performance of the B-method as the pre-fault grid condition are
taken into account. e values of P rg for a 3FF are generally lower than these values for
a SLGF. e residual voltages on the faulted phase during a SLGF are lower than during a
3FF due to the grounding system. is results in a lower error in the estimation for SLGFs
when the immunity curve is used to determine the performance of voltage dip estimation,
as the residual voltage is far lower than the thresholds applied in the immunity curve.

6.2.2 IEEE 123-bus Distribution Test Systems
To test the performance of both methods on a larger distribution system, the IEEE-123
distribution test system as shown in Fig. 6.8 is used for the VDSE. Most of the necessary
parameters for the network modelling are presented in [102] and the parameters (s̄sc , σssc ,
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Figure 6.7: P rg of scenarios with or without DG when three phase or single line to ground fault
happens
′
σp , σq , λC,L,J , Rf,max , Σz0 (σ r0 , σ x0 ), ΨU , τU , ΨI , τI , Ψφ , NM C , NM
C ) are same as
in the previous case study. e parameters which need to be rede ned are:

• DG generation vector: S DG,i of each DG is randomly chosen from U(20 kW, 50 kW )
and plDG,i is chosen from U(0.8, 0.9). σsDG = 3.5 kW and σplDG = 0.05.
• Tripping times of the overcurrent relays: t1 = 200 ms, t2 = 500 ms and t3 =
800 ms. Diﬀerent shadows are used to illustrate the trapping time of each line in Fig.
6.8.
To investigate the estimation accuracy at a particular bus, Fig. 6.9 gives the values of Ud,B|X
for a voltage dip due to a SLGF at the bus 37 for the 1st to 100th simulation. It can be seen
that the absolute error obtained by the B-method is in most cases lower than 0.03. For the
majority of simulation cases, the error obtained with the B-method is considerable lower
compared to the X-method. e results for P rg are shown in Fig. 6.10. ese results
show a similar trend compared to the case study of IEEE 13-bus system about the impact of
DG. For a larger system, it can be seen that the values of P rg have a wider range. For some
cases, the minimum value is much lower than the median value. For example, the minimum
value of P rg with DG for SLGF by the B-method is about 92.6% when the maximum and
median values are about 98.9% and 97.3% respectively. is illustrates that the index at a
particular bus is a outlier. Additional measurement devices may needed to achieve higher
estimation accuracy at these speci c buses.

6.2.3 Sensitivity Study of Measurement Accuracy Levels
One of the advantages to apply Bayesian inference is the exibility of the measurement
95
structure. Fig. 6.11 shows the values of Ud,B|X
when one (Bus 632) or two buses (Bus
632 and 671) in the network are selected on which diﬀerent parameters are measured. With
more measurement points, a higher level of estimation accuracy is achieved. e diﬀerences
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Figure 6.8: IEEE 123-bus distribution test system
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95
between Ud,B|X
of one bus VIϕ measurement and two buses VIϕ measurement are relatively
higher with a lower voltage measurement uncertainty. Measuring VIϕ at one bus 632 gives
a better estimation results comparing with the case that only voltages at two buses 632 and
671. If the measurement accuracy is not enough suﬃcient, adding more measurement
points can be an eﬀective solution. For instance, the estimation performance when VIϕ
at buses 632 and 671 are measured with a τU of 5% is very close to the performance when
VIϕ at only one bus 632 is measured with a τU of 2%. Fig. 6.12 shows the values of
95
Ud,B|X
when Ψφ grows from 5 ◦ to 30 ◦ . It can be found that the B-method is more
sensitive to the measurement uncertainty of phase angle than the X-method. e value
of the index by the B-method for 30 ◦ is about 200% more than that for 5 ◦ while the
95
growth is about 85% by the X-method. If Ψφ is lower than 15 ◦ , the value of Ud,B|X
is less than 0.05 through the B-method. Fig. 6.13 shows the eﬀect of the growth of
the combined measurement uncertainty on the estimation performance. e performance
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diﬀerences between the proposed X-method and the conventional B-method increases in
absolute sense with the additional measurement uncertainty. For instance, the absolute
95
diﬀerence of Ud,B|X
with τU = 1%, τI = 2.5%, Ψφ = 5◦ between the X and the Bmethod is 0.05 and the same metric with τU = 6%, τI = 15%, Ψφ = 30◦ is over 0.1.
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Figure 6.13: Ud,B|X
due to SLGF with the growth of measurement uncertainty

6.2.4 Computation Time
e computation time shown in the table is the average computation time for one case (with
′
NM
C = 100). e simulations were performed on a dual CPU (Intel Xeon E5-2680 v3),
128 GB RAM computer. e algorithm has been programmed in MATLAB.
Table 6.1: Average computation time for one simulation of the B-method
IEEE 13-bus network
IEEE 123-bus network

3FF
SLGF
3FF
SLGF

12.1 sec
12.7 sec
91.2 sec
94.0 sec

e computation time for a three phase fault is lower than for a single line to ground fault for
both networks. e three phase fault calculation only involves the positive-sequence circuit,
while for the single line to ground fault also the zero-sequence circuit needs to be analysed,
leading to shorter computation times. e computation time of the X-method is less than
1 sec since it is essentially only a single short-circuit calculation. e main purpose of the
VDSE is either to assess the power quality within a network or to determine the required
voltage dip mitigation measures for a speci c customer. erefore the increased computation
time does not hamper the practical implementation of the B-method.
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6.3 Conclusion
is chapter describes an new approach for estimating the voltage dip characteristics at
non-monitored buses based on the voltage measurements at a limited number of buses.
Bayesian inference, which is able to consider the dynamic grid states and the measurement
uncertainties, is applied to calculate the residual voltage on each bus and can include the
changes in the grid conditions caused by DG. e dip duration is calculated as a function
of the estimated residual voltage, the initial phase angle and the phase angle jump.
MC simulations are performed on the IEEE 13-bus and the IEEE 123-bus distribution test
feeders in which the proposed method is compared to the method based on the fault loop
impedance. e immunity curve is applied to investigate the accuracy of both methods
and it shows that the proposed method can be a helpful tool to estimate the dip. When
DG is connected, the new method performs better while the conventional method gives a
result with a larger error than the scenario without DG. To apply B-method the simulation
results show that the median values of the percentage of good estimation are above 95%
for all simulated scenarios. To achieve a certain level of estimation performance, a number
of diﬀerent measures can be implemented, such as improving the measurement accuracy,
increasing the amount of measurement points, and increasing the number of parameters
that are measured. Although applying B-method takes more time, it does not impede the
practical implementation. An important advantage of the proposed method is its exibility
of de ning the measurement vector.

7

Conclusions, Contributions and
Recommendations
7.1 Conclusions
is thesis describes the measurement and estimation of two major power quality phenomena
in distribution networks: harmonic distortion and voltage dip. Several aspects of harmonic
distortion and voltage dip measurements are discussed concerning measurement methods
and accuracy, etc. Statistical approaches are proposed for modelling of harmonic sources,
harmonic disturbance location and voltage dip state estimation.

Measurement of Harmonics and Voltage Dip
In the current measurement standard, no uniform measurement method for harmonic phase
angle is available. Since the harmonic phase angle is important for a variety of applications, like harmonic summation and propagation studies, the measurement procedure for
harmonic phase angle is proposed including the evaluation of the measurement uncertainty,
extracting the phase angle of the particular frequency and the time aggregation of the phase
angles. e Monte Carlo method is applied to assess the measurement uncertainty and the
121
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curve- tting technique is used for aggregating. Harmonic summation is analysed based
on eld measurement data at several locations with the summation coeﬃcients and the
aggregated harmonic phase angle. e summation coeﬃcients given by the IEC standard
are either too pessimistic at certain frequency which do not consider any cancellation at all
(α is 1 for the 3rd harmonic) or too optimistic which can lead to an underestimation for
harmonics higher than 10th order (α is 2). More satisfactory results can be obtained when
the harmonic phase angles are known. e detection of voltage dip essentially lays on the
r.m.s. values and the error due to the numerical integration of the voltage signal is dependent
on the sampling frequency. e analytical analysis shows that the the relative error is lower
than 0.2% when the sampling frequency is higher than 2.95 kHz. eoretically the real
r.m.s. values can be achieved with an in nite window which is not the practical case. e
accuracy of representing the eﬀective magnitude using the r.m.s method depends on the
sampling rate, the initial phase angle, and the sampling window size. e relative error
between the real r.m.s. value and the calculated one equals to zero when the window length
is an integer multiple of one half-cycle. Algorithmic error for the voltage dip detection is
avoidable due to the using of r.m.s. values. e initial phase angle and phase-angle-jump
aﬀect the detection accuracy. For swallower dips, the impacts from above two aspects are
larger. A smaller window size can bring higher detection accuracy. Field measurements
shows that the diﬀerence between half and one cycle window synchronized r.m.s. value is
around 48% when the SEMI F47 curve is used as the threshold to investigate the number
of dips below the curve.

Harmonic Source Modelling
A composite approach to access the impact of harmonic sources on the distribution network
is proposed through a bottom-up procedure for harmonic source modelling. Simulation
of a residential low voltage network shows that the modelling method provides a close
match to actual eld measurements in terms of both harmonic magnitude and phase angle.
erefore, with this validation it can be concluded that this proposed method is applicable
for the modelling of harmonic current injection for the residential loads. In the modelling
of the future household harmonic sources, not only new devices are added, but also the
evolution of the current harmonic sources within a household are modelled in terms of its
load composition since device topologies are out of scope. e replacement of old devices
with more eﬃcient power electronics based devices can in this way be taken into account
for the harmonic injection modelling. e future penetration level of a particular appliance
is determined with other relevant statistics instead of an assumption. e advantages of
the proposed methodology are demonstrated through a case study with certain scenarios.
Diﬀerent applications, e.g., regulatory compliance, the harmonic distortion through the
whole network, the harmonic losses and the in uence of a speci c appliance, are demonstrated. It can be concluded that the application of a composite approach as presented in
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this thesis would give an appropriate assessment of harmonics in the network.

Harmonic Disturbance Location
Correct location of the main harmonic disturbance source is a key step to solve the problem
caused by harmonic pollution. An approach based on Bayesian inference is proposed to
detect the location of harmonic disturbance source in the low voltage network. e harmonic
state is estimated based on the measurement data from limited measurement points whereby
the uncertainties of measurement values and the dynamic states of grid (load distribution,
etc.) are incorporated. e conditional probability expressed as the ranking of suspected disturbance locations are obtained. It shows that the proposed approach performs satisfactorily
when the accuracy level of measurement device is higher than a certain level which is realistic
in the eld. Generally, the performance is proportional to the measurement accuracy level.
e detection results are more accurate when the harmonic pollution is higher and additional
measurement points can bring higher estimation performance, especially when the priori of
harmonic disturbance is de ned more accurately.

Voltage Dip State Estimation
Voltage dip state estimation tries to estimate the voltage dip characteristics at non-monitored
buses from measured voltage dip values at monitored buses. In this thesis, Bayesian inference
is also applied to solve the voltage dip state estimation. A priori including the fault position
among other grid conditions is used to estimate the residual voltage at each bus based on
the measurement quantities, including their uncertainties. e dip duration is calculated
with the time-setting of the protection system incorporating the detection uncertainties.
e proposed method has been applied to the IEEE 13-bus and IEEE 123-bus distribution
test systems for multiple simulation scenarios, such as with or without distributed generation and diﬀerent types of faults. e simulation results show good observability of
the network. rough improving the measurement accuracy, increasing the amount of
measurement points, and increasing the number of parameters that are measured, a certain
level of estimation performance can be achieved, that indicates another bene t of Bayesian
inference: the exibility of de ning the measurement vector.

7.2 esis Contributions
e main contributions of this thesis can be summarized as follows:
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• e measurement procedure of the harmonic phase angle is discussed. e Monte
Carlo method is applied for the assessment of measurement uncertainty, which obtains
the numerical solution involving all kinds of uncertainty sources. e harmonic phase
angles are aggregated in time series with a curve- tting method. If manufacturers can
include the function of the harmonic phase angle measurement into their PQ meters,
it will be helpful for the network operators to be aware of the harmonic distortion
within the network and take actions.
• e summation coeﬃcients can be updated with diﬀerent values depending on the
categories of loads for a more accurate estimation in the future. e calculation
method of α is modi ed to obtain a better estimation results. Instead of choosing
95% non-exceeding probability values from the whole measurement duration, the
nal summation coeﬃcients are the low percentile values (5%) obtained among the
calculated coeﬃcients with short intervals within the period, e.g. 2 hours. e
coeﬃcient values are calculated and given based on the limited eld measurement
data. To use the aggregated magnitudes (r.m.s.) and the aggregated phase angles to
represent the summation of harmonic currents, a remarkably better performance can
be achieved.
• Analytical analysis of voltage dip detection shows that the detection error related to the
window size, the initial phase angle, the phase-angle-jump and the residual voltage.
For short voltage dips, it is recommended to use half cycle window for the sake of
avoiding disturbance ignorance.
• e residential harmonic source has been modelled with a bottom-up stochastic approach
and the evolution of the harmonic sources in the future is modelled by taking various scenarios into consideration. e composite approach can be used to assess the
harmonic impact on distribution network and provides input values for other related
harmonic studies.
• is thesis presents a harmonic disturbance location approach based on the Bayesian
inference. e approach de nes the prior distribution of disturbance locations concerning the dynamic grid conditions. Using the measured harmonic voltages and currents,
the posterior distribution is calculated by applying Bayes' theorem whereby the ranking
of possible disturbance customers is known. e grid operator can use the ranking to
track the disturbance source and take further actions.
• e voltage dip state estimation problem is solved by applying Bayesian inference.
is approach de nes the prior distribution of grid condition including the shortcircuity capacity of the grid, the load vector, and the fault position, etc.. With the
limited observation which are the measured voltages and currents at selected points,
the posterior distribution of the grid condition is obtained using Bayes' theorem. e
voltage dip characteristics on non-monitored buses are calculated with the posterior
distribution of the grid condition. e network operator can use this approach to
assess the severity of voltage dips on non-monitored buses.

7.3: Recommendations for Future Research

125

7.3 Recommendations for Future Research
e work in this thesis can be improved with additional research in the future. Several
recommendations are formulated as follows:
• e analysis of measurement uncertainty for harmonic phase angle only concerns the
instrument itself while the transducers like voltage transformers and current probes
are not involved. e overall measurement uncertainty can be obtained through the
Monte Carlo method when the uncertainty of the used transducers are speci ed.
• e aggregation of harmonic phase angle in time series performs satisfactorily when
the scattering of phase angles are relatively low. When the distribution of harmonic
phase angles is in a wide range, the aggregation may lead to a result with large error.
An improved method of this one needs to be proposed for the later situation.
• More eld measurements are required to de ne more realistic values of summation
coeﬃcients for diﬀerent categories of loads. e α table in the existing standard can
be updated accordingly.
• Since the validation of harmonic source model has been performed on the grid level
(the secondary side of transformer), it may not reveal the characteristic of individual
household. erefore, if the harmonic currents of a large number of individual customers can be measured, the performance of the modelling approach can be evaluated
more comprehensively and the possible improvement can be implemented.
• When the eﬃciency scenario of appliances is taken into consideration for the future
study, the method which incorporates harmonic magnitudes from spectrum by the
formula (4.10) may result in harmonic current emissions with certain error. e
evolution of harmonic spectrum by the increase of appliance eﬃciency needs to be
investigated more clearly later.
• e lack of veri cation with eld measurement data is not only the weak point of the
power quality state estimation approach in this thesis but also the general disadvantage
of previous studies concerning the same topic. In the future, eld measurement
campaign needs to be executed complying with the accuracy requirement and the
de ned measurement procedure in order to ful l the practical application of the
proposed approach.
• More studies needs to be implemented on de ning the prior distributions for Bayesian
inference-based approach. Additional measurement quantities, like the transient characteristic, or more advanced instrument, like phase measurement unit can be involved
in the methodology.
• e mathematical method to solve the high dimensional integration can be replaced
by some optimized integration techniques, for example, Metropolis–Hastings algorithm.
It will improve the eﬃciency of the approach signi cantly.
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Chapter 7: Conclusions, Contributions and Recommendations

A

Mathematical Background
In this thesis, various mathematical knowledge and derivation is applied. To improve the
readability, this appendix contains the relevant mathematical processes.

A.1 Synchronization Error for DFT Window
e exponential form of the signal (2.2) is:
f (t) =

H
∑

Ak ej(kω1 t+φk )

(−∞ < t < +∞)

(A.1)

k=−H

where
Ak
φk

Fourier coeﬃcient of k-order harmonic (Ak = A−k )
phase angle of k-order harmonic (φk = φ−k )

Sample f (t) with sampling frequency fs , the equation (A.1) can be rewritten as:
f (n) = f (t)|t=n/f s =

H
∑

Ak ejφk ejknω0

k=−H
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(−∞ < n < +∞)

(A.2a)
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where:
ω0 = ω1 /fs

(A.2b)

fd (n) = f (n)d(n)

(A.3a)

Use a RW d(n), it is obtained as:
where:

N

{
1,
d(n)
0,

0≤n≤N −1
n < 0, n > N

(A.3b)

the number of sample points

e DFT of the sampled signal fd (n) is:
X=

N
2 ∑
fd (n)e−j2πn/N
N n=0

(A.4a)

where the DFT of the RW function d(n) is:
jω

D(e ) =

N
−1
∑

−jnω

e

=e

−jω(N −1)/2

n=0

sin

ωN
2
ω
2

(A.4b)

e formula (A.4) can be expanded as:
X =F ejφ · ej∆λπ·(N −1)/N

sin(∆λ · π)
π
sin(∆λ · )
N

(A.5)
sin (∆λ · π)
∆λ · π 2π
sin(
+
)
N
N
(f1 − fs /N )
the frequency deviation because of asynchronous sampling ∆λ =
(fs /N )
+ F e−jφ · e−j∆λπ·(N −1)/N +j(2π/N )

∆λ

A.2 Error Analysis of the Trapezoidal Rule in the Numerical
Integration
e error of the trapezoidal rule is the diﬀerence between the integral value and the numerical
result:
∫ b
Nrms
∑−1
b − a f (a) + f (b)
b−a
+
εT R =
f (x)dx −
(
f (a + k
))
(A.6)
Nrms
2
Nrms
a
n=1

A.3: Error Analysis of the Trapezoidal Rule in the r.m.s. Calculation
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ere exists a number ξ between a and b, the εT R can be written as:
εT R = −

(b − a)3 ′′
f (ξ)
2
12Nrms

(A.7)

For the r.m.s. value as shown in (2.5), the absolute error in one period is:
∆int =

dUrms
∆u
∆u
2π 2 · U 2
2π 2
∆u = √ =
=
U
=
Urms
rms
2
2
dU
2Urms
3Nrms
3Nrms
2 U

(A.8)

so the relative error is:
δint =

2π 2
∆rms
=
2
Urms
3Nrms

(A.9)

A.3 Error Analysis of the Trapezoidal Rule in the r.m.s. Calculation
With the trapezoid rule, the r.m.s. square over the sampling window can be obtained as:
2
URM
S =(

1

Nrms
∑−1

Nrms

n=0

√
2
( 2Urms cos (2πf1 n∆t + φ)) )

(A.10)

and thus:
′
1
(Urms
)2
=1+
(Urms )2
Nrms

Nrms
∑−1

cos (2(2πf1 n∆t + φ))

(A.11)

n=0

where:
1

Nrms
∑−1

Nrms

n=0

cos 2(2πf1 n∆t + φ)

1
Nrms
Nrms
− )f1 π + φ)) sin (2f1
π)
fs
fs
fs
=
2f1
Nrms sin (
π)
fs
1
cos(2((Sw − )f1 π + φ)) sin(2f1 Sw π)
fs
=
2f1
Sw fs sin(
π)
fs
cos (2(

(A.12)
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so the relative error in r.m.s. calculation is:

δrms =|

′
Urms
− Urms
Urms

v
u
1
u
cos(2((Sw − )f1 π + φ)) sin(2f1 Sw π)
u
u
fs
|=| u1 +
−1|
t
2f1
Sw fs sin(
π)
fs
(A.13)

A.4 Voltage Dip Detection with Half Cycle r.m.s. Values
In this section, the mathematical deviations to detect the voltage dip with half cycle window
have been given which includes the sliding window and the synchronized r.m.s. values.

A.4.1 Sliding Window r.m.s. Calculation
When a half cycle window is used for the sliding window r.m.s. calculation, the equations
(3.20) and (3.21) are rewritten as:
2
Um
=Ui2 −

+

2
=Uf2 −
Um

Ui2
(αφi + sin αφi cos(αφi + 2φ))
π

Uf2
(αφi + sin αφi cos(αφi + 2φ + 2θJ ))
π
Uf2
(αφf + sin αφf cos(αφf + 2φf + 2θJ ))
π

U2
+ i (αφf + sin αφf cos(αφf + 2φf ))
π

(A.14)

(A.15)

To get the measured duration the equation (3.22) still stand holds. However, for the residual
voltage the critical angular duration becomes π as follows:
{
Ures =

U (δd , Ui , Uf , φ, θJ )
Uf δd > π

δd < π

(A.16)
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A.4.2 Synchronized r.m.s. Calculation
When the r.m.s. window size is a half cycle instead of one, the equations of (3.26) and (3.27)
turn into:
U2
π
2
Um
=Ui2 − i (ki π + − φ − θJ − sin (φ − θJ ) cos (φ + θJ ))
π
2
(A.17)
Uf2
π
1
+
(ki π + − φ − θJ − sin (2φ + 2θJ ))
π
2
2
2
Uf
π
2
(kf π + − φf − sin (φf + 2θJ ) cos (φf ))
Um
=Uf2 −
π
2
(A.18)
Ui2
π
1
+
(kf π + − φf − sin (2φf ))
π
2
2
e equation (3.29) is still valid for the measured duration. For the residual voltage, it can
be calculated for φ > π/2 as:

{
Um (ki = 1, Ui , Uf , φ, θJ )

δd + φ < 5/2π
min
Um (kf = 2, Uf , Ui , φf , θJ )
Ures =
(A.19)
δd + φ ≥ 5/2π

Uf
When φ ≤ π/2, the residual voltage can be calculated as:

{
Um (ki = 0, Ui , Uf , φ, θJ )

min
Um (kf = 1, Uf , Ui , φf , θJ )
Ures =

Uf

δd + φ < 3/2π
δd + φ ≥ 3/2π

(A.20)

A.5 Probability Knowledge
In this section, the related probability knowledge is illustrated as: the cumulation distribution
function, the random variables, the conditional probability and Bayesian inference.

A.5.1 Cumulative Distribution Function
For a random variable X, its cumulative distribution function(CDF) FX (x) which always
exists for any X is:
FX : R → [0, 1] FX (x) = P{X ≤ x}
(A.21)
It has the following properties:
• FX (x) is non-decreasing and right continuous.
• lim FX (x) = 0, lim FX (x) = 1
x→−∞

x→+∞
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A.5.2 Random Variables
Discrete
If all the possible values of random variable X form a countable ( nite or countably in nite)
set A ⊂ R, X is de ned as a discrete random variable. Its probability mass function(PMF)
fM,X (x) is de ned as the probability of X being x as shown in (A.22).
fM,X (x) = P{X = x}

(A.22)

e probability unity is the sum of all the probabilities of all the possible values as (A.23).
∑
fM,X (x) = 1
(A.23)
x∈A

Continuous
Given a random variable X and its CDF FX (x), if there exists a non-negative function
fD,X (x) which satis es the following equality:
∫ x
FX (x) =
fD,X (t)dt,
(A.24)
−∞

X is a continuous random variable. fD,X (x) is de ned as the PDF. e CDF of a continuous random variable is a continuous function on R. e probability unity is the integral
of fD,X (x) on R as:
∫ +∞
fD,X (x)dx = 1
(A.25)
−∞

If a PDF is continuous at point x, its value at x is the derivative of the CDF as:
fD,X (x) =

d
FX (x)
dx

(A.26)

Mixed
For X which is discrete on a countable set A ⊂ R and continuous on R\A, it is de ned
as a mixed random variable which has a distribution consisting of both the partial PMF
fM,X (x) and PDF fD,X (x). Its CDF can be calculated with (A.27).
∫ x
∑
FX (x) =
fM,X (t) +
fD,X (t)dt
(A.27)
t∈[−∞,x]∩A

−∞
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e probability unity is the summation on PMF and the integral on PDF as:
∫ +∞
∑
fM,X (x) +
fD,X (x)dx = 1
−∞

x∈A

(A.28)

Multivariate Random Variable
Given two random variables X and Y , (X, Y ) forms a bivariate random variable. e
joint CDF FXY (x, y) of (X, Y ) is de ned in (A.29). e joint PMF fM,XY (x, y) can be
de ned if all the possible values of (X, Y ) are a countable set A × B ⊂ R2 . And the joint
PDF fD,XY (x, y) can be de ned for the continuous case.
FXY : R2 → [0, 1]

FXY (x, y) = P{X ≤ x and Y ≤ y}

(A.29)

For the random variable X, the marginal CDF FX (x) can be calculated as:
FX (x) = lim FXY (x, y)
y→+∞

e marginal PMF fM,X (x) or PDF fD,X (x) can be calculated as:
∑
fM,X (x) =
fM,XY (x, y)

(A.30)

(A.31a)

y∈B

∫
fD,X (x) =

+∞

−∞

fD,XY (x, y)dy

(A.31b)

For the random variable Y , the de nition is same as X. When the following equality is
always satis ed for all values of (x, y):
FXY (x, y) = FX (x)FY (y)

(A.32)

e random variable X and Y are independent with each other

A.5.3 Important Parameters
Given a random variable X, the expected value of X can be calculated for the discrete case
and continues case as:
∑
E{X} =
(A.33a)
xfM,X (x)
x∈A
∫ +∞

E{X} =
−∞

xfD,X (x)dx

e variance and the standard deviation of X is can be obtained as:
{[
√
]2 }
D{X} = E X − E{X}
, σ(X) = D{X}

(A.33b)

(A.34)
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A.5.4 Conditional Probability
For a discrete bivariate random variable (X, Y ) and its joint/marginal PMF, the conditional
PMF fM,X|Y (x|Y = y)/the conditional PDF fD,X|Y (x|Y = y) of x given a known value
y of Y can be calculated as:
fM,XY (x, y)
fM,Y (y)
fD,XY (x, y)
fD,X|Y (x|Y = y) =
fD,Y (y)
fM,X|Y (x|Y = y) =

(A.35a)
(A.35b)

A.5.5 Inference based on Bayes' eorem
Bayes' eorem
For a discrete bivariate random variable (X, Y ), if the conditional PMF fM,X|Y (x|Y =
y) of x given Y = y and the marginal PMF fM,Y (y) are known, the conditional PMF
fM,Y |X (y|X = x) of y given X = x can be calculated a as:
fM,X|Y (x|Y = y)fM,Y (y)
t∈B fM,X|Y (x|Y = t)fM,Y (t)

fM,Y |X (y|X = x) = ∑

(A.36)

For the continuous case, if the conditional PDF fD,X|Y (x|Y = y) of x given Y = y and
the marginal PDF fD,Y (y) are known, the conditional PDF fD,Y |X (y|X = x) of y given
X = x can be calculated as:
fD,X|Y (x|Y = y)fD,Y (y)
fD,Y |X (y|X = x) = ∫ +∞
f
(x|Y = t)fD,Y (t)dt
−∞ D,X|Y

(A.37)

Bayesian Inference
Bayesian inference is an important statistical method in which Bayes' theorem is applied
to update the probability distribution of a random variable after some observations are
acquired. In this thesis the Bayesian inference is used to solve the harmonic disturbance
location problem and voltage dip state estimation problem.
Prior Distribution Given a continuous (discrete and/or mixed random variables have
similar approach) random variable Θ (a scalar or vector), its prior distribution (PDF) is
de ned as fΘ (θ) which is usually obtained from expert experience or statistical hypothesis.
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Sampling Distribution and Marginal Likelihood e observation data X (a scalar or
vector) can be acquired from measurement and/or experiment. e sampling distribution
is de ned as the conditional distribution of X given a known θ: fX (x∗ |θ), where x∗ is the
observed value of X. When considering a function of θ, fX (x∗ |θ) is de ned as the likelihood function of θ given x∗ . e marginal likelihood of x∗ is calculated by marginalizing
the likelihood function over the θ:
∫
fX (x∗ ) =
fX (x∗ |θ)fΘ (θ)dθ
(A.38)
ΩΘ

where:
ΩΘ

the sample space of Θ.

Posterior Distribution e posterior distribution fΘ (θ|x∗ ) of Θ given the observation
data x∗ can be calculated using Bayes' theorem:
fΘ (θ|x∗ ) =

fX (x∗ |θ)fΘ (θ)
fX (x∗ )

(A.39)

e posterior distribution is the distribution of Θ with the consideration of the observed
data x∗ .
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