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1 Introduction

EU has set goals for carbon neutrality in 2025 (Fit for 55) [1], [2]. The revised European
Energy Efficiency Directive (2023/1791/EU) from September 2023 sets goal to have
11.7% reduction in energy consumption by 2030, compared to 2023 levels. This will aim
to reduce CO, emissions and targets all energy consumption on all major levels from
industry and domestic functions. Along other means, significant attention is put on
residential targets, such as of buildings’ energy utilization and increase in efficiency of
in-building functions. To support the Energy Efficiency and Fit for 55 targets the Eco
design directive is in effect (2022/671/EU) [3]. All in all it sets the minimum requirements
to basically every functioning electrical device, with specific limits to the standby power,
average energy efficiency etc [4]. For example, a 50 W AC/DC power supply is required
to have minimum 88% efficiency [5].

The energy efficiency targets for electric appliances power conversion are basically
realized through power electronic converters. Basic operation of such a converter uses
switching components and electronic control providing proportional reaction towards the
load of power supply. Switching mode power supplies (SMPS) can be found on all
commercial power levels and are universally available in forms of, for example, mobile
device chargers, laptop power supplies, TV power supplies etc [6].

Commonly such devices are supplied energy through alternating current (AC) electric
power grids. For the operation the power supply units the AC is first converted to direct
current (DC) through rectifiers, followed by electronically commutated and efficiently
controlled circuits. These high-efficient SMPS are presenting a non-linear load to the AC
grid. Linear load, such as a resistor, always draws current proportionally to the supplying
voltage waveform. The rectifier-based power supplies are usually having a non-sinusoidal
current draw and thus are called non-linear loads[7], [8].

Due to widening requirements on energy efficiency the SMPS are paving way to all
fields of activity [9]. Nonlinear loads are known to introduce significantly distorted load
currents, leading to non-sinusoidal voltage drops and sinewave supply voltage degradation.
In general expression the distortions are described by a series of harmonic frequency
components of current and voltage, termed as current and voltage harmonics respectively.
Harmonics are inevitable and in general unwanted phenomena associated with SMPS
operation.

High levels of voltage harmonics can bring problems into the electrical system,
leading to added inefficiencies, overheating, and potential damage to infrastructure.
Understanding how these harmonic components are influenced by and interact with
voltage distortions is key to ensuring the reliability and efficiency of power supplies [10].

Moreover, as electrical networks evolve with the integration of renewable energy non-
linear sources and the push towards more manageable and islanded grid configurations, it
is becoming increasingly important to have relevant models that can predict and mitigate
potential upcoming unwanted electrical phenomena [11], [12]. While the models to
investigate main frequency power flow are abundant, the harmonic distortions and even
the details on the harmonic loads are being discussed in the early adoption terms.

This thesis aims to bridge one of the key issues in the modelling of the contemporary
power electronic load devices. Within the thesis, a novel approach has been taken to
provide more accurate estimation on the consumer devices’ harmonic load current
dependency on supply voltage waveform harmonics’ parameters. A general term signed to
this relation is harmonic load current sensitivity.
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1.1 Power quality, waveform distortions, harmonics

Power quality as a term refers to the conditions and parameters of the voltage and
current supply in a power system. The Institute of Electrical and Electronics Engineers
(IEEE) defines it as the electromagnetic phenomena that describe the voltage and current
at a specific time and location [13]. IEC uses power quality for characterisation of the
electric current, voltage and frequency at a point in an electric power system, evaluated
against a set of reference technical parameters [IEC 614-01-01]. Deviations from the
expected range of parameters are seen as reduced power quality and degraded power
quality could potentially lead to issues in the power system, affecting the normal
operation of equipment used by end-users. The quality of the supply voltage is often
considered critical as it has a broader impact on load endpoints and their functioning.

The International Electrotechnical Commission (IEC) outlines power quality in terms
of electromagnetic compatibility (EMC). Power quality represents characteristics of the
electric current, voltage and frequencies at a given point in an electric power system,
evaluated against a set of reference technical parameters [14]. Electromagnetic
disturbances can degrade the operation of electrical equipment or systems, potentially
leading to malfunctions or improper functioning [15]-[17].

The IEC 61000-2-5 defines three environment categories that characterize the levels
of expected supply voltage parametric deviations in power systems [18]. In broader view,
supply voltage parameters are seen as electromagnetic compatibility aspects, whereby
the 61000-series standards assist in defining the characteristics of the expected nominal
value and deviation total range.

The distortion of current and voltage waveforms first became apparent in power
systems during the early 20th century [19]. The term “power quality” began to appear in
literature in the 1970s, coinciding with the emergence of circuits in electrical loads that
contained nonlinear and switching devices like diodes, thyristors, and transistors.
The presence of nonlinear loads and components within the power system is the primary
cause of waveform degradation, which can manifest in several forms:

1. Harmonic Distortion: This is the most common form of waveform distortion
and arises due to the presence of nonlinear loads, such as variable speed
drives, compact fluorescent lights, and other electronic devices. These loads
draw current in a non-sinusoidal manner, represented by current harmonics
with integer multiples of the fundamental frequency (50 or 60 Hz). Harmonic
currents can lead to the generation of harmonic voltages, which distort the
supply waveform.

2. Inter-harmonics: These are voltages or currents that appear at frequencies
that are non-integer multiples of the fundamental frequency. Inter-harmonics
can be introduced by power electronics and some types of variable loads.
They can cause problems in the operation of electronic devices and power
monitoring equipment.

3. Voltage fluctuations and flicker: Rapid variations in the voltage level can cause
lighting devices to flicker, which is particularly noticeable in incandescent
bulbs. This type of distortion is often caused by loads that change rapidly,
such as electric arc furnaces.

4. Notching: This distortion happens when electronic devices, like variable
frequency drives, switch on and off rapidly. They create a series of voltage
notches, or transient disturbances, in the waveform that can interfere with
the operation of other equipment.
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Transient disturbances: These are sudden, brief deviations from the ideal
waveform, caused by events such as lightning strikes, power line faults,
or switching large loads. Transients can be very damaging due to their high
energy content.

Voltage unbalance: When the voltages in a three-phase system are unequal
or not precisely 120 degrees out of phase, it results in an unbalance.
This condition can cause additional heating in motors and reduce their
efficiency and life span.

The present thesis has a focus on the waveform harmonic distortions. Waveform
distortion in power systems refers to a deviation from the pure sinusoidal AC voltage and
current waveforms that are ideal for efficient power delivery. In general, the harmonic
voltage distortions are seen as most critical in regard to waveform evaluation. The voltage
harmonic distortions can have a range of adverse effects on power systems, which

include:

1.

High-frequency harmonics can lead to overloading and eventual destruction
of capacitors in power factor correction devices due to the relationship
between capacitor current and harmonic voltage components; with
higher-order harmonics causing more thermal stress than lower-order ones.
The inherent characteristics of capacitors, when combined with inductance
from the power system, set a specific resonant frequency. Significant voltage
distortion might occur if the frequency of any current harmonics aligns with
this resonant point [20].

Transformers experience increased losses and decreased life span due to the
heat generated by harmonic frequencies. These additional losses can also
degrade transformer insulation, added to which the transformer core may
become saturated and the asymmetric nature of harmonics can exacerbate
this issue [21], [22].

In electric motors, harmonic voltages induce non-productive magnetic flux,
which doesn’t contribute to the motor’s torque, leading to reduced efficiency
and increased heat, noise, and vibration.

Harmonic currents raise transmission line losses, negatively affecting their
capacity due to heightened skin and proximity effects. They also induce
voltage drops across system impedances and amplify dielectric stress on the
cables.

Measurement tools may register errors since they are typically calibrated for
sinusoidal currents and voltages.

Protection devices within the power system may also fail to operate correctly
due to harmonics. This can result in the malfunction of relays and the
potential shifting of circuit breakers’ tripping thresholds due to the additional
heating of solenoids.

Household devices such as computers, televisions, and lighting fixtures can
be adversely affected by voltage harmonics, impacting their performance
and longevity.
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1.2 Overview of requirements and normative for power quality
respective to network-connected appliances

In electrical engineering and power system design, the requirements for distribution grid
to provide service with high power quality is an essence. However, the parties
responsible for ensuring the power quality levels are both the distribution grid and the
customers’ loads connected to the grid. The requirements for the loads are thus driven
and have to account for the expected distribution grid characteristics. First and most
important are the rules for safety, followed by rules of operation and life-cycle
management. For example, EU has set frameworks of directives implying on stating the
minimum and mandatory requirements to safety (LVD directive), on efficiency, on waste
management (WEEE directive) etc.

Additionally, power supplies and connected devices have to be designed with the
capability to handle fluctuations in supply voltage qualities without compromising the
performance, which includes maintaining a steady output despite irregular input. Stating
this in aspects of reliability for voltage harmonics, the power supply has to be resilient to
the harmonics produced by other equipment and at the same time has to avoid any
operation that could introduce significant harmonic distortion increase in the grid. This
is further addressed in the Electromagnetic compatibility directive (2014/30/EU) [23],
whereby it is more generally stated that devices must neither emit unacceptable levels
of electromagnetic interference (EMI) nor be overly susceptible to EMI from external
sources. Compliance with the directive is ensured, for example, through meeting criteria
in the EMC standards like the IEC 61000 series. Criteria given in normative documents
ensures that devices perform reliably without disturbing the function of other
equipment.

For safety and consumer protection, certifications such as the European Union’s CE
marking denote that power supplies and network-connected appliances meet rigorous
set of standards. A number of these standards also guide the design of power supplies,
setting benchmarks for standby and operational power consumption to minimise energy
waste and promote environmental conservation. The guidelines relating to the thresholds,
mitigation, and measurements of harmonics have been outlined by IEC and IEEE within
their respective standards. An overview and explication of various standards associated
with harmonics has been presented below.

1. EN50160: Details the characteristics of AC public networks at low, medium, and
high voltage levels, encompassing voltage variations, harmonics, transients,
flickers, dips, and swells in [17].

2. |EEE 519: Provide basis for managing harmonics in the electric power system,
presenting specifics on the harmonic measurement procedure and recommended
harmonic limits [24].

3. IEC61000-2-2: Prescribes compatibility levels for conducted voltage disturbances
within the range of up to 2 kHz, and furthermore from 2 kHz up to 150 kHz in
public power supply networks [25].

4. |EC61000-2-4: Specifies compatibility levels for conducted voltage disturbances
in industrial sites within the range of up to 2 kHz [26].

5. IEC 61000-2-5: Outlines the description and classification of electromagnetic
environments related to supply networks, covering phenomena associated with
disturbances[27] including voltage harmonics.
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6. IEC61000-3-2: Establishes harmonic current emission limits for single units with
current rating below 16 A [28].

7. IEC 61000-4-7: Specifies principles for the evaluation and measurement of
harmonics in a power supply network [29].

8. IEC 61000-4-30: Defines the measurement methodology for power quality
parameters and the interpretation of measurement results in the AC supply
system [15].

Mitigating the impact of harmonic distortions is both a technical challenge and a
regulatory concern, as standards and guidelines such as [25] and [26] have been
established to limit the levels of harmonic voltage and current in power systems. Various
strategies have been adopted to combat harmonic distortion, including the use of passive
filters, active filters, and custom power devices [30]-[33].

To ensure proper and proportional mitigation, accurate modelling and estimation of
harmonic distortions are key to managing power quality. While main frequency AC grids
have linear circuit models employed, even the power flow analysis is calculation intensive.
For harmonic distortions analysis further capable simulation tools and analytical
techniques are required to describe the origins of voltage harmonics in the power grid.
By providing where and how harmonics will manifest, engineers can proactively design
systems to be more resilient to waveform distortions. Implementing such solutions are
vital for sustaining the necessary power quality levels needed to support the growing
complexity and connectivity of modern electrical grids and the plethora of devices that
depend on them.

1.2.1 Challenges in harmonic sensitivity modelling

The dynamics of the modern power system are rapidly changing due to advancements in
energy generation and consumption trends. The growing number of distributed generation
units, like photovoltaic (PV) systems, and the increase in power electronic-based loads
are evident. In addition to efficiency targets more and more small-power devices are
introduced to the grid, this is to support also more capable living environments where
more sensing and control is introduced. Trends in domestic energy storage unit
implementations, electric vehicles charging set-ups and heat pump deployment will
result in powerful SMPS being common load devices at each household. With PV
generation requiring a SMPS (known as inverter) with output to the grid, energy storage
will also use SMPS to supply the grid. However, SMPS as power sources are also
non-linear sources, i.e. these will introduce also non-sinusoidal current infeed that would
raise potential to the voltage waveform degradation.

Energy efficiency goals have already removed some high-power traditional linear
loads such as incandescent lamps. First replacements by more energy-efficient compact
fluorescent lamps (CFLs) already required SMPS to be part of every CFL lamp. Naturally,
more efficient light-emitting diode (LED) lamps [34] use SMPS. Electric motor-based
appliances are also being improved with the adoption of invert-based drives, which
support various working modes, each with its own harmonic emission profile. These
drives also are essentially operating as SMPS with non-linear characteristics.

Regarding the potential degradation of performance of grid components and devices
(see 1.1) it is a critical consideration that a grid could operate with a good level of power
quality. This refers the inclusion of supply voltage waveform to the criteria, where the
distortions should not exceed limits required for safe and efficient operation. Controversy
is evident when, for example, a highly efficient load is loading the grid in a way that the
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losses in the grid are exceeding the “higher efficiency” margins of energy saved due to
adding the SMPS. Also, it has to be kept in mind that while the individual devices may
have acceptable harmonic distortion in their load current waveforms, the cumulative
effect can impose limitations on the network’s power delivery capacity, particularly for
transformers when the voltage waveform is compromised. Thus, an accurate assessments
of harmonic emissions from present and future loads will be crucial for network
operators to enhance capacity and plan for additional investments.

Modelling the operational behaviour of modern nonlinear devices, which exhibit
stochastic characteristics, is challenging. While there are numerous studies on power
flow modelling, nonlinear load modelling and harmonic estimations are relatively new.
The traditional distribution grid models mainly focus on the energy consumption pattern
evaluations and have limited time resolution, making it difficult to estimate current
harmonic emissions accurately.

Harmonic currents provide an effect similar to the main harmonic frequency loads,
considering linear line segments. However, the harmonic current source description and
overall equivalent circuit presentation can be totally different. For example, it can be
considered that the network transformer is acting as an emf source for mains frequency
component, but for the harmonic component modelling the transformer could be
presented as a short circuit or open circuit.

This thesis is looking at a harmonic load current modelling for a source approach.
In particular, the load harmonic currents are seen to be emitted as a result of a device
operation. Furthermore, aim is to include this source’s current model to be responsive
to supply voltage waveform applied to a load device.

1.3 Hypothesis

The main hypothesis of the thesis are stated as

e Voltage and current harmonics coupling occurs primarily due to the time-domain
variations of waveforms. This refers that any single frequency component
coupling is insufficient for providing a systematic model basis. Impedance or
admittance relations between voltage harmonics and current harmonics described
in state-of-the-art models are lacking the physical expression of cross-order
harmonic relations seen in measurements.

e Time-domain waveform variation of the current waveforms provides a defined
relation towards voltage harmonic components across different order current
harmonic components. These defined relations would be clearly seen through
testing results of actual devices.

e Harmonic coupling models are to be defined based on the rectifier characteristic
behavior instead of empirical impedance relations. The rectifier operation dynamic
characteristics would indicate similar relations as seen from empirical testing
outcome.

1.4 Research task definition

The aforementioned aspects pertain to the thorough examination of harmonic
disturbances within power systems, focusing particularly on the loads’ current response
to supply voltage distortions. Each item addressed below corresponds to a targeted stage
in a comprehensive methodology to model and analyse harmonic effects.
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A: Testing the loads for the empirical model definition of current harmonics
This stage involves practical experimentation with electrical loads to gather
empirical data on how these loads contribute to current harmonics within a power
system, particularly under non-ideal supply voltage conditions. The process
typically requires subjecting loads to various voltage distortions and accurately
recording the current waveforms under these conditions. The purpose is to
establish a clear set of definitions and source for characterization of current
harmonics that are observed in the presence of supply voltage distortions,
creating a reference for further modelling and analysis.

B: Identification of the empirical model basic physical behaviour sources
This step involves analysing the collected data to determine patterns and
underlying relationships between the distorted supply voltage and resultant
harmonics. The aim is to understand the basic physical principles and mechanisms
within the load circuitry that give rise to harmonics. This understanding can then
inform the development of more refined model that seek not just to describe but
also to explain harmonic propagations.

C: Defining the particular physical model for the harmonic current analytic analysis
Based on the observational data and the identification of physical behaviour of
the components present in the energy-efficient devices, such as capacitors,
a specific analytical model can be defined to account for the physical operation of
rectifier circuit switching. This model represents the behaviour of the load
currents in mathematical terms, identifying the root mechanism of current
harmonics. Such a model would allow for predictive analysis — giving researchers
the ability to anticipate harmonic generation under various conditions without
the need for additional empirical testing.

D: Modelling the load currents characteristics and variance parameters with multiple

voltage harmonics in the supply voltage
Finally, with a clear analytical model defined, the task is to refine the model to
account for the interactions that occur when multiple voltage harmonics are
present in the supply voltage. This involves adjusting the parameters within the
model to capture the characteristics of load currents as they are influenced by a
spectrum of harmonic frequencies.

Thus the thesis is providing both theoretical and practical approach the harmonic load
currents’ estimations.

1.5 Novelty expression

Main items of novelty in this thesis can be listed as follows:

A: Time-domain expression analysis on the current harmonics, voltage harmonic to current

harmonic coupling
In analysing the time-domain expression of current harmonics and their coupling
with voltage harmonics, we consider the instantaneous relationship between
voltage and current waveforms. The novelty in this approach for identifying and
characterising nonlinear interactions provides direct physical explanations for
cross-order effects between different orders of harmonics.

B: Relation identification of load current harmonic components phase behaviour related

to waveform time-shifting
Usual approach to harmonic current phase angle characteristics is to use phase
angle as a parameter itself. However, the focus on this thesis is to consider the
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phase angle as a marker of waveform timing, not the phase as a quantity itself.
Novel time-scale description of the parameters related to the harmonic load
current components will provide a direct physical address to the emergence of
variations in the harmonic component phase angle ranges.
C: Load current waveform variation definition upon multiple supply voltage component
presence
The nonlinear characteristics of power electronics interfaces, such as inverters or
rectifiers, and their interaction with grid harmonics, lead to complex cumulation
of waveform distortion parameters. The explanation of the definition of multiple
harmonic supply voltage components sensitivity will be delivered, a new aspect
delivered with actual case examples.
D: Detailed analytical expression of the load current harmonic behaviour for the expected
voltage harmonic content ranges
The analytic expressions defining the physical harmonic parameter’s ranges’ and
potential variation extent are defined for the full-wave rectifier circuit. Previously
sources reporting harmonic sensitivity presence either assume numerical or then
physical measurement bases, but are missing explanations on the physical circuit
operation formulations. Novel explanations are delivered to tie the rectifier
physical operation analytics and practical harmonics outcome.

1.6 Thesis outline

e Chapter 2 provides an introduction to harmonic sensitivity, requirements and
instruments for harmonic content measurement, harmonic aggregation and
analysis of harmonic estimation models, and effect of magnitude and phase of
voltage harmonics on resultant current harmonics.

e Chapter 3 presents the methodology used to construct the harmonic estimation
model and analysis of the model including the physical operation of the element
in the switching circuits.

e Chapter 4 focuses on the time domain analytical expression for the harmonic
models considering the physical operation of components present in the
rectifying/switching circuit in loads.
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2 Harmonic sensitivity

The accurate assessment and analysis of harmonic currents are vital for the effective
operation and management of power systems. The topic of harmonic sensitivity derives
from the complexity to provide an accurate estimation of harmonic load currents.
In essence, the measurements indicate that harmonic currents of even simple power
supply have significant variations depending on the voltage waveform supplied to the
load. Therefore, the load current characteristics are sensitive to the supply voltage
waveform parameters (publication II). In this thesis a LED lamp as an example of a simple
load is used to deliver more detailed understanding of voltage waveform to current
waveform interactions.

Market available LED lamps can be distinguished based on the shape of load current
waveform, drawn by LED [34] shown in Figure 2.17; the presence filter or waveform
control circuit, influences the characteristics of the load current waveform [35]-[38].
Within the context of this study, Type A LED lamps, as categorised in (section 2.5.2) [34]
were randomly selected for evaluation to assess their odd-order harmonic content and
behaviour under the voltage harmonic orders of 3, 5, and 7.

2.1 Waveform definitions

The field of electrical engineering depends heavily on the design and analysis of power
supply systems and loads, both linear and nonlinear. Linear power sources, for example
transformers/regulators, are known for their reliability, perfect waveshape and
simplicity, making them ideal for applications where precision and low noise are critical.
However, their limitations in terms of efficiency and size make them less suitable.
In contrast, nonlinear power supplies, especially switched-mode power supplies are
gaining popularity due to their efficiency and compact design. The use of high frequency
switching devices significantly reduces size and weight, making nonlinear power supplies
ideal for portable electronic devices and power efficient applications. However,
the complexity of SMPS designs introduces challenges related to electromagnetic
interference (EMI) and the potential for harmonic distortion in the output waveform.
When designing power supply systems, understanding and accommodating various loads
is crucial.

AC power supply works well with linear loads, such as resistors and incandescent
bulbs. Sinewave mains power supply voltage waveform is defined as a function of sine
that is written as

Uscsin(t) = Ugcn Sin(w,t) (2.1)

Where Uacmz is the magnitude (or peak value) of the supply and w: is the frequency of
fundamental component.

Ideal linear power supply provides perfect sine waveshape load current draw.

A linear load, acting upon supplied with such voltage will have a load current

lacsin@) = lacmr Sin(w it + ;) (2.2)

For the AC load a scalar load impedance (Zioap) quantity is used for trivial calculations,
so the load current magnitude is calculated as
UMl

=M (2.3)
|ZL0AD|

IMl
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The current can be also written as a complex quantity, having its magnitude and phase

shift angle tied in single variable

IMl
1 =— 9
ACSIN \/E 11
Imil
9, = tan™? { AC,SIN}
Re{l csiv}

(2.4)

(2.5)

General rule for transformation from sinusoidal voltage and current to phasor domain
is presented in the Table 2.1 below; where U is the general expression of RMS value of
voltage waveform and / is the RMS value of current waveform of a circuit element.
Voltage phase angle ‘¢’ and current phase angle ‘9’ is angular distance towards reference
i.e. zero degree position. Table 2.2 illustrates an example of phasor-presentation of current
and voltage appearing on the inductor component in common RL series arrangement;

where ‘U/’ is the voltage across inductor a

Table 2.1 Sinusoidal-phasor transformation

nd ‘I “ is series current.

Time domain Phasor domain 3 U
U-cos(wt+¢) | & | ULgp %

U-sin(wt+¢) | & | UZ(p—90°) 'EJ

I-cos(wt+9) | ¢ | 1Z£9 = \ @
I-sin(wt+9) | & | 1 £ —90°) | Real axis

Table 2.2 Example of a phasor representations

R=1kQ, L=0.1H
Inductive reactance X;=31.4Q

U, = voltage across inductor

Uy
Uac=230V L=r3x,
I, = current through inductor I,= 023 £-18°A

UAC = 230 Z 00 V
Voltage across the inductor terminals
v, =2y
L= 51 v Yac
Mark IL, make inductance. R+jX,
U,= 72 4£882°V

Current through inductor is calculated as

Supply voltage of RL series circuit and phasor domain
representation

Voltage and current time-domain waveform

0.4
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The actual voltage waveform in the grid is practically never a perfect sinusoid, but
rather persistent if comparing, for example, two neighbouring cycles waveforms. This
refers that these cyclic repeating waveforms could be observed as a main harmonic
frequency sine component, with added higher order harmonic frequency sinewave
components superposed on it. With inclusion of voltage harmonics, supply voltage
waveform no longer maintains the original pure sine wave shape. Figure 2.1 illustrates

voltage supply waveforms for fundamental frequency component and added harmonic
frequency components.

330

u, ()
u, (t)+u3(t)+u5(t)+u7(t)

U yact V
o

-330 . L
0 5 10 15 20

Time, ms

Figure 2.1 Supply waveform distortion example, with voltage harmonics imposed on the main
harmonic waveform.

The distorted but cyclic voltage supply waveform can be represented using Fourier
series expression as equation ((2.6), where multiple components make up the cumulative
voltage waveform. Each Fourier series component can be considered independently,
where term ‘harmonic component’ is used in conjunction with the ‘harmonic order’,
where the ‘order’ refers to an integer multiple of the main cycle frequency. For example,
the main harmonic component frequency of f1 = 50 Hz corresponds to 1%t order component
representing main cycle occurrence frequency, fs = 250 Hz component is 5th order
component etc. In the text, a “harmonic component” refers to either voltage or current
component phasor, of a specific harmonic order. Denotation of the harmonic order is
usually the subscript noted after the variable.

Therefore, the Fourier series presentation of grid voltage can be detailed as

Uyac () = Uy Sin(aht + ¢’u1)
+ Uys sin(Swlt + ¢’u3) + Uys sin(Swlt + ("us) (2.6)
+ . UMh Sln(h(i)lt + @Uh)

where Uwmi, Uwms, Uws, ... Uun are the respective magnitudes and ¢ui, @us, @us, ... gun
are angular distances towards the reference position, and ‘s’ presents the total number
of harmonic components considered, where ws refer to angular frequency available as

(1)1:2'7T'f1

Each pair of voltage harmonic component level and phase angle make up a phasor
expression, whereas the total voltage can be specified as an array of harmonic voltage
components as

U, UlZ(DUl
U3 U Z@
[Uivacl = = 3 s (2.7)

Uh UhZQUh
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Equation (2.6) is modified Fourier series as it accounts only for odd harmonics;
if the waveform in time domain is persistent regardless of cycle, the periodic waveform
part will be described only by odd harmonics. In addition to supply voltage, load current
can also be represented using similar Fourier series expression.

2.2 Fourier transform and harmonic components

The Figure 2.2 presents the load current waveform of a commercially available energy
efficiency LED lamp. Due to the nonlinear nature of the lamp load, load current
waveshape is not proportional to the sinusoidal supply voltage waveform, but has a
clearly non-sinusoidal form. It has to be said that the current waveform, as presented in
Figure 2.2 occurs both in cases when the supply voltage is of pure sinusoidal form but is
rather similar also in cases, when the supply voltage has distortions such as presented in
Figure 2.1.
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Figure 2.2 Typical load current of energy efficient LED lamp.

The load current can be expressed as a Fourier series as well, and such waveform
composition representation through use of load current harmonic components is well
respected by engineers. It emerges from aspect that a periodic function f(t) and its
transform in frequency term F(w) from the Fourier pair and one can be derived form the
other.

f@) & F(w)

Frequency domain representation of the supply voltage and load current can be
described using equations below
r
q

(2.8)

Uy ac(t) ULvac(®)

ORI (2.9)

In general presentation, according to the Fourier theorem, any practical periodic
function of frequency can be expressed as an infinite sum of sine or cosine functions that
are integral multiples of main harmonic cycle frequency. Thus, assuming either voltage or
current quantity time representation as a time-defined function f(t), general expression is

ft) =ag+ Z(an cos(nwqt) + by, sin(nw,t)) (2.10)
n=1
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where ws is the fundamental frequency in radians per second. The sinusoid sin(nwot)
or cos(nwist) is called the nth order harmonic of f(t); it is an odd order harmonic if n is
odd and an even order harmonic if n is even. Equation (2.10) is called the trigonometric
Fourier series of f(t). Fourier series coefficients — referred to as the Fourier coefficients —
are available to reconstructing the waveform through inverse Fourier transform.
The coefficient ao is the static component (for electric signals, the DC component) or the
average value of f({t) within main harmonic cycle. The coefficients a» and b, are the
amplitudes of the sinusoidally oscillating components, but they also make up the phasor
quantities of the harmonic components. Assuming linear trigonometric identities, one
can specify the harmonic phasor magnitude A,and phase @, through

b
A, =yaz+b} , ¢ = —tan (—") (2.11)
n

The engineers implement and measurement devices indicate these harmonic phasor
guantities. The equation (2.10) can be rewritten as

ft) =ay+ Z A, cos(not + ¢,) (2.12)
n=1

Equation (2.12) can be re-written using the trigonometric identity
cos(a+pP) = cosa-cosf - sina-sinfs

f@) =ag+ Z [Ancos(g,) cos(nwt) — A, sin((pn) sin(nwt)] (2.13)

n=1

Equating (2.10) with (2.13) provides a representation using real and imaginary
components as

a, = Apcos(@,) , bp=—Agsin(e,)
Thus the equivalent to the phasor presentation is the complex form of a harmonic
component (2.11) of an order n
Ap Zp, © a, —ib, (2.14)

To determine an for cosine terms and b, for sine terms in the series, calculations using
integrals of the original periodic function multiplied by the corresponding sine or cosine
functions over one period of the function.

1 T
ay = Ffo f(dt (2.15)
2 T
a, = ng f () cos(nwt) dt (2.16)
2 T
b, = Tfo f(t) sin(nwt) dt (2.17)

Figure 2.3 illustrates the time and frequency domain representation of input voltage
and load current of a common LED lamp; where the supply voltage is pure sine wave.
Load current waveform is consisting of multiple current harmonic phasors, i.e. current
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harmonic components with unique magnitude values and unique harmonic component
phase angles. It has to be noted that the harmonic component phase angles are
determined by assuming the 0-phase instant of the fundamental voltage component as

reference point.
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Figure 2.3 Voltage and current harmonic components definition for the voltage and current shapes.

Each cyclic repeating current waveform of any load can be described by a series of
current harmonics similar to presentation in ((2.6). Non-linear loads’ current harmonics
have specific magnitude and phase angle values even when the supply voltage is pure
sine-shaped.

As described in Chapter 1, the utility voltage available in customers’ supply points
(residential and industrial) could have different waveshape than pure sinusoid.
However, load current harmonics parameter values are also sensitive to supply voltage
harmonic parameters. Figure 2.4 shows an example of this, the effect of adding 5%
voltage harmonic to supply on one of the load current harmonics is observed from
measurement results of a practical LED lamp device.

Harmonic sensitivity describes the influence of supply voltage harmonics on the
current harmonics. The practical outcome of this sensitivity is visualized in Figure 2.4
and Figure 2.5; illustrating the effects of voltage harmonic phase angle. Voltage
harmonic component magnitude is maintained constant at all these times.

25



-0.01

Imaginary (A)

Iz current harmonic phasor
,,’ endpoints, when the

[?,@Ul
[?,@US / supply voltage has 5th
I / order harmonic included
7,@U1+4+U5 .
< ! with U5 =1V, and supply
! voltage harmonic phasor
is rotated through 360

/ degrees.

/ I current harmonic phasor

',' .-~ , for Us voltage harmonic

-0.02 } ¢ only
P
“~~._ lzcurrent harmonic phasor
endpoint, when supply
voltage is pure sinusoidal
0.02 0.03

-0.03
0.01

0
Real (A)

Figure 2.4 Variations in seventh harmonic current vectors for supply voltage containing Us (Us = 1 V)

and phase @us = 0, 15, 30...345°. (previously published in article I).

2.3 Definition of harmonic sensitivity
In a low voltage distribution grid, the supply voltage waveform could be varying

depending on the loads connected to the grid and their operation, for example according
to daylight time, temperature, etc. [39]. As it is clear that the load current harmonics’
parameters are dependent on the voltage supply waveform [40]-[42], in order to assess
the total harmonic current in the LV grid, the voltage harmonics characteristics varying

nature has to be accounted for.
General expression of variation of a load current phasor parameter is
Ioapr = Itoap.rer + Aoapp (2.18)
where lioap,T is the total current phasor, loao,rer is the reference phasor and Alioao,p is
the difference phasor. In terms of load current harmonic sensitivity, in this thesis the
sensitivity is considered as dependence on the voltage harmonic characteristics referenced

to the load harmonic current value in pure sinewave voltage supply conditions
(2.19)

Alyoapnsen = ILoapnurvac = ILoapnusin

where lioap,nutvac is the total load current harmonic phasor upon non-sinewave ULvac
supply voltage, loap,nusiv is the reference harmonic load current phasor when load is
supplied with sinusoidal supply voltage, and Alioap,s,sen is the difference phasor due to

the sensitivity parameter.
Current harmonic sensitivity to the voltage harmonics in the first approach can be
(2.20)

expressed as follows
AlLoapnsen = ksenn " Uvach
where ksen is the sensitivity coefficient describing the effect for the h-th harmonic.
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The use of (2.19) is justified from evidence of test results. Figure 2.5 is showing the
implication of variance in current waveforms due to added voltage harmonic [43], [44].
The total load harmonic currents are seen to be centred around a base point, which is
identified as pure-sinewave supply voltage load current harmonic phasor. In addition,
load harmonics also show cross-coupling and dependency to magnitude level of added
voltage harmonics (see Figure 2.5); as Figure 2.5 presents the spread of harmonic
component on the complex plane for various Uivach phase angle points and magnitude
levels of the incident voltage harmonic.
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Figure 2.5 Seventh harmonic current phasors for supply voltage containing Us (2 V or 4 V) and phase
@us =0,15,30...345°.

The sensitivity parameter is not a trivial constant, but is a rather sophisticated function
with geometric origins. Furthermore, there is clear cross-order dependence of the
voltage harmonic sensitivity — voltage harmonic of an order is providing influence to
current harmonic of another order. This could be expressed as

Alyoap xsen = Ksenxy " Uvacy (2.21)

where x is the current harmonic under observation, y is the influencing order of
voltage harmonic and ksen,xy is the y-to-x order sensitivity coefficient.

In this thesis, the target to investigate the harmonic sensitivity will be to develop
into a model, that if input with voltage harmonic phasor values, would be able to
output the current harmonics’ phasor values. In the following chapter there will be a
description on the approaches for modelling the harmonic current levels due to voltage
harmonics’ presence.

2.4 State of the art in harmonic sensitivity models

2.4.1 Frequency domain models

When modelling the waveform response of various power electronic converter loads in
a distribution network (DN), analyses are commonly rooted in the frequency domain
[45]-[47], predicated on an assumption of a sinusoidal voltage supply. One of the simplest
presentations for harmonic fingerprint is assuming that each harmonic current emission
is a constant current source In = In,const Z @in,const [39][48].
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Inror = Ipy + Iz (2.22)

These sources of current harmonics operate independently from the input voltage.
Thus this model does not take into account any sensitivity or influence parameters.
Considering the voltage waveform in a distribution system is continuously altered due
the variability and nature of the connected loads, current source models may face
limitations in their effectiveness for comprehensive harmonic analysis. Harmonic load
current coupling/sensitivity to voltage emerges clearly measurements reported
commonly [18].

The Norton equivalent circuit model for this situation comprises two harmonic current
elements — a constant current source Ixsase and a linear impedance reaction Ixz [49], [50].
Iy Base is recognised as a fixed value under an unaltered sinusoidal voltage. On a vector plot,
the Norton model suggests that the actual current emission from a device should ideally
remain close to an acceptable predetermined reference, which is the current emission
under the ideal sinusoidal voltage condition (simulated as a constant current source) and
follows a linear path for slight deviations. If impact of a voltage harmonic is detailed by a
vector Ux = Ux £ @ux, a response on the load’s harmonic current would occur as

Uh Zth
== 2.23
hz ZnZ y, (2.23)
Inror = Ipy + Iz (2.24)

Although this approach offers some advantages over the current source model it is
unable to account for the cross-order dependency of harmonics. However, the Norton
model, does not fully represent the extent of interactions noted in measured data.
It does not adequately convey the influence between voltage and current harmonics
of different orders — termed cross-order coupling (from Publication Il). Additionally,
it is not equipped to describe the variations in current harmonics due to different
supply voltage magnitudes (main harmonic voltage level).

To address this shortcoming, the Frequency Coupling Matrix (FCM) model implements
a cross-frequency admittance matrix [51]. In this improved approach, the harmonic
currents are influenced not just by voltage harmonics of an identical frequency but also
by those from other orders [52], [53]. The mathematical expression of the FCM model is
presented in Equations (2.25) and (2.27). By integrating impedance (or conductance)
metrics, the FCM refines the foundational Norton approach [54], recognising that the
total Iyrem is the result of a cumulation of various sub-responses. That is, each x-th order
harmonic current vector is the combined output of these distinct interactions. Using
FCM, the x-th harmonic current vector could be written as

Ix,FCM = Ix,Base + [U] [Yx,y] (2.25)

where [U] is the total harmonic vector matrix of supply voltage, where each row is
representing a supply voltage harmonic component vector, represented as

Ul Ul Z(/)Ul
U, U, Z(puz
[U] =|Us|=|Us <9, (2.26)

Un Un <@y),
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and [Yxy] represents the frequency coupling admittance matrix. This matrix encapsulates
the interactions between the x-th harmonic current component and each y-th voltage
harmonic component presented in [U] [55].

Il Base] [Yll Y12 y13 o ylh] 1
Ippase| |Y21 Y2, Ya23 - an U,

Iyrem = ISBuse +1Y31 Y3 Y33 - Y3h | 3| (2.27)
IhBase L’m Yo Ypz - Yth thJ

The FCM model is established on the principle that harmonics within a network are
interdependent. Constructing an FCM model involves defining a matrix that represents
the interaction intensity between different harmonic frequencies. Each element within
this matrix corresponds to a coupling factor between two harmonic orders. These coupling
factors are static in the characteristics of the power system components, and empirically
determined. However, FCM model foundations lack in providing insight into the physical
operation of rectifier circuits in devices. Measurements indicate that rectifier circuit load
current is responding in magnitude level variation while voltage harmonic phasor phase
angle only is modified.

x,Norton x,FCM

I = Const ! I
X x,Base Xy
0] v,
(@) () (c)

Figure 2.6 Harmonic load reaction models, (a) constant source (b) Norton equivalent (c) FCM [43][56]
(previously published in article Il).

The Frequency Coupling Matrix (FCM) method encounters challenges when applied to
practical device modelling within actual network conditions, as these scenarios
often lead to deviations. Ix outcome are circular vector plot result patterns where
impedance-based products of harmonic voltage U, phase influences are used [12].
However, Uy phase influence patterns on phasor plot are often elliptical in form
(see Chapter 2). It has been detailed in [45], [57], [58], that further variables should be
introduced via negative-sequence FCM or additional frequency component factor [59] to
describe the elliptical result pattern; which inevitably increases the complexity and
computational demand for the FCM method. While the FCM would be capable of
providing a current harmonic magnitude response, there is any clear representation of
physical phenomena that provides for harmonic cross-order coupling [60]-[62]. Remaining
complexity and the deviation in Ix phase result will provide limitations of range for the
FCM, as the cumulative assessment of total I, different sub-reactions also means
cumulation of deviations. Figure 2.13 illustrates equivalent circuit diagrams of above
mention models.
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2.4.2 Time domain models

The time-domain models provide comprehensive information about the load harmonic
emission profile as they are based on the actual circuits of the loads. However, modelling
every load connected to the grid using its circuit schematics is a challenging task.
To overcome this challenge, a time-domain harmonic analysis approach is applied to
nonlinear loads that are categorised based on their circuit topologies [63]. Since most
electronic devices incorporate switch mode power supplies (SMPS), equivalent
time-domain models of SMPS are made, and the current harmonic estimation is
presented on simulated and measured waveforms. Similarly, a model is established for
computer loads connected to a single transformer, and the results show harmonic
cancellation and voltage waveform distortion at the transformer [64]. Mathematical
models of low-power compact fluorescent lamps (CFL) were developed to study harmonic
penetration in [65], where voltage and current waveforms were recorded and analysed
using circuit simulation software.

2.4.3 Distinctive stochastic models

In the distinctive method of load modelling, the various types of loads connected to
the power grid are classified by their electrical characteristics. These classifications
are then used to develop probability distributions that predict the total harmonic
distortion they contribute to the system. As an illustration, loads might be sorted into
categories like linear or nonlinear, and further distinguished by their specific circuit
configurations and power quality traits. This approach to modelling harmonics was
initially suggested in 1987 [66]. That model arranged nonlinear loads into four distinct
groups, categorised by their switching states and modes of operation. To analyse the
collective effect of harmonics, the model applied the Monte Carlo method, leveraging
probability density functions to manage variables like harmonic amplitudes and phase
angles.

The study of how domestic appliances affect harmonics within low voltage networks
employed actual appliance usage data and their operational patterns is discussed in [67].
This modelling compared its output against live network readings to ensure accuracy.
An analogous method constructs usage profiles for home appliances based on resident
behaviour, then analyses harmonic emissions using the appliances’ equivalent circuit
models [68].

Furthermore, research incorporating a probabilistic approach considered how
waveform distortions are influenced by the widespread adoption of electric vehicles.
This technique is valued for its capacity to incorporate uncertainties, especially regarding
varied EV charging habits [69]. Propositions for grouped single and three-phase nonlinear
loads according to their current total harmonic distortion levels, utilising energy
consumption trends from different times to determine the participation of these load
groups [70]. This process involved selecting customer database parameters with the
assumption that data for any particular type of device would typically follow a normal
distribution. Utilising this probability-based method, voltage distortions within the low
voltage network are assessed.
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2.5 Rectifier-based loads details

Rectifier circuits using diodes and thyristors for AC to DC conversion are well-known for
introducing harmonics into power systems. Diode-based rectifiers are commonly used
due to their simplicity and reliability. Thyristor-based rectifiers provide more control over
the output voltage by adjusting the activation moment — called firing angle. This feature
allows control over the timing of current conduction through the circuit. By controlling
the point in the AC cycle at which the switches are triggered, it is possible to adjust the
output voltage and current of the rectifier. Controlled rectifiers are especially valuable in
applications requiring variable output for device-specific requirements, such as adjustable
speed drives and power supplies that necessitate a variable output. Thus offering
flexibility and precision in a wide array of power conversion applications in countless
consumer, commercial, and industrial devices.

Within the context of this thesis the focus is on the uncontrolled rectifiers.
Uncontrolled rectifiers use diodes that allow the current to flow in only one direction.
As a result, the flow of current is determined by the inherent properties of the diodes,
and there is no external control. The output voltage of uncontrolled rectifiers is fixed and
depends on the input AC voltage and the specific rectifier circuit configuration.

2.5.1 Full-bridge rectifier
To optimise energy conversion using diode native conduction control, a full-wave rectifier
is the ideal option. This type of rectifier can be constructed using bridge connection of
4 diodes. For reference, Figure 2.7 and Figure 2.8 demonstrate a typical bridge rectifier
and its input and output voltages, with output having same DC current polarity regardless
of AC cycle. Two diodes at time are responsible for each half-cycle current conduction.
Complexity arises from the parts of AC cycle with low instantaneous voltage. These
cycle portions present a low DC output power also. In order to guarantee steady power
availability on the DC side the solution is to add an element that provides energy to the
load between these peaks cycle times. A bulk storage capacitor Cg in parallel with the
load is a common choice for this purpose (see Figure 2.9).
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Figure 2.7 Ideal full bridge rectifier circuit.
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Figure 2.8 Input and output of full wave rectifier.

Figure 2.10 presents the general trends and capacitor voltage charging and
discharging equations. When the rectifier output starts to decrease after attaining the
peak voltage value (at 7/4 or 3T/4, T is the time period of the input wave, for 50 Hz AC
supply, T =20 ms); the capacitor’s voltage ucs(t) exceeds the voltage supply momentary
voltage value uac(t), all the diodes conduction is cut off. It is under these conditions that
the capacitor assumes its role of providing current to the load during the diode’s
non-conductive phase. The moment the capacitor begins delivering current to the load
marks the start of a decline in the voltage ucs(t). Once the AC supply voltage momentary
absolute value surpasses the capacitor's voltage, diodes D2 and Ds switch to a conductive
state for the negative half-cycle, initiating a fresh charging cycle for the capacitor.
The capacitor voltage will rise and follow the AC voltage, eventually again reach the peak
output level Upeak of the supply voltage. The dynamics of this process are graphically
depicted in Figure 2.11.

The conduction of diodes is between phase instances @init and @rerm, as initiation and
termination instances of capacitor charging. Capacitor charging occurs during A@charge

A(pcharge = Drorm — Pinit (2.28)
The voltage variation capacitor is AUripple, specified as

AU‘ripple = Ucgmax — Ucemin (2.29)

Capacitor voltage peaks after every T/2 for the full-bridge rectifier circuit. After
conduction termination instant ¢rerm, voltage decay is determined by the time constant
Troapre = Roct - Cs, where Rpct is the resistance of the load connected to the capacitor
(DC output). Equation (2.30 presents the equation to define the charging pattern of the
Cs. For the condition when tioaprc >> { T/2 — A@charge( OF Atcharge)}, the discharging of the
capacitor could be considered as the straight line as the charge on capacitor reaches to
Ucaminfrom Ucsmax, shown in Figure 2.10 (blue line).

_t-tterm
ucg(t) = Ucpinit + (Wepmax — Ucginit) (1 —e TLOADRC) (2.30)

where t is time value greater than conduction termination term instant and less than
next cycle rectifier conduction initiation instant tini (see Figure 2.11).
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Figure 2.11 Characteristic waveforms for capacitor-equipped full-bridge rectifier.

2.5.2 Practical loads’ behaviour

Energy-efficient LED lamps have become increasingly prevalent in both residential and
commercial settings, and they are considered to be contributing to a significant share of
today’s electrical load. Traditional filament-based bulbs are highly inefficient, converting
most of their energy input into heat — over 90% — rather than visible light [71].
On the other hand, Compact Fluorescent Lamps (CFLs) are designed to be much more
energy-efficient, typically offering up to 15 times the lifespan and utilising about 70% less
energy than their incandescent counterparts [72]. Efficiency and reliability are even
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further increased in the LED emitter based lamps. However, energy-efficient lamps
require specific lamp drivers to function and provide stabilized supply to light emitter
component. Such drivers, by nature, possess nonlinear characteristics that leads to the
loading of current harmonics in the electrical system. However, electronic drivers could
also offer advantages, such as improved power input factors, reduced total harmonic
distortion (THD) in the load current, and ability to eliminate the flickering effect and
more. Due to price of the more advanced driver circuits, the most commonly deployed
lamp type is equipped with rather primitive driver circuitry.

Recognising the issue of harmonic distortions in the grid, product standards such as
the IEC 61000-3-2 [28] have been established to limit the harmonic currents emitted by
electrical equipment, including low-power units in the domestic use. For the LED lamps,
requirements can be listed as:

e The harmonic currents shall observe the power limits.

e The 3rd and 5th harmonic currents should not exceed 86% and 61% of the
fundamental frequency current value, respectively.

e The current THD must not be greater than 70%, and the 3rd, 5th, and 7th
harmonic currents must be equal or below 35%, 25% and 20%, respectively [73].

To formulate the base context for the analysis, practical LED lamps as loads were
investigated through measurements of load current waveforms. Using assumptions of
the circuit buildup, the LED lamps were sorted based on the apparent load current
waveform characteristics. AC- and DC- side circuits inside the LED lamp (see Figure 2.12)
could be identified and sorted into 4 categories.
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Figure 2.12 Typical circuit of LED lamp.
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Figure 2.13 Types of commercially available LED lamps.
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Figure 2.14 Load current waveform of different types of LED lamps.

The electrical characteristics of more than 150 commercially available LED lamps were
empirically analysed in this study, focusing particularly on the current waveforms
produced under a purely sinusoidal voltage application. The electrical circuit design
distinctions among the various LED lamp types are visually represented in Figure 2.13.

The majority of tested LEDs, approximately 88%, exhibited a ‘Type A’ current
waveform, graphically depicted in Figure 2.14. This waveform is reminiscent of a pulsed
configuration, bearing resemblance to the current signature of CFLs [74]. A ‘Type A’ LED
driver circuit typically comprises a full-bridge rectifying circuit, a DC-to-DC conversion
modaule to stabilise the LED’s input voltage, and EMI filtering components.

In contrast, ‘Type B’ LEDs initiate conduction in close proximity to the zero-cross points
of the applied voltage, maintaining this conduction until the waveform’s peak is attained.
This results in a 50% extended conduction duration relative to ‘Type A’ LEDs. Within this
configuration, a Zener diode is utilised to cap the forward voltage to the LED. It’s notable
that perturbations in input voltage could influence the DC potential experienced by the
LEDs in such systems [74].

Regarding ‘Type C' LEDs, the current manifests in a square waveform profile, attributed
to the inclusion of a constant current regulator (CCR) within the circuit. The CCR is designed
to uphold a steady current supply across a broad voltage spectrum, bolstering LED
protection[75].

Lastly, ‘Type D’ LED lamps draw a current that approaches a sinusoidal shape,
an outcome facilitated by the integration of an active power factor correction (PFC)
converter [51]. To further suppress variations in current, resistive elements might be
interspersed within the LED array [76].

2.6 Non-linear load current measurements

In the harmonic load currents’ specifications in the product standards, such as IEC
61000-3-2 [28] the conditions on the load current have been specified in conditions with
low-distorted supply voltage. The voltage waveform serving as a reference supply must
be as ideal as possible; however, deviations are allowed compared to a near-perfect
sinusoidal signal. In the following test scenarios, the main idea was not to test the loads
(LED lamps’) conformity to standard. Instead, the measurement was to provide voltage
waveforms likely to occur in the LV AC power supply system. The conditions of the
voltage harmonics, common to the LV public supply system, are given for example, in IEC
61000-2-2 [25].
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2.6.1 Supply voltage waveform control

In order to simulate the different distorted supply voltage scenarios a test platform was
set up to generate the supply voltage waveforms based on the specification table.
The target of the voltage control was to enable precise adjustment of the voltage
harmonics including level value and injection phase angle value.

For proper measurement of the current harmonic sensitivity, one has to consider that
variations could be rather low in proportion; for a systematic sensitivity pattern
determination, there have to be very stable voltage supply conditions. Thus voltage
regulation has to ensure maintaining a constant output voltage level in spite of
variations in the laboratory supply network input voltage or changes in load conditions.
Software-generated waveform is one example of this, where the momentary values
are calculated on a discrete basis and then forwards to digital-to-analogue (DA)
converter.

A harmonic sensitivity identification system to support the persistent voltage supply
conditions has been provided in Figure 2.16.

1. Supply voltage waveform synthesizer 2. Digital to Analog converter

D

g

A

3. Power quality analyzer

.
® ey g

3. Controllable power supply 5. Nonlinear load

Figure 2.15 Measurement setup (previously published in article Ill).

For the comprehensive characterisation of the frequency approach, target of the
measurement and waveform generation systems is to provide a platform to establish the
harmonic sensitivity characterization. Harmonic current sensitivity will be observed using
phasor approach —the voltage waveform will be established using magnitude and phase
angle settings.

Scanning procedure is introduced to supply voltage that includes a specific voltage
harmonic component with constant magnitude, while phase angle is variation range is
complete 360 degrees in smaller steps. Harmonic current Ix was measured for each of
the generated supply voltage conditions. Figure 2.16 presents the step-by-step flow for
the generation of customised voltage waveform and result measurement of the test
loads.
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Figure 2.16 Generation of supply-voltage combinations with varying voltage phasor angle.

For particular sensitivity analysis patterns, comprehensive scan of load characteristics
investigation scenarios as defined in Table 2.3 were used. The phase parameter was the
main scanned quantity, where total of 24 settings each with 15° steps were used.
Similarly, voltage steps were applied to harmonics and these remained in the range of
1...5V corresponding to the expected levels in the grid (usually 1V, 3V, and 5 V levels
were applied).

Table 2.3 presents an example for the 5" order harmonic along with fundamental
voltage component kept at U: = 230 V. Initially, the load's harmonic currents were
measured under a test supply voltage condition wherein only the fundamental voltage
component Uz was present. Subsequently, each input voltage scenario was sustained for
a 10-second duration. A sequence of 24 distinct combinations was tested, each introducing
a harmonic voltage into the supply, characterised by a consistent 5th harmonic voltage
amplitude Us yet varying in phase angle by increments. Later on, this process was
systematically replicated for various magnitudes of the influencer component Us.

Table 2.3 Example of supply voltage combination with single harmonic added to supply voltage

Combinations Us Us Us 4
U, VvV Us, V Pu3° Us, V Qus° Uz, Vv Qu7°
1 230 0 0 0 0 0 0
24 230 0 0 3 0-15..345 |0 0
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2.6.3 Measurement setup

A test bench has been created for load devices’ measurements, with the capacity to
support up to 16 loads simultaneously. The load outputs of a setup are connected to a
controllable central distribution bus-bar through relays. A general purpose data acquisition
system (DAQ) provides an analogue reference signal to the controllable power supply.
To generate the desired voltage waveform, a controllable/programmable power supply
Omicron-C356 is utilised. Power supply is controlled through the reference signal Uresy
provided by the DAQ.

UO'U.

t
Urerg = [T X Ucoer (2.31)

range

Here Ucoefis 7.072 and Urange is 300 V. A MATLAB script is used to generate the required
reference voltage as well as digital signals for the relay management inside control box
via data acquisition module. The magnitude and phase angles for each odd harmonic are
utilised to synthesise the programmable power supply’s reference signal. Equation below
is used to calculate the utest(t) from the given amplitude and phase angle of the
fundamental and odd harmonics up to the 19th harmonic.

n
Upest () = Z\/E Uy sin(2ufyt + ay) (2.32)
y=1
Unis the rms value of a particular harmonic. The an is the phase of particular harmonic.

The harmonic frequency is shown by f, and sampling interval by t.. It is calculated from
the sampling frequency fs

1
fs
The number of samples (N) for the specific duration (Tm) of the voltage output from

the controllable power supply can be used to calculate sampling frequency, shown by
following equation:

t, (2.33)

fi= (2.34)

A pure sinusoidal voltage could be generated by the setup with a sampling frequency
of 100 kHz. The A-Eberle PQ-BOX 200 has been used to measure the harmonic magnitude
and phase angles, operating at a sampling frequency of 41 kHz for power quality
measurements. The PQ-BOX 200 is capable of measuring power quality data with a
1-second resolution. The 1-second data is based on the average values calculated at
200-ms according to IEC 61000-4-30 standard. Figure 2.15 presents the block diagram of
our measurement setup.

To ensure thermal stability in terms of harmonic profile of loads, measurements
should be conducted after a 60-minute warm-up period. Continuous power was provided
to the loads during testing breaks to maintain a consistent working temperature [77].

During the characteristic scan of the loads, small yet stable and repeatable variations
in the phase and magnitude values of the harmonic current component were recorded.
This was verified by performing a discrete Fourier transform (DFT) of the current waveform
recorder on the measurement instrument.
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2.7 Measurement outcome and initial observations

Selection of LEDs were tested to establish the harmonic sensitivity fine-scale dataset.
The focus was on the circuit type A lamps (see section 2.5.2). In essence, the current
waveforms of all the tested LEDs indicated similar type variation response characteristics
to voltage harmonics added to the input voltage.

Time-domain observation of the scan outcome are presented Figure 2.17 as it compares
the current waveform of an LED lamp when powered by a pure sinewave supply against
when supply voltage has additional distinct harmonic voltage component at a specific
magnitude and phased relative to the fundamental harmonic. It illustrates a scan result
of the current waveforms outcome, when 5" voltage harmonic was introduced in supply
with a fixed magnitude level, and the harmonic injection phase angle changed in 15-degree
steps (denoted in Table 2.3). The synchronisation of measured current waveforms was
with respect to the zero-phase instant of the voltage waveform’s fundamental harmonic.

A distinguishing parameter of the load current waveform is the instant of rectifier
conduction initiation time instant tinir. At this time instant or very near to it, load current
provides highest slope and achieves its peaks value soon after this. Such rectifier’s

current instantaneous peaks provide a characteristic quantity for the rectifier’s current
magnitude.
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Figure 2.17 Current waveform initiation time and peak values affected by the 5th order voltage

harmonic phase angle in supply. Supply waveforms (dashed lines), and I, waveforms (continuous
lines) (previously published in article Ill).
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Harmonic current components considered, the outcome to each variation of the
voltage harmonic component was directly and systematically observable in the harmonic
current phasors’ variations. Findings present a well-reported [54], [58], [78]-[80], though
less-approached outcome.

e Voltage harmonics magnitude setting variation was providing variation to the
load current harmonics both magnitude and phase.
o Systematic cross-order dependence of the current and voltage
components was observed.
e Voltage harmonics phase setting variation was providing variation to the load
current harmonics both magnitude and phase.
o Systematic cross-order dependence of the current and voltage
components was observed.

Criticism arises towards the previously reported frequency domain models, as the
cross-order coupling, and magnitude and phase manipulation cross-dependency is clearly
evident. This is explained in the time-domain waveform measurement outcome
displayed in Figure 2.17. This figure shows the former time-domain variation, displaying
the impact of voltage variation on level and phase angle of the harmonic current phasor
as the phase angle of the fifth voltage harmonic alters. This variation in time domain is
clear to provide change in phase angle and level of multiple current harmonics. Thus the
fifth voltage harmonic affects the harmonic currents across the spectrum. The conduction
initiation moment given as the fundamental harmonic phase angle value (@iit), could be
seen to determine the deviation of the load harmonic current pattern. Although
time-domain initiation differences correlated with phase angle shifts are recognised in
the literature [81][82]; however they have not been considered as one of the foundational
assumptions of the analysis.

These observations of time domain outcome lead to establishing a hypothesis if the
initiation phase angle ¢t would be a determining factor for the load current harmonic
phase angle variations throughout. The hypothesis proposed asserts correlation that the
current harmonic phase angles will be directly affected by the rectifier’s physical operation
in the time-domain.

2.7.1 Phasor variation analysis

The main construct in the analysis of the harmonic sensitivity is to determine in which
extent the voltage harmonic phasor provides a change the current harmonic phasor.
Based on the measurement outcome, the effect of the voltage harmonic phasor on
harmonic current indicates periodic relation. The graphical representation in Figure 2.18
illustrates a typical response when a 5th harmonic voltage component Us is imposed
onto a sinusoidal supply voltage, with its phase angle (¢@us) completing a full rotation
360 degrees, while maintaining a constant magnitude (Us = const).
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Figure 2.18 Vector component plot for the harmonic load current component analysis. I; vector
endpoints’ ellipse points plot, for Us =3V, @us =0, 15, 30 ... 345°,

The endpoints of I7 vectors make up the response with ellipse-like shape, but also
@uiz,us is going through a rotation of exactly 360°. All other current harmonics show
similar spread on complex plane, regardless of their frequency value.

Following the example of I7in plot Figure 2.18, the harmonic current vector difference
to base point Ix,sase is observed as

de,Uy = Ixuyy — Ix,Base
{d(p =9 — @Px,Base (2-35)
Ix,Uy Ix,Uy )

where dlxuy is the measured harmonic current Ix magnitude difference due to included
Uy, compared to Ix magnitude /xsse emerging in pure sinewave voltage supply conditions;
@ix,uy is the measured harmonic current Ix phase angle due to included Uy, compared to
Ix phase angle ¢ixssse emerging in pure sinewave voltage supply conditions.

Although a linear impedance model [section 2.4] might explain the phase rotation
of the current difference component for harmonics of the same order i.e., voltage and
current harmonics having identical frequencies. However, this justification falls short
as the phenomenon is exhibited by all current harmonics. For instance, introducing Us
rotated through ¢us={0 ... 360°} again provides @u7us rotation through 360°, and
cannot be considered an impedance-based relation. Therefore, there will be need to
propose more sophisticated sensitivity coefficient for model, for calculating the
harmonic current values.

The pattern of response plot appears to be symmetric towards the harmonic current
base response to a pure sinusoidal voltage supply, denoted as Ixgasse. The reaction
vector in terms of both phase and magnitude is proportional to the magnitude of the
influencer voltage harmonic, symbolised here as U,. It raises the model description to
the response as
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{ Ix = Ix pase + AIx,y (2 36)

Pix = Pixpase T A(plx,y

where Alyy is the harmonic current Ix magnitude variation estimation due to included
Uy, compared to Ix magnitude /xsqse emerging in pure sinewave voltage supply conditions;
Ay is the is the harmonic current Ix phase angle magnitude estimation due to included
Uy, compared to Ix phase angle ¢issse emerging in pure sinewave voltage supply
conditions.

This presentation aligns with basic Norton or frequency coupled matrix concepts
[section 2.4.1]. However, on the basis of the physical operational characteristics of
rectifiers, that it is justifiable to treat the magnitude and phase variation parameters as
independent entities, rather than constraining them to a complex impedance relationship.
Measurement results in Table 2.5 present the summary of the results, where

{d(pinit,Uy = (pinit,Uy — Pinit,base
(2.37)
d¢1x,Uy = @Prx,uy — Pixbase

where @init,uy is the initiation moment phase with Uy injected to the supply voltage;
diuy is the phase angle of the response current vector with Uy injected to the supply
voltage, and “sase” notates the values upon sinusoidal supply voltage conditions (i.e., only
fundamental voltage component present).

2.7.2 Phase angle variation analysis

The time instance when the rectifier starts to conduct for charging capacitor is referred
as initiation angle of the current conduction (@nit); initiation angle is calculated using
equation (2.38)

Qinie = f 3607 - dty, (2.38)

where dtinit — time-difference of the supply voltage main harmonic zero phase instant
and current conduction initiation moment.

Shown in Table 2.4, initiation phase is referred to varying Us added to the voltage
supply. This table refers to the variation quantity of current harmonic phase only.

Table 2.4 Initiation moment and phase angles of harmonics in load current, for different magnitude
levels of harmonic voltage*

2 o

Us, V Pus,° (50 H zﬁ;;;os'e value) P, ° ®i3,° @5, ° ®i7,°
0 - 62.1 18.0 231.6 87.2 304.2
DPinit, ° Ay, ° A3, ° A5, ° Az, °

1 180 -0.9 0.6 2.0 3.6 5.5

345 1.1 -0.8 -2.5 4.2 -6.2

3 180 -2.9 2.0 6.5 11.5 17.7
345 2.9 -2.4 —-6.9 -11.8 -17.4

5 180 -4.7 3.6 11.3 20.4 32.0
345 4.6 -3.6 -10.7 -18.3 -26.8

* Phase angle accuracy/resolution has been provided for more detailed comparison
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Table 2.5 Difference in phase angles of harmonics in load current, for different magnitude levels of
harmonic voltage, determined by (2.34)

o o o o
> ° o °. 2 8 2 g
- @ £ g d o w N
S| s s s g y y ;
< S S S S
< (<] (<] <
0 - 62.1
1 180 61.2 0.9 -0.7 -0.7 -0.7 -0.8
345 63.2 -1.1 0.8 0.8 0.8 0.9
3 180 59.2 2.9 2.1 2.2 2.3 2.5
345 65.0 -2.9 2.3 2.3 2.4 2.5
s 180 57.4 4.7 -3.6 -3.8 41 -4.6
345 66.7 -4.6 3.5 3.6 3.7 3.8

* Phase angle accuracy/resolution has been provided for more detailed comparison

Normalising the phase angles towards the initiation influencing component Us, and
observing the relation towards the current harmonic Ix of order x, it is revealed to have
a ratio of closely common to

A‘PIIX,U}, = AQinityy * X - kwr (2.39)

where kwr — waveform coefficient, with almost same value for the discussed
current harmonic orders (x = 3, 5, 7). As a result from a frequency domain transfer of
tinit (@init) the initiation phase angle @init is in proportional ratio to the ¢u.
The aforementioned formula demonstrates that variations in the harmonic current
phase angles due to the influence of Us, is directly relational and proportional to
the initiation angle @init.

It is important to indicate that all harmonic current phase angle values exhibit
vary, in response to changes in the phase angle of the voltage harmonic. This observation
is a key aspect in explaining the harmonic cross-coupling phenomenon, considering
that wherein phase angle shifts of a specific voltage harmonic Uy of a specific order
will instigate a correlated phase angle response in a current harmonic of a different
order.

Table 2.5 presents the maximum and minimum value of initiation moment of the
current waveforms, corresponding to ¢@us value extreme points, calculated as

_ A(plx,y
X

(2.40)

A‘Pllx,y

where x is the current harmonic order, further confirming the equation (2.34).
Moreover, any variation in the phase angle of the fundamental current harmonic
component characterises the phase shifts of all other harmonic currents in the load,
given through fundamental component phase shift multiplied by the observed harmonic
current order number. It has to be observed that the magnitude of the incident voltage
harmonic (Us) provides a proportional impact on the initiation moment and the Ix phase
angle @i variation range. The phase angles are seen to pose a high and low value
responsive to ¢us rotation of almost 180°.
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2.7.3 Magnitude variation analysis
Similarly, the maximum value of the load currents (lxy,max ) is also associated with the
phase angle of influencing supply voltage harmonic (¢uy) on almost 180° rotation. Table 2.4
points out the behaviour of time-domain waveform Iy peax, corresponding to ¢@us, providing
maximum and minimum Jx magnitude /x values with value range shown. It has to be
noted, that the highest and lowest current magnitude occurrences are also found at
nearly orthogonal (90°) values towards the gus value for peak and minimum @i variation
values.

Table 2.6 presents, as expected, the magnitudes of the harmonic currents demonstrate
a direct proportionality to the amplitude of the superimposed voltage harmonic (in this
case it is Us). The proportion origins are evident from time-domain waveform peak
current levels, deployed to the current harmonics observed, presenting a physical
background for the cross-order harmonic coupling appearance for the magnitude
portion.

Table 2.6 Maximum and minimum of peak load current (I, peak ) according to @us

=S I - S - S
= =] 3 = = =
0 - 0.40
1 270 0.38 0.02 0.05 0.30 0.67 1.13
90 0.42 -0.02 -0.06 -0.28 -0.73 -1.19
3 270 0.34 0.06 0.21 0.83 1.74 3.0
90 0.45 -0.06 -0.06 -0.76 -2.05 -3.5
5 255 0.30 0.10 0.29 1.50 3.8 6.3
105 0.49 -0.10 -0.25 -1.21 -3.1 -5.1
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3 Model development

3.1 Empirical model

Consequent to the analyses of variations in current harmonic magnitude and phase angle
discussed in Chapter 2, it is evident that physical characterisation to the time-domain
origins of the Ix components rationale to model the magnitude portions /x and phase
angle @i as independent entities. This is due to the non-impedance origins of the Ix
variations in time-domain current presentation, as outlined in last chapter.

The following outlines a load current model that corresponds to the harmonic current
variations previously detailed. For a particular harmonic order x, the load current
harmonic vector Ix is composed of the components illustrated in Figure 3.1:

1. A constant current source part donated as Ixsase , having two components,
magnitude component Ixsase, and phase angle component @isase. IxBase is
measured value from device test under pure sinusoidal supply voltage.

2. A linear part of harmonic current, symbolised as Alxun, consisting of current
magnitude component Alyun, and the current phase angle component A uin.
This segment is the accumulated result of all the linear responses attributed due
to each voltage harmonic Uy in the supply, for every Ix.

3. A nonlinear part presented as Alxn , respective for magnitude nonlinear
component Alxnt, and phase angle nonlinear component A@ini. The presence
of this nonlinear part is inferred from non-symmetry depicted on an elliptical
trajectory (see Figure 2.15). These parts are calculated as a cumulation of all
nonlinear components due to each voltage harmonic Uy in the supply waveform,
for every Ix.

The interaction between the current harmonics phasor identified for separate
evaluation of influence from voltage harmonic magnitude and voltage, has not been
described previously for the commonly accepted frequency domain models (see section
2.4.1). Thus a new model concept is introduced here, where harmonic current will be
presented as Waveform Variation Defined model presented as

{ Lewvom = Ixpase + AL v + Ay, (3.1)

Prewvom = Pixase T APixrin T AP

3.1.1 Linear part expression
The main proportion of the current harmonic level variation will be provided by the linear
part, calculated as

Aly vy =Uy -Gy - cos(ay, — ("Uy); (3.2)
where Uy is the Uy magnitude matrix in form
U,=[Us Us ... Uy]
Gyx is the current harmonic /x magnitude sensitivity coefficient matrix in form.

Gx3
Gx — G.X'S

GxN
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where Gy presents Ix sensitivity to the 3™ supply voltage harmonic magnitude Us
respectively, (units A/V =S), and

cos(ax3 - ¢U3)

cos(ay — @,,) = cos(exs = @y5) i

COS((XxN - (pUN)

The specific phase coefficient designated as axz is utilised for computing the phase
angle of the harmonic current Ix related to phase angle gus of the voltage harmonic
component Us. Similarly, linear part of the current harmonic phase angle variation is
modelled as:

Ay = Uy Ry - sinay — @y, (3.3)

kx is the current harmonic Ixun phase angle Agi sensitivity coefficient matrix in form
ks
K, = | s
kn

where ki presents Agi sensitivity to the 3™ supply voltage harmonic magnitude Us
respectively, (units °/V), and

sin(ax3 - ¢U3)
sin(a, — (ouy) _ | sin(axs — ¢’Us) )
sin(axN — (pUN)

Here the coefficients Gxy, kxy and axy are determined through load measurements,
presented in the next section.

<} P °-
x, WVDM

Al
s NL

x,Base x,LIN

o)

v

Figure 3.1 description for harmonic current component I, of order x modelling (previously published
in article Ill).
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3.1.2 Nonlinear expressions
The nonlinear part of current will be calculated for supply voltage harmonic components as

ALy, = Uy - [Amsin(@yy + Cim) + Azmsin(2@yy + C2m)] (3.4)

where Aim, Azm, Cim, C2m are first and second order polynomial expressions related to
harmonic current order and harmonic voltage orders. Similarly nonlinear part for phase
angle part will be calculated as

Appon = Uy [Alp Sin(‘PUy + Clp) + Agp Sin(2‘/’Uy + CZp)] (3.5)

where Aip, Azp, Cip, C2p are second order polynomial expressions related to harmonic
current order and harmonic voltage orders.

The polynomial expressions of the devices under test reveal a trend that can be
observed through the measurement results. For instance, the Nonlinear part coefficient
trend of third harmonic current /s can be seen in Figure 3.2 when the influencer harmonic
order is y = 5. The coefficients are obtained for different levels of influencer, with the
level variation for 5" voltage harmonic ranging from 1 V to 5 V. Each particular influencer
level is rotated through 360°. Out of these expressions, Aim and Az, demonstrate a linear
relationship to the value level of influencer harmonic magnitude. However, the other
coefficients show their dependence on influencer levels using a polynomial of second
order (as shown in Figure 3.2). The angle components are the remaining variables in
equations 3.4 and 3.5 that play their role in adjusting the error value to reduce the overall
root mean square error (RMSE) of the waveform variation defined model (WVDM) model.
These also portray a similar second-order polynomial relation to harmonic voltage levels.

Al A2 Al A2
0.0012 - s P P 25

Ay, =0.0002U, A
Ay = (3x1005) (U,)2 +9x10% U, -
Ay =0.016(U,)? - 0.0153U,

0.001

0.0008

Ao

- 0.0006

A

0.0004

00002

U, level, V

Figure 3.2 Trends of NL-polynomial coefficients vs influencer voltage level.

The general form of the equation(in figure 3.2) describing any nonlinear coefficient is
NLCOEf = kM”U}% + kMIUy (3.6)

Multipliers kv and kmi are dependent on sensitivity coefficients, with the magnitude
sensitivity coefficient Gss (current harmonic order x = 3 and voltage harmonic order y = 3)
of the load device expressing the behaviours of these multiplying factors presented in
Figure 3.3. The multiplying factors equations are linear and contain both linear and offset
components. The relation presented in Figure 3.3 represents the accumulated response
of the same current harmonic of several loads under identical input voltage conditions.
All these trends are incorporated into the nonlinear portion of the empirical waveform
variation-defined model (WVDM).
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Figure 3.3 NL part coefficient description, Gx,/KM, as a function of Gs3 .

In Figure 3.4, the roles of parts of the WVDM harmonic current model are provided.
Corresponding to load current upon pure sinusoidal supply voltage, dot marking shows
the response harmonic vector donated by /I7,sase (base response), the origin of this vector
lies at reference coordinate. Measured harmonic current results are presented as red
asterisks, when supply voltage including a single harmonic voltage Us (with various phase
angles Agus but identical magnitude) is applied. A specific ellipse shape pattern emerges
by adding the linear parts Al7 and A@y, represented by triangles. There would be a
noticeable difference between the linear-part-included harmonic current results and
measurement results. So, adding the nonlinear part with linear modelling part improves
compared to the actual measurement outcome. The final harmonic current response
pattern, including the linear and nonlinear parts, is presented as circles’ pattern.

0 T T T
l?,Meas
o 17 wypm
A g v
-0.01 F - 17.Base
<
z-002}
S
-0.03 +
-0.04 L = L
0 0.01 0.02 0.03 0.04
L e &

Figure 3.4 Presentation of roles of different harmonic current model components (previously published
in article Ill).
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3.1.3 Determination of coefficients

In order to implement WVDM the calculation of the coefficients, involved in harmonic
load current calculation model, need to be outlined. In reference to Figure 2.18 of
previous chapter, seventh current harmonic component I7 is used, which is the response
by the effect of the Us influencer voltage harmonic. Thus the influencing voltage
harmonic order is y = 5 and the current harmonic order is x = 7. The quantities observed
are referred to on the basis of Figure 2.18.

As Alxis the difference between current vector magnitude to response magnitude of
the sinusoidal supply voltage component response vector Ixsase ; in ideal situation, for Alx
to reach from Alymax to almost equal to zero, amount of voltage harmonic phase change
@uy almost 90 degrees. guyaqixmiv is the influencing supply voltage phase angle when
harmonic current phase deviation @i is at its highest value harmonic current magnitude
Ix is of the same value as base magnitude. The base phase shift component ay, can be
specified by finding the influencing supply voltage phase angles ¢uy corresponding to the
minimum and maximum deviation of the magnitude /x,

Puyepix,Max T Puy@pix,MIN
Uy = (3.7)
2
As the measurement steps are 15°, better accuracy is not available. Drawing upon the
measurement data in Figure 2.15 and values present in Table 3.1, the a5 is determined
to be close to value of 230°. By the orthogonal shift of ¢uy=90° to find the maximum
and minimum magnitude points, the base phase shift component azs could also be
calculated as
Puyerxmax T PuyeixMin
4y, = —2o 5 YORHIN +90° (3.8)
Data in Table 3.1 provides that the azs will be around 240 degrees, calculated based
on minimum and maximum magnitude. The proposed value of the coefficient of current
magnitude sensitivity Gxy can be determined using maximum and minimum I'x magnitude
difference value i.e., dlixmaximum and minimum values (referring to Figure 2.15)

( |dlx,Uy@1x,MAX| - |dlx,Uy@1x,M1N| )
2 (3.9)

Gyy = U,

Analysing the results representations from Figure 2.18 and Figure 3.4, it becomes
evident that base harmonic current vector Ixsasse does not lie in the centre of the ellipse
(i.e. non-symmetric to centre), and the average of | dlxy@imax|and |dlxyenmin| is used to
determine the Gy, using equation (3.9). The phase variation margins are well symmetrical
to the ellipse centre, therefore measurement-derived diuy@eixmax Or d@ix,uy@eixmin
value could be used to calculate the initial proposed value of phase angle change
coefficient ‘ky/, the as in (3.10)

ke = d<P1x,Uy@<p1x,MAx
xy — U—
y

(3.10)

The influencer voltage harmonic Uy, has a linear relation with magnitude of the
harmonic current difference vectors. Consequently, for influencer voltage Us increase by
3 times (from 1V to 3 V), results emerge for the deixuyeexmax and similarly dlxuy@ixmax
and dlxuyexmin that provide the close values of linear scalar coefficients Gxy and kyy.
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Values of sensitivity-coefficients show remarkable consistency towards influencer
magnitude, presented in Table 3.2. Using presented procedures in Equations
((3.7)(3.8)(3.10)) the linear coefficients for three loads discussed further are presented
in Table 3.3.

Table 3.1 Results of ayy values from measurements

Pus Pus_max — Pus_min Pus_CENTRE azsfordl; ~0 azs
o
d’7_MAX 6.6 mA 225 1500 1500 2400
dl; min -4.9 mA 75° 5330
dgi7 max 21.7° 315¢°
= -165° 2330 233°
doi7 miv -21.5° 150°

Table 3.2 Comparison of voltage harmonic amplitude change to current harmonic phase deviation

Load Us K35, o/V 635 ) mA/V K55, O/V G55, mA/V K75, O/V G75, mA/V
1V 3.17 0.22 5.3 0.63 7.5 1.08
1 3V 3.16 0.23 53 0.65 7.6 1.11
5V 3.16 0.27 53 0.70 7.5 1.14

Table 3.3 Model Parameters of Test Loads

I order 3 5 7
Load| U,order |asy, °|Gs, mA/V ks, °/V|asy, °|Gs,, mA/V ks, °/V|azy, ° |Gy, mA/V |kyy, °/V
3 25 0.07 2.16 26 0.18 3.6 28 0.39 5.1
1 5 218 0.24 3.2 220 0.67 53 223 1.13 7.5
7 48 0.51 3.6 52 1.22 6.2 57 1.96 8.9
3 29 0.12 2.12 31 0.42 3.6 35 0.75 5.1
2 5 223 0.51 295 | 226 1.27 5.0 233 1.91 7.3
7 53 0.92 3.1 59 2.06 5.4 71 3.03 8.1
3 28 0.10 2.13 29 0.31 3.6 32 0.60 5.1
3 5 221 0.39 299 | 224 1.01 5.1 229 1.58 7.3
7 512 0.74 3.3 57 1.69 5.6 66 2.57 8.3

3.1.4 Single supply voltage harmonic component modelling

To conduct a more detailed assessment, linear component model results are stated for
three similar type loads. The primary emphasis is on evaluating and comparing the
measured vs model-calculated results. Coefficients from Table 3.3 have been implemented
for the model calculation with linear part included (see equation (3.1)), as

Lymiiv = Ixpase + Al v (3.11)

Pramiin = Prixpase T APrin (3.12)

Deviation of calculation to measured magnitude value is presented as

6Ix,LlN = |Ix,Meas| - |Ix,Base + AL n|, (3.13)
and similarly
6¢Ix,LlN = |(plx,Meas - ¢Ix,Base + A(p,x'uN|' (3'14)

where &8lxun presents the magnitude difference of model (see (3.1)) result without
nonlinear part included, compared to measurement outcome; 6 @iunv presents the phase
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difference of model (see (3.1)) result without nonlinear part included, compared to
measurement outcome.

Complete model calculation outcome, including the nonlinear part is calculated
according to (3.1). The deviation between the full model calculation and measurement
outcome is determined as

81 wyom = |Iymeas| — |Lewvoml|, (3.15)

and similarly

(3.16)

8P wvom = |(plx,Meas - |(plx,WVDM|'

For the whole Uy cycle (360°) rotation, the outcome deviation is evaluated using the
root-mean-square error (RMSE), listed in Table 3.4 and Table 3.5 is calculated using the
following equations,

RMSE,, = (3.17)

RMSE,;, = (3.18)

where N is total number of actual (measurement) points and predicted values
(magnitude and phase).

Table 3.4 Comparison of measured and model calculated harmonic current values U; =230 V;
Us=3V I7,Base,MEAS = (355 Z —400) mA

Deviation
for Full Full model
Model with linear model deviation
I/P | Measured values . model
part result with from
X result
linear measurement
part
El | B ° R
o < °© N on E £ E °. E ;‘ E. s
3 N 3 g S N g
S8 S| 8§18 S S| 3|8 85| 2 §
N S]] 8| Y S | S| N | & < S
Max (40.4| -18 | 6.5 | 21.7 | 5.7 | 21.6 | 41.2 | -18 1.8 1.7 | 40.3 | -17 0.4 -0.2
Min [29.0| -61 |-4.9|-215| -5.7 | -21.6 | 29.8 | -61 | -1.0 | -3.1 | 29.0 | -61 0.0 -1.0
75 |40.4| -34 |-49| 58 | -53 | -81 | 408 | -31 | -0.4 | -2.3 | 40.3 | -33 0.1 -0.3
150 (36.6| -18 |-1.1|-21.5| 0.7 | -21.6 | 34.8 | -18 1.8 | -0.1 | 36.3 | -17 0.3 -0.9
225 {29.0| -37 | 6.5 | -2.6 5.7 -3.0 | 298 | -37 | -09 | -0.5 | 29.0 | -36 0.0 -0.6
315 |{354| -61 | 0.1 | 21.7 | 0.8 | 21.5 | 34.7 | -61 0.7 | -0.2 | 353 | -61 0.1 -0.3
RMS error for 24 Us phase angles injected 09 | 2.1 0.2 0.5

Individual results derived with model’s linear part inclusion are relatively accurate
(Table 3.4); however, if compared maximum linear part modelled magnitude (Alxmun ) of
5.7 mA, and the maximum linear part deviation (&8/xmun ) is 1.8 mA, which is roughly 30%
of the full variation amplitude. Though suitable for single harmonic voltage component
influence estimation, following section shows that for the cumulative multiple voltage
harmonics influence model to have a reasonable outcome, the single harmonic voltage
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influence would need to have as good correspondence as possible. Therefore, Table 3.4
presents low RMSE values of the modelled values when nonlinear part (see (3.1))
included in full model. This holds true for multiple loads tested (see Table 3.5), where the
measured values and anticipated model calculated values shows very high match i.e.
small RMSE.

Table 3.5 Difference of measurement and estimation for test loads; single supply harmonic Us =3V

I3 Is I7
<< <o o ol < < < o | o oL | < < < o | o °J
E: E|E|E|s|:s|s|E|E|E|3|2|=s|E|E|E || 2=
o = < 2 I = 5 2 qQ = < 2 I
e g ~ | = 5 a N 5
= Q12| 8| 8|22 |2 |8 |8 |52 |2 |8|%8/§8|:s
u s S o | o u s S ! w o 3 S N[ N
S I S B - I - - I~ A -~ I - O = P~ P
T2 5|8 S|y |® |6 |9 | (S |58 s
Max |40.4|40.5[40.4|-118[-119[-118] 36.3 | 36.8 | 36.4 | 103 | 103 | 104 | 31.0 | 31.7 | 31.0 |-32| -32 | -32
1 |[Min [38.9]39.0]39.0[-137[-137[-137(32.3 [ 328|324 | 72 | 72 | 72 [ 242 | 24.9 | 2a.4 |-78]-78 | -77
RMSE 03|01 0901 0.5 | 0.1 1.3 ] 0.2 0.6 | 0.1 2.0 |04

Max |59.4|59.7|59.6|-114|-114(-114| 51.0 [ 51.7 | 51.1 | 112 | 112 | 113 [ 40.4 | 41.2 | 40.3 [-18 | -18 | -17
2 | Min |56.4|56.7[56.5[-131(-131|-131]|43.4 [44.2 1436 | 82 | 82 [ 83 [29.0|29.8[29.0 |-61]|-61|-61
RMSE 0.6 0.1 1.0/0.2 0.8 | 0.1 1.6 | 0.2 0.9 | 0.2 2105
Max |50.851.0|51.0|-117|-117|-117| 44.3 [ 44.9 | 44.4 | 106 | 106 | 107 | 35.9 | 36.7 | 35.8 [-27 | -27 | -26
3 | Min [48.5(48.7|48.6|-135|-135|-135| 38.3 | 389 | 384 | 76 | 76 | 76 | 26.5|27.2 | 26.5 |-70 | -70 | -70
RMSE 0.5]0.1 1.0 0.1 0.7 | 0.1 1.5 ] 0.2 0.8 | 0.2 21|04

3.1.5 Cumulative response to voltage harmonics

The harmonic current calculation model (3.1) is composed by components referred
through parts (3.2) & (3.3) which make up a scalar product of multiple effects from supply
voltage harmonics of different order. This construction of model is able to account for
aggregation of contributory influences from multiple supply voltage harmonic components
on harmonic current Ix. To represent this, an analysis based on measurements assessing
the aggregate influence is provided. The cumulative response is approached in a manner
to keep one or multiple supply voltage harmonics as fixed vectors while the single other
order harmonic voltage component Uy is varied through 360° with fixed-degree step,
ensuring the magnitude keeping the magnitude Uy remains unchanged; illustrated in
Table 3.6.

Table 3.6 Input-combination-2 when adding multiple harmonic voltages to fundamental voltage

supply voltage U; U; Us (V2

Combinations Ui, V Us, V pus3° Us, V pus° Uy, V pu7°
1 230 0 0 0 0 0 0
24 230 3 0-15...345 0 0 0 0
24 230 3 120 3 0-15...345 0 0
24 230 3 315 3 0-15...345 0 0

Beginning with fundamental voltage component response harmonic current I7,pase
reference point (“1” in Figure 3.5, for sinusoidal supply conditions), third harmonic Us is
applied at first. The 360° rotation, with 15-degree step, of the Us provides an ellipse
presented with black line and asterisks (as described in the previous chapter, see Figure
3.5. Two extreme points with minimum (point “2”) and maximum phase value (point “3”)
of seventh harmonic current I of are selected. Further, Us is introduced and rotated with
360° using former chosen points of Uz as next point of interest on graph. The reported
results provide additional ellipse patterns that have their centre-points in the previously
identified points of interest. This enables a direct observation of the geometrical
cumulation of influence vectors resulting from different harmonic orders of supply
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voltages. Notably, the combined effects of Uz and Us can be observed to induce 80° I
rotation. The plotted points of I7 presented now serving as new origins of ellipses for Us
influence (“2” and “3” on Figure 3.5) would facilitate an accurate integration of influence
components for including more supply voltage harmonic.

The analysis of Figure 3.5 indicates that the harmonic current Ix components,
computed using equation ((3.1)) for each supply voltage harmonic component Uy, have
an individual influence that can be cumulatively summed up linearly

N
AL = Z AL, (3.19)
n=1y=2n+1
N
A = Z A(plx,y (3.20)
n=1y=2n+1

N is number of odd harmonic current components. Equations ((3.19) & (3.20)) are part
of the matrix evaluation in ((3.2)—(3.5)). The cumulation approach is a useful technique
for calculating supply voltage harmonics. However, it’s only accurate for low magnitude
levels. it may lead to significant deviation for higher levels of supply voltage harmonics.
This can be traced to additional Gxy and Ky, dependence on the Ix ellipse cumulative base
point positioning (see also chapter 3.2.2 Base point variations).

0

—x—1, for Ul (=230V) +U, (=3 V 4varying)
&1, forU (=230V) + U, (=3V £120°) + U (= 3V 2varying)
—A—1 forU, (=230V)+ U, (=3V 43 15%) + Ug (=3V zvarying)
-0.01 -
<
£ -0.02 ]
N
-0.03 -
-0.04 : :
0 0.01 0.02 0.03 0.04

l7,Rc A

Figure 3.5 Explanation on harmonic current I; cumulative products results with U; = 230 V; Us and
Us=3 V. Red line: pus = 105°, blue line: @ysz = 300°, pys phase values 0,15,30...345, plot of measured
response. (previously published in article Ill).

3.1.6 Validation of proposed model

Even though acknowledged the limitations of cumulative harmonic current evaluation in
the previous section, the linear cumulative Ix model has shown significant improvement
in performance and accuracy compared to previous models. This will be demonstrated
by using specific waveforms listed in Table 3.7.
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Table 3.7 Harmonic voltage levels and phase angle present in residential grid, flat and pointed top
waveforms

U; Us Us U; Ug
Waveform Ui,V Us,V | @us® | Us,V | @us® | U7,V | @u7° | Ug,V | us®
Grid-1 230 0.35 51 1.0 224 0.97 15 0 0
Grid-2 230 0.15 80 1.6 296 0.79 37 0 0
Flat top 230 5.5 0 3.8 180 2.0 0 0.57 180
Pointed top 230 6.6 0 4.7 180 1.4 180 0 0

The load current harmonics resulting from residential grid supply (as it contains
harmonics with small magnitudes) tend to have a small magnitude, with the nonlinear
part being insignificant compared to the linear part. In industrial grids, more extreme
cases may occur with “pointed and flat-top” supply voltage waveforms, which exceed
the accuracy range of the proposed model but can be used as a reference for different
model presentations.

To estimate the load current harmonic fingerprint using the proposed harmonic
model, two recorded residential grid voltage waveforms considered (Grid-1 and Grid-2,
in Table 3.7). Additionally, “flat top” and “pointed top” waveforms in Table 3.7 for
reference purposes, aimed at providing a more extensive industrial case presentation.
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Figure 3.6 Deviation in magnitude between measurements and modelled (constant-current,
Norton, proposed model) values, for two residential-area grid waveforms (published in article Ill).
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Figure 3.7 Deviation in magnitude between measurements and modelled (constant-current,
Norton, proposed model) values, for Flat and pointed-top supply waveforms (previously published
in article Ill).

The measurements for the loads mentioned in section 3.1.3 were carried out while
supplying them with the supply waveforms mentioned in Table 3.3, using conditions
(like thermal stability) and measurement setup detailed in section 2.1.3.

Table 3.8 provides a comparison between different techniques used to measure and
estimate model accuracy by analysing the response of loads to specific waveforms using
equations (3.2) through (3.5). The difference in the magnitude of harmonic currents,
represented by 6/In/, is shown for different harmonic models in Figure 3.6 and
Figure 3.7. Comparison of results from constant harmonic current model (Ix = const)
and Norton model (lxnorton) against the proposed model (hwvom), which shows a
significant improvement in accuracy. Table 3.8 readings have been compared on
Figure 3.6—Figure 3.7 for the magnitude result analysis. It has to be noted, that the phase
angle values for all considered Ix observed, are showing less than 10° difference
compared to the measured values. Finally, Figure 3.8 provides a comparison between load
current harmonic measurements and modelled responses of different harmonic modelling
techniques for flat-top (FT) and pointed-top (PT) voltage waveforms.

The proposed model harmonic current estimation is rather usable even for the
industrial cases presented. The phase margin tends to present more accurate estimation
outcome, result of improved phase results due to cross-order harmonic coupling
evaluation.
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Table 3.8 Difference of estimations and measurement for tested residential and industrial voltage
supply waveform

Load Waveform Estimation Difference

type technique %6|l3l | @3 | %8|ls| | 8¢is | %81l | Sz

Ix = const 3.8 <1 7.2 1 12 3

Grid-1 Ix,Norton 4.2 <1 5.0 2 7.9 4

lwvom 3.1 1 3.1 2 2.4 3

Ix = const 1.4 5 3.8 8 7.9 11

Grid-2 Ix,Norton 1.4 5 2.6 <1 2.6 14

1 Iwvom 0.1 <1 0.1 1 0.1 2

Ix = const 4.3 20 14 40 12 65

Flat top Ix,Norton 4.9 14 9.0 25 7.7 48

IWVDM 3.9 <1 3.7 3 12 9

Ix = const 1.3 15 12 27 28 44

Pointed top | I norton 2.1 8 4.8 8 33 53

lwvom 1.5 1 3.3 2 5.1 5

Ix = const 2.0 1 6.0 3 12 7

Grid-1 Ix,Norton 2.0 2 3.0 3 8.0 <1

Iwvom 1.0 <1 1 <1 1.0 <1

Ix = const 1.9 5 5.2 7 11 9

Grid-2 Ix,Norton 1.9 4 3.1 <1 5.3 12

2 IWVDM 0.2 <1 0.2 1 0.3 2

Ix = const 5.0 18 14 38 3.0 63

Flat top Ix,Norton 5.0 12 8.0 22 2.0 47

lwvom 4.0 2 2.0 1 20 3

Ix = const 2.3 16 15 30 30 51

Pointed top | I norton 2.5 8 7.1 10. 34 61

IWVDM 1.5 <1 2.9 2 1.4 6

Ix = const 1.7 1 5.8 3 12 7

Grid-1 Ix,Norton 1.7 2 3.2 3 7.6 <1

Iwvom 0.4 <1 0.9 <1 1.1 <1

Ix = const 1.8 5 4.7 8 10 9

Grid-2 Ix,Norton 1.7 4 3.0 <1 4.3 13

3 IWVDM 0.1 <1 0.2 1 0.3 2

Ix = const 4.9 19 14 38 6.8 64

Flat top Ix,Norton 5.2 12 8.5 23 4.2 47

lwvom 4.1 2 2.6 2 17 6

Ix = const 2.1 16 14 29 31 48

Pointed top | Ixnorton 2.4 8 6.5 9 35 58

Iwvom 1.6 <1 3.2 2 3.1 6

The proposed model for estimating harmonic current is applicable to presented
industrial waveform cases; however, this is not valid for all industrial waveform
presentations. Phase estimation tends to obtain precise estimation outcomes (see Figure
3.8), as obtained estimation results consider cross-order harmonic coupling.
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Figure 3.8 Comparison of load current harmonic measurements and modelled response of different
harmonic modelling techniques, for flat-top (FT) and pointed-top (PT) voltage waveforms (see Table
3.8) (previously published in article Ill).

3.2 Basepoint analysis for complexity reduction of proposed model

3.2.1 Main harmonic level Influence
The components of the current harmonic models are often considered as constants
regardless of fundamental voltage component magnitude level U:. This is not entirely
accurate, as indicated by measurement, U: level significantly impacts the harmonic
results. Significant experimental results are utilised in this section to propose a possible
modelling approach that includes U: level. The measurement outcomes suggest that a
linear relationship with respect to the relative U: level is suitable for representing the
dependence of load current harmonics.

The waveform variation-dependent model (WVDM) targets the evaluation of phase
and magnitude variations of the response and uses three components to describe the
model [44]. The initial model is presented based on measurements at a rated voltage
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230 V fundamental harmonic level. In subsequent measurements, however, it has been
noted that any other supply level voltage value, particularly main harmonic U: level,
results as an impact to basically all model components. This includes the base harmonic
response Ixbase as well as model coefficients. This section elaborates on WVDM for load
current harmonic estimation to include a Ui-dependent part, as the U: level influence
has been inadequately described, if at all, in the literature.

Load current harmonics experience variations in response to supply voltage harmonics,
and this current harmonics response is related to the time-domain waveform variation,
see [44]. Specific behavioural patterns, such as, 3° phase shift of 3™ order harmonic
current, are attributed due to the variation in rectifier’s conduction initiation moment.
This subsequently leads to analogous phase shifts in higher order harmonics — 5° in the
fifth harmonic, 7° in the seventh order current harmonic, and so on. Every voltage
harmonic, injected to the power supply with the magnitude of U, (')’ is order of voltage
harmonic) will provide a maximum current harmonic phase influence instance at specific
phase value Zguy, similarly minimum (/xmin@uy) and maximum (lxmax@uy) mMagnitude
response phase values. These minimum and maximum points determine the WVDM
coefficient values. The main load characteristic scan is performed using various input
voltage supply combinations presented in Table 3.9.

Table 3.9 Supply voltage combination, with various level of fundamental, adding single voltage
harmonic to supply waveform

Combi- U; Us Us Uy
nations U, V Us, V QU3 ° Us, V Qus ° (VA Pur°
5 207, 218, 230, 241, 253 0 0 0 0 0 0
120 207, 218, 230, 241, 253 3 0-15...345 0 0 0 0
120 207, 218, 230, 241, 253 0 0 3 0-15...345 0 0
120 207, 218, 230, 241, 253 0 0 0 0 3 0-15...345

3.2.2 Base point variations

Fundamental current harmonic responses (base point) Isase for various levels of U:
(U1 levels between 230 + 10% V) are presented in Figure 3.9. It is observed that as U:
magnitude increases, there is a corresponding gradual shift in the base point values for
any given response harmonic. In addition, when an additional voltage harmonic (Ux), is
introduced in the supply voltage, the resultant current response vectors are shifted
accordingly. The graphical representation includes ‘O’ and ‘A’ symbols to symbols to
illustrate the Is response vectors within the load current when the fifth-order supply
voltage harmonic, Us, is introduced at two distinct U: magnitudes, specifically 207 V and
253 V. Table 3.10 presents the base point values, Ix,sase, for the dominant low-order current
harmonics across the aforementioned U: magnitude levels.
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Figure 3.9 Harmonic response vectors for 5 levels of U; (previously published in article V).

Table 3.10 Base point coordinates (31, 5th, 7th)

Ui,V I3,8ase , MA @13,8ase » © I5,8ase , MA @i5,Base » ° 17,8ase , MA @i7,8ase » ©
207 43.4 -123 36.8 97 28.5 -41
218 41.5 -125 35.7 92 28.4 -48
230 39.8 -128 34.8 88 28.3 -55
241 37.9 -130 33.6 83 27.9 -61
253 36.3 -133 325 79 27.5 -67

3.2.3 Phase and magnitude range variations
Figure 3.9 and Figure 3.10 illustrate the influence of voltage harmonics and amplitude
value of the fundamental voltage component (U:) in the supply upon the sensitivity of
current harmonics. The seventh Harmonic component I7 is presented here, as the base
point magnitude /7 is rather persistent; and phase angles of the base response are
changing. Figure 3.10 demonstrates I7 response when including third voltage harmonic
Uz inclusion with full 360-degree rotation (£Us 0 - 360° rotation) in supply voltage,
for three scenarios of U: magnitude: a 10% increase to 253 V, the nominal 230 V,
and a 10% decrease to 207 V. For each input scenario, there is a similar phase angle shift
of the base points. The spread and compression of I7 response vectors related to the Uz
levels are elaborated in Figure 3.10, supporting the cumulation hypothesis claimed by
WVDM (referring to Figure 3.1 and equations (3.1)(3.5)).

The degree of dispersion in both phase and magnitude of load current harmonic
components is quantifiable by the extent of their deviation from defined base vector
point. The highest observed deviations are utilised as the metric for determining the

deviation range to assess current variations as

(L vyemmax| + |dLcuyeixmn|) (3.21)
dlx,y,MAX = 2
and for the phase angle variation
d‘Plx,Uy@szx,MAX - d‘PIx,Uy@rpIx,MIN
d¢1x,y,MAX = 2 (3.22)
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The highest observed deviations (calculated using equations 3.20 and 3.21) are
presented in Table 3.11 for the input combination mentioned in Table 3.10.

0 0.01 002 I,,A 0.03

0°
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17@U1(241)+u5(34varmg) v

—= 17@U1(253)+u5(3uarmg)v

-30°

-60°

-90°

Figure 3.10 7" harmonic response for supply containing U; (varying) + Us (3 V) (previously published
in article V).

Table 3.11 Maximum magnitude difference & maximum phase difference quantities, between
base point & current harmonic vectors (39, 5%, 7t) , (U, =3 V)

by e %
o ) S
£ % H E: H E H
c g 2 3 = H = 8
> [ 3 13 3 13 3 g
. 2 0 £ o E W £ N
S |ES| €| & | ¢ & | 2| &
3 0.3 07 1.0 12 1.9 17
207 5 1.3 10 3.5 17 5.4 25
7 2.6 11 6.1 19 9.1 28
3 0.2 07 0.8 12 1.6 16
218 5 1.1 10 3.0 17 4.7 24
7 2.2 11 5.3 19 8.2 28
3 0.2 07 0.6 11 1.3 15
230 5 0.8 09 2.5 16 4.1 23
7 1.9 11 4.6 19 7.3 27
3 0.2 06 0.5 10 1.1 15
241 5 0.7 09 2.1 16 3.5 22
7 1.6 11 4.1 18 6.5 26
3 0.2 06 0.4 10 0.9 14
253 5 0.6 09 1.7 15 2.9 21
7 1.4 11 3.5 18 5.8 26

In Waveform Variation-Dependent Model (WVDM), linear model coefficients represent
the relationship between the magnitude of variation range and the parameters of the load
current harmonic. The maximum deviation of current harmonics dlxy,max, due to supply
voltage’s influencing harmonic component Uy, yields the proportional coefficient Gy,
as defined by equation (3.20).
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G - Al max (3.23)
xy — U—y
Similarly, the d@ixymax and supply voltage influencing voltage harmonic Uy,

proportional coefficient kx (see (3.21)) can be calculated as

- d(plx,y,MAx (3.24)

Xy U
y

Current parameters’ variation from Table 3.11, are used to determine sensitivity
coefficients discussed in 3.22 and 3.23; these are presented in Table 3.12.

Table 3.12 G,k coefficient values for different harmonics combinations, measurement outcome.
(Uy=3V), y = influencer harmonic order, and x = response harmonic order

< < <

> H 2 H 2 H 2
y X 3 3 5 5 7 7

207 0.09 2.4 0.29 4.0 0.56 5.6
218 0.08 2.3 0.23 3.8 0.47 5.3
230 | 3 0.07 2.2 0.18 3.6 0.39 5.1
241 0.07 2.1 0.14 3.4 0.32 4.8
253 0.07 2.0 0.10 3.3 0.26 4.6
207 0.37 3.4 0.96 5.7 1.52 8.2
218 0.30 3.3 0.80 5.5 1.31 7.9
230 | 5 0.24 3.2 0.66 5.3 1.13 7.6
241 0.19 3.1 0.55 5.2 0.96 7.3
253 0.15 3.0 0.45 5.0 0.81 7.0
207 0.71 3.7 1.63 6.4 2.50 9.4
218 0.59 3.7 1.40 6.3 2.22 9.2
230 | 7 0.50 3.6 1.20 6.1 1.96 8.9
241 0.42 3.6 1.03 6.1 1.70 8.7
253 0.35 3.6 0.88 6.0 1.49 8.6

3.2.4 Basepoint sensitivity model

The influence of the fundamental harmonic voltage U: on the resultant harmonic current
is significant. The deviation of the base point itself could be modelled through impedance
relation, although with negative value. As described in Table 3.12, the sensitivity
coefficients Gy, and kxy are dependent on Us level, introducing an additional dimension
to the model. This allows for more precise calculations of expected harmonic current
levels, taking into account the range of main-voltage values within the distribution
network.
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Figure 3.11 Relative relation between |l gase| and fundamental harmonic voltage level (previously
published in article V).

Regarding model’s predictive accuracy, the sensitivity on U; is well correlated to the
main harmonic relation to the reference value, as indicated by the data in Figures 3.7,
3.8, and 3.9. Change in Ixsase are well illustrated by the trends shown in Figure 3.10. This
dependency can be described using linear relation approach. The relation between U:
levels and variables Iysase, Gxy, and kx is quantitatively captured through a general
empirical equations inferred from measurements. For example, appropriate relational
expressions for the harmonic base points can be found as

Uy
Mgu1 = Krypg- (m) + (1 —Kgyrgq) (3.25)

Term krvi,q presents the empirical linear ‘relative voltage level —RVL’ coefficient.
The expression (1 — krvi,q) constitutes the offset component within the trend. ‘g’ marks a
coefficient identity, where multiplier is used (see Table 3.12). The corresponding scalar
multiplier designated as mq,uz is expected to obtain value 1.0 when U: voltage relative
value 1.0. To ascertain the magnitude of the harmonic base point Ixsase,uz for a given
actual Uz voltage level, this scalar multiplier is employed.

Ix,Base,Ul = [mb3 Mps -"mbN] ’ Ix,Base (3.26)

Phase value of Base point will be taken as reference for calculation of phase offset.
This Phase value offset component is extracted utilising a linear trend relating with the
relative level of U: voltage. The basepoint phase offset is an absolute phase shift
quantity, added to the base point U; nominal level value

U
P1BaseU1 = kb(p : (—1 - 1) + @ Base (3.27)
T 230 ’

Where koo is the coefficient of base vector phase showing dependence of relative U:
level.

The Figure 3.12 and Figure 3.13 demonstrate that the model coefficients Gxy and kx,
have a linear dependence on the relative value of Ui. The scalars mgu: and mgu: are
multiplied with a value obtained at nominal Uz, and multipliers are included to Gxuv:and
kxuz for correction based on the relative level of U:. A general trend equation (3.24) can
be suggested for all these coefficients. The WVDMu: model parameter values are then
established using equations (3.25) and (3.26).
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Gyoy1 = [mgx3 Mgxs - mgXN] I ‘

X3

k
— x5
kx,Ul = [Myxs Mixs - M)

kxN

The model equations are updated from (3.1) as

{ Ix,WVDM,Ul = Ix,base,Ul + AI)C,LIN,Ul + AIX,NL (3 28)

Prxwvpomul = Pixasev1 T APrx v w1 + APrxni

The WVDM model linear part, calculated using (3.27) will also be upgraded to U:
sensitive variables.

ALepivyr = Uy - Gryy - cos(ay — @y,) (3.29)

Ay v = Uy - Rapr - sin(ey, — ¢Uy) (3.30)
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Figure 3.12 Relative relation between Gy, and fundamental harmonic voltage level (previously
published in article V).
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Figure 3.13 Relative relation between ky, and fundamental harmonic voltage level (previously
published in article IV).
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3.2.5 Verification of WVDM with main harmonic influence

For verification of the abovementioned proposal on base point, Type-A LED lamps,
as detailed in Chapter 2, have been employed. The harmonic current profiles for these
loads were recorded across all input permutations indicated in Table 3.9. approach
described in section 3.2.2 is deployed to evaluate accuracy of the proposed model.
This involves the variation of the harmonic voltage component across 24 discrete phase
angles and the gradual adjustment(increase) of the supply voltage magnitude U, ranging
from 207 V (90% of the nominal 230 V) to 253 V (110% of the nominal 230 V). influencer
voltage harmonics in supply voltage are rotated through a full 360°, partitioned into
23 increments. For example, an added third harmonic Uz makes rotation through phase
angles @usz = {0 ... 360°}, while U; magnitude maintains a particular level.

Harmonic currents are then modelled using various estimation methodologies and
compared against empirical measurements, with the root mean square error (RMSE)
computed based on all 24-point deviations. Sensitivity coefficients relating to U; are
established and presented in Table 3.12.

Comparison is presented using models as below:

1. In,const,230, assuming In persistence regardless of U: or any added U,;

2. In,constuz, assuming In relation to Uz but persistence regardless of any added Uy;
3. wvDMm (see equation (3.1))

4. WVDMu: (see equation (3.28))

Table 3.13 provides comparison of maximum deviation (6max) and the RMSE
across various harmonic modelling methodologies applied to a singular load. The impact
of voltage harmonic influencers has been addressed in literature [44]; however,
the integration of U:’s influence into the estimation model enhances precision.
The WVDMu; yields minimal RMSE values after estimation, regardless of order of current
harmonic or influencer.
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Table 3.13 Deviation comparison of modelled values for different harmonic modelling techniques.
Influencing U, level is 3 V (from publication 1V)

I 8|Ik], mA 8@, °
x|y Uy V | x,Basel, Pix,Base
’ MA  |lhconst,230| In,const,us | WVDM | WVDMuz | ,°  |Ihconst,230| Ih,const,uz | WVDM|WVDMu;:
207 434 | 4.0 0.3 3.8 0.1 -123 12 7 6 <1
218 41.5 1.9 0.2 1.7 0.2 -125 9 7 3 <1
313230 _| 398 0.2 0.2 0.0 0.0 -128 7 7 <1 <1
241 | ¥ 379 2.1 0.2 1.9 0.2 -130 9 6 3 <1
253 || 363 3.7 0.2 3.6 0.1 -133 11 6 5 <1
207 3.7 0.2 3.6 0.1 7 5 5 <1
218 1.7 0.2 1.7 0.2 5 5 2 <1
313]230 |, 0.2 0.2 0.0 0.0 5 5 <1 <1
241 | 8 1.9 0.1 1.9 0.2 5 4 2 <1
253 | = 3.5 0.1 3.5 0.1 6 4 5 <1
207 43.4 5.3 2.6 4.2 0.3 -123 16 11 5 2
218 415 3.0 2.2 2.0 0.5 -125 13 11 2 2
317230 _| 398 1.9 1.9 0.3 0.3 -128 11 11 1 1
241 | 5| 379 3.5 1.6 2.3 0.4 -130 13 11 4 1
253 | ©| 363 4.9 1.4 4.1 0.2 -133 15 11 6 <1
207 3.8 1.5 3.5 0.2 9 8 4 2
218 2.0 1.2 1.6 0.4 8 8 1 2
37230, 1.0 1.0 0.2 0.2 8 8 1 1
241 | 2 2.1 0.8 2.0 0.3 8 8 3 <1
253 | = 3.7 0.7 3.6 0.1 9 7 6 <1
207 36.8 4.2 3.5 2.7 0.5 97 26 17 11 1
218 35.7 2.8 3.0 1.3 0.2 92 21 17 5 1
S|5(230 | | 348 2.5 2.5 0.2 0.2 88 16 16 <1 <1
241 | $| 336 3.2 2.1 1.6 0.3 83 20 15 5 <1
253 || 325 | 4.0 1.7 2.9 0.4 79 23 15 10 1
207 2.8 2.0 2.1 0.3 15 12 9 1
218 1.9 1.6 1.0 0.1 12 12 4 1
5|5]230], 1.4 1.4 0.1 0.1 11 11 <1 <1
241 | ¢ 1.7 1.1 1.2 0.2 12 11 5 <1
253 | = 2.5 0.9 2.3 0.3 14 11 9 <1
207 28.5 5.3 5.4 1.3 1.2 -41 38 25 17 5
218 284 | 4.6 2.7 0.7 0.7 -48 30 16 8 4
7|5(230 | | 283 41 41 0.2 0.2 -55 23 23 1 1
241 | 5| 279 3.8 3.5 0.9 0.4 -61 28 22 8 1
253 | ©| 275 3.7 2.9 1.6 0.8 -67 33 21 15 4
207 3.2 3.2 0.9 0.7 22 17 13 5
218 2.7 0.0 0.5 0.5 18 <1 6 4
7|5]23% |, 2.3 2.3 0.1 0.1 16 16 <1 <1
241 | 8 2.0 2.0 0.5 0.2 17 15 7 <1
253 | = 1.9 1.7 1.0 0.7 20 15 13 4

3.3 Sensitivity coefficient analysis for complexity reduction of proposed
model

Empirical results show that the characterisation of load current’s extreme points relating
to phase and magnitude response to supply voltage distortion can be accurately
represented using a linear relationship:

de,MAX = kIM " Uy (3.31)

dq)x’y’MAX = k,'U,), (3.32)
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Where kv (units A/V) is the response coefficient of magnitude response and ko, is
coefficient of the phase response (units °/V, or rad/V). Proceeding subsections focus on
defining the mathematical representation of sensitivity coefficients, Gy, and k.

3.3.1 Magnitude coefficient trend model

The objective is to devise a relation whereby these coefficients can be determined from
a limited dataset, eliminating the need for extensive measurements. The model under
development will consider typical datasets containing supply voltage and load current
parameters. Inputs supplied to model will include data on supply voltage harmonic
components, which consist of the harmonic component’s order y, the respective scalar
voltage magnitude level Uy, and the phase angle @uy of the voltage component.
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Figure 3.14 Magnitude variation coefficient patterns for WVDM against influencer voltage order y
(previously published in article V).
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Figure 3.15 Linear variable Kgjin relation to Gss measured values (previously published in article V).

The relation between the influencer order, designated as ‘y’, and the value of the
sensitivity coefficient Gy is represented in Figure 3.14. This figure suggests that a model
comprising a linear term (Kaiin) alongside a constant term (Keconst) effectively captures the
first-order relationship, written as

ny = Kgiin " Y + Keeonst (3.33)
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Values of linear coefficient (Kain) and constant coefficient (Kesconst) extracted from the
five test loads are presented in Table 3.14. An analysis of these values against those
obtained from empirical measurements displays a linear association of Kgiin with the Gss
value, a relationship is illustrated in Figure 3.15. A good correlation to Kain can be
specified as

KGliTl = 0.84‘ - G33 : (x - 1) (3.34)

For example, in the case of I7, Kaiin=5.07G33; for the fifth and third order, slop values
to find linear coefficient value are 3.55 and 1.66, respectively (see Figure 3.15).

The constant coefficient Keconst is also linked with current harmonic order x and Gss.
The following equation can be given for a constructing Keconst coefficient of (3.33)

—2(x—3)2+20(x—3) +1
100000

Keconst =4+ G333 + ( (3.35)

Gss3 (a load-specific parameter), Kein and Keconst Values obtained in abovementioned
analytical equations, can be used to determine other magnitude variation coefficients
Gy relating to any current and voltage harmonic order. This approach holds valid across
all LED lamps in the test batch; however, it has to be mentioned that its applicability is
confined to LED lamps of a similar type. In essence, such method of coefficient calculation
offers a significant shortcut over direct measurement for the acquisition of the respective
Gyy coefficients.

Table 3.14 Model linear coefficient and constant-coefficient parameters of test loads. Current
harmonic order ‘x’ (from publication V)

load 1 load 2 load 3 load 4 load 5
X K. Glin K. Gconst K. Glin K. Gconst K. Glin K. Gconst K. Glin K. Gconst K. Glin K. Gconst
7 39.1 79.7 57.1 95.7 49.3 88.3 52.7 96.4 53.4 89.5
5 25.9 60.5 41.1 80.5 34.4 71.7 36.7 78.5 38.4 75.6
3 10.8 26.8 20 48.4 16.1 39.6 17.1 42.3 18.8 45.7

*all coefficient values are multiplied by 10° to enhance readability

Table 3.15 Model parameters of test loads, harmonic voltage order ‘y’

G3y, mA/V Gsy, mA/V G7y, mA/V k3y, O/V k5y, O/V k7y, O/V
meas | calc | meas | calc | meas| calc | meas | calc | meas | calc | meas | calc
0.07 | 0.07 0.18 | 0.11 0.39 0.32 2.16 2.12 3.60 3.54 | 5.08 | 4.95
0.24 | 0.31 0.67 0.60 1.13 1.05 3.16 3.00 5.31 5.00 7.54 7.00
0.51 | 0.55 1.22 1.08 1.96 1.78 3.63 3.67 6.17 6.12 8.91 8.57
0.12 | 0.12 0.42 0.40 | 0.75 0.85 2.12 2.12 3.56 3.54 | 5.10 | 4.95
0.51 | 0.52 1.27 1.21 1.91 2.06 2.95 3.00 5.01 5.00 7.26 7.00
0.92 | 0.92 2.0 2.0 3.03 3.27 3.11 3.67 5.39 6.12 8.08 | 8.57

0.1 0.09 0.31 0.25 0.6 0.57 2.13 2.12 3.57 3.54 | 5.07 4.95
0.39 | 0.41 1.01 0.89 1.58 1.53 2.99 3.00 5.08 5.00 7.29 7.00
0.74 | 0.73 1.69 1.53 2.57 2.49 3.25 3.67 5.59 6.12 8.26 | 8.57

0.1 0.09 0.32 0.28 | 0.62 0.62 2.15 2.12 3.60 3,54 | 511 4.95
0.41 | 0.43 1.05 0.95 1.66 1.63 3.08 3.00 5.28 5.00 7.48 7.00
0.78 | 0.77 1.79 1.62 2.73 2.64 3.39 3.67 5.79 6.12 8.51 8.57
0.11 | 0.10 0.39 0.34 0.7 0.73 2.12 2.12 3.57 3.54 | 5.10 | 4.95
0.48 | 0.47 1.18 1.08 1.79 1.84 2.95 3.00 5.02 5.00 7.27 7.00
0.86 | 0.84 1.93 1.82 2.83 2.95 3.12 3.67 5.39 6.12 8.07 8.57

Load

<

w
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3.3.2 Phase variation coefficient models

The phase variation coefficient ky, is responsible for the WVDM modelled values spread
on the complex plane. Empirical values for kx, as presented in Table 3.15, reveal a
constant relationship between this phase variation coefficient, the current harmonic
order x, and the voltage harmonic order y, represented by the following equation:

k
k_ratio = —% (3.36)
x\Jy
Moreover, while developing the solid relationship for kyx, another coefficient is
defined as
c x
= — 3.37
K= (3.37)
Ck is consistent part of calculated kxy (kx,caic). The relations used to determine the
phase variation coefficient values, which can be further used to model harmonic current
for any influencer order are presented in Table 3.16.

Table 3.16 Relation between phase variation coefficient, current and voltage harmonic order (from
Publication V)

y X kxy,calc
7 V2
3
5 5 x(x-1)
7 2
3
7 5 X3
7 V2

3.3.3 Validation of sensitivity coefficient trend

For validation of the proposed model, firstly, accuracy must be determined. The accuracy
of the modelled values of Gxy and kxy could be established based on comparison with the
measurement-originated sensitivity coefficients. The measurement specifics for sensitivity
coefficient calculation have been presented in Chapter 2 (see Figure 2.15), where the
sensitivity coefficient (Gxy,meas, kxymeas) values are obtained from direct results using
equations (3.9) and (3.10). Proposed Gy and Ky calculation values are obtained using
(3.32) and relations provided in Table 3.16. The statistical dispersion is stated as

Sny,AVG = average {|ny,meas| - |ny,calc|} (3'38)

6kxy,AVG = average {lkxy,meas| - |kxy,calc|} (3.39)

The deviation average is determined by analysing the margin of difference across all
five loads under test. Generally, the comparison does not reveal significant discrepancies
between the estimated values for most harmonic orders. However, certain combinations
of harmonic orders exhibit deviations up to 20%. In next validation step, calculated values
of sensitivity coefficients (Gxy,calc, Kxy,calc) are used in total current deviation calculations.
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The load current deviation evaluation, using load models with coefficients calculated
according to the proposed scheme is critical point as this is related to the total harmonic
current output estimation. Here for total load current estimation, accounting the voltage
harmonic components effects, the waveform variation defined model [44] is used.
The total current deviation is computed using

{ AlLewypm = ALy + ALy, (3.40)
APrewvom = A@rxe v + AP

where dixwvom and dgix,wvom is the deviation from the base load current component
Ix,8ase, and phase @i, sase; With the linear parts Alxuv and Agiun found as

Alypy = Uy -Gy - cos(ay, — ¢Uy) (3.41)

App iy = Uy Ry - sinet, — ¢’uy) (3.42)

ax is a load-specific phase offset quantity outlined by (3.7), ¢uy signifies as the phase
angle of the voltage harmonic component U, of order y. Descriptions for the nonlinear
part (Alxnve and Agine) is explained in section 3.1.2. For WVDM model coefficients,
measurement-originated quantities, Gxy and kxy are obtained using (3.9) and (3.10), while
the WVDM results with proposed model to calculate coefficients Gxy and kx, are provided
for comparison. In order to present the highest variations, the deviation maximum values
dlx,maxare compared.

Table 3.15 presents the magnitudes of variation coefficients, which are determined
following equation ((3.33) for all loads under test. Table 3.17 presents the percentage
deviation of modelled Gy from its measured counterpart (referenced in Table 3.15).
Similarly, calculated phase variation coefficients (determined using variables established
in Table 3.16) are presented in Table 3.15. Table 3.17 also shows the deviation in measured
and modelled values of kx, (See Table 3.15). The deviations between measurement and
load current calculation results with WVDM-based values are presented in Table 3.18.

o WVDMockmea uses Gx, and kyx coefficients that are determined directly from
measurements, and

o WVDMeak,.caic Uses Gxy and kxy variation coefficients calculated using (3.33) and
relations provided in Table 3.16.

Table 3.17 Average deviation of modelled variation coefficients (from publication V)

6ny,AVG 6kxy,AVG
y 3 5 7 3 5 7
3 6% 18% 9% 1% 1% 3%
5 8% 9% 5% 2% 2% 5%
7 3% 7% 6% 12% 9% 4%
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Table 3.18 Comparison of modelled and measured values (from publication V)

X 3 5 7

= <., § _\ <. E S« . E 0

S A I I R N IR

=3 Eld|s|S E|s|ls|s|f|léls|s

NI S|S|%|%|sS|S|%|%|s|S|%|%
Measurement 0.22 | 6.5 0.54 | 10.8 1.18 | 15.2

1 |WVDMeaimea 0.21 | 6.6 |0.01| <1 |0.53|11.0|0.01| <1 |1.16|155|0.01| <1

WVDMék,calc 0.21 | 6.7 |0.01| <1 |0.74|11.2|0.20| <1 |1.39|159(0.22 | <1
Measurement 0.36 | 6.3 1.25| 10.7 2.24 | 153

2 |WVvDM 0.36 | 6.5 |0.00| <1 |1.23|109|0.01| <1 |2.24|155|0.00| <1

WVDMGakcalc 0.36 | 6.5 |0.00| <1 |1.27|109|0.02| <1 |1.92|16.0[0.32| <1
Measurement 0.29 | 64 0.94 | 10.7 1.79 | 15.2

3 3 |WVDMoak mea 0.28 | 6.5 |0.00| <1 |0.93]|109|0.01| <1 |1.79|15.4|0.00| <1

WVDMGakcalc 0.28 | 65 |0.00| <1 |1.11|11.0|0.17| <1 |1.85|15.8|0.06| <1
Measurement 0.30 | 64 0.95 | 10.8 1.86 | 15.3

4  |WVDMock mea 0.30 | 65 |0.00| <1 |0.95|109|0.01| <1 |1.85|15.4|0.00| <1

WVDMék,calc 0.30 | 6.6 |0.00| <1 |1.05|11.1]|0.10| <1 |1.85|159|0.01| <1
Measurement 0.33 | 6.3 1.16 | 10.7 2.09 | 15.3

5 |WVDMek mea 033 | 65 |0.00| <1 |1.15|10.8|0.01| <1 |2.09|15.4|0.01| <1

WVDMGakcalc 033 | 65 |0.00| <1 |1.29|109|0.13| <1 |1.97|159|0.12| <1
Measurement 1.49 | 10.9 3.61 (184 5.87 | 26.7

1 |WVDMeai mea 1.54 | 11.5(0.05| <1 |3.71|19.4|0.10| 0.9 [5.93|28.5|/0.07 | 1.8

WVDMGakcalc 144 |11.4|005| <1 |4.00(19.4|0.39| 1.0 |[6.37(28.8|0.51| 2.0
Measurement 276 | 94 6.19 | 16.2 9.13 | 24.2

2 |WVDMock mea 2.84 | 9.7 |0.07| <1 |6.34|16.3|0.16| <1 |9.23|243|0.11| <1

WVDMék,calc 2.83 | 81 |0.06| 1.3 |6.45|14.2|0.26| 2.0 |8.61|22.8(0.52| 1.4
Measurement 2.21 | 9.8 5.08 | 16.8 7.70 | 24.8

7 3 |WVDMesk mea 2.27 |10.2|0.06| <1 |5.21|17.2|0.13| 04 |7.76|26.2|0.06| 1.4

WVDMék,calc 2.29 | 9.0 |0.08| <1 |562|15.7|054| 1.1 |7.97|26.1|0.27| 1.3
Measurement 2.34 | 10.2 536|174 8.18 | 25.5

4 |WVDMock mea 2.41 |10.5|0.07| <1 |552|17.7]|0.15| <1 |8.26|25.9|0.07 | <1

WVDMGakcalc 2.43 | 9.7 |0.09| <1 |5.94|16.7|0.58| 0.7 |8.49|25.7[0.31| <1
Measurement 258 | 94 5.79 | 16.2 8.52 (241

5 |WVDMoak mea 2.65 | 9.7 |0.07| <1 |593|16.3|0.15| <1 |8.63|24.1|0.11| <1

WVDMék,calc 2.69 | 80 |0.11| 1.3 |6.21|14.1|0.42| 2.0 |8.33|22.6(0.19| 1.5
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4 Harmonic effect on rectifier circuits

4.1 Triangle expressions of time domain response

In advanced signal processing, triangular waveforms are employed both for system
analysis and for signal synthesis due to their simplicity and basic harmonic structure.
In their most fundamental form, triangular waves can be generated by the superposition
of odd harmonics of a sine wave, with their amplitudes in the frequency domain inversely
proportional to the square of the harmonic number, resulting in a clear, repetitive
pattern that simplifies many types of analyses. Moreover, the linear rise and fall of
triangular waveforms also make them suitable approximations for signals with sharp
transitions, which can be advantageous in non-linear dynamic systems analysis.

Harmonic currents flow through the impedance of the power distribution system,
which can cause voltage distortion, leading to higher peak voltage values. Supply voltage
waveform can be represented as

Uryac(t) = Uy -sin(wlt + ‘/’1) + Uy - sin(wzt + (pz) + o+ Uyy- sin(th + ‘/’N) (4.1)

Ideally, series ((2.10) contains all harmonics but usually, odd order harmonics have
much more dominant role in the waveshape. This is due to repeated shape of waveforms,
and even order harmonics appear more dominant once there is variation in cycle
waveforms. Thus in the following, attention is only paid on the odd order harmonics and
even order harmonics are counted as having a magnitude of 0.

For the analytic expression formulation, it has to be emphasized that the harmonic
components arise from the description of the time-domain waveform. Load current
harmonic deviations emerge due to time-domain current waveform deviations.
Therefore, analytic expression of the harmonic components will arise from time-domain
current expression. The main expression for the LED lamp AC load will be defined through
the operation of a rectifier.

Rectification operation time-domain waveforms are dependent on supply voltage
waveform, evident from basic circuit analysis and measurements. The LED lamp structure
employs a rectifier with a bulk capacitance Cs (reference to Figure 2.9), followed by a
circuit to supply the light emitting component(s). In the literature, extensive investigation
and circuit formulations are available for a typical rectifier, however for present thesis
context only an ideal circuit is assumed. This is due to many simplifications on the path
to describe the analytical structure of harmonic currents, described further in this
chapter. Adding more detailed circuit model at this time, does not serve to provide better
accuracy nor success; detailed circuit concept analysis will be part of future research.

The typical current waveshape of a common LED lamp is shown in Figure 4.1, which
zooms in to the diode conduction starting and concluding time, during a positive
half-cycle of the supply voltage. In voltage waveform, one of characteristic points is the
peak voltage instant, time of peak (tyeak). When rectified voltage appearing on capacitor
terminals reaches a value close to peak value Upeak, the current conduction stops. This is
current conduction termination instant (ttrm). Current conduction starts, when the
supply voltage level intercepts the CB voltage level in the first quarter of supply voltage
cycle. This is the conduction initiation instant (tiit). Along momentarily after the
conduction initiation a peak current instant is occurring (tipeat), Where the rectifier
current has the peak level (/ioad,peak).

71



I Load,peak

0.4
320
310
= <
—~ t -~ i
tﬂf) 300 10.2 @
g T
= 290 ‘ .3
I
e I Rt
280 | =
[ :
270 Ll " " I "
G 3.8, 4 4.5 5 ., 55
i,peal Time, ms term

Figure 4.1 Close-up of conduction half-cycle of a rectifier current (published in article VI).

For the sake of simplicity in the analytical observation, several assumptions are made
and the current waveform is reflected on a basis.

1) Itis assumed that LED load current waveform is triangular shaped. The slope of
the load current can be considered as linear function that depends on time
(dotted black line, see Figure 4.1).

2)

It is assumed that the tinit and t;peak are very close, so that they are practically
occurring in the same instant tinit.

3) Three vertexes of the triangle are observed, and the function the current
(dotted black line) can be found using the slope of the two points ({tinit, iLpeak}
and {tpeak, 0}). The function the load current is calculated as using slope formula.

t— tinit _ ILoad (t) - ILoad,peak (4.2)
tpeak — tinit 0- ILaod,peak '
. _(t - tinit)lLaod peak
{Loaa(t) = ¢ _t + ILoadpeak (4.3)
peak init

Where the i, peak is the peak value of the load current.

4)

tterm and tpeak are very close, so they are assumed to be same instant i.e. tpeak
5)

Ucsmax Will be assumed to be obtained when U.vac has peak value. Rectifier
conduction will terminate after the peak instant.

The resulting triangle specification is provided in Figure 4.2.
I

Load,peak
-

—

Uy vac®

/

tinit Time tpeak

Figure 4.2 Triangular shape assumption of the load current.
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Empirical results from (section 2.7) refer that the characteristics of harmonics are
proportionally evident from tinit and lpeak values. The model waveform presented in Figure
4.2 is using thus same variables in the basis.

The waveshape of the current iwad(t) neither follows odd symmetry nor even
symmetry, but it is half-wave symmetric. As the half-wave symmetry principle of the
Fourier series

T
re-3)=-r® (@)
And the Fourier coefficients for half-wave symmetry become
as =20 (4.5)
4 T/2
a, =T | f (@) cos(nwt)dt fornodd (4.6)
0 for neven
4 T/2
b, = T f(t) sin(nwt)dt fornodd 4.7)
0 .
0 for n even

So now using equations (4.6) & (4.7) the Fourier coefficients for the load current (anit
& bnit)can be found as

4 T/2
an =7 | froaa(®) cos (o) de (@8
0
And value of the current exists only between tinit and tpeak, SO the limits of the definite
integral become
tpeak
an, = = f iLoaa(t) cos(nw,t) dt (4.9)

Ltinit

4 iLaad,peak{nwl (tpeak - tinit) Sin(nwltiinit) - Cos(nwltinit) + Cos(nwltpeak) }

o = T n20? (tinie — tpeak) (4.10)
Similarly
tpeak
b,, = % f iLoaa (t) sin(nw,t) dt (4.11)
tinit

— i iLaad,peak{nwl (tinit - tpeak) Cos(nwltinit) - Sin(nwltinit) + Sin(nwltpeak) } (4 12)

b.
ik T nzw% (tinit - tpeak)

The Fourier series of the current waveform can be found for using the equation (2.10)
or (2.12), when the value of tinit, tpeak end, lLoad,peak are known.
The derivations of the variables in (4.10) and (4.12) can be developed as follows:
1) tpeak Where the peak Urvacmax = Upeak instant occurs will be defined. This is most
deterministic point of the supply waveform.
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2)  Upeak Will be calculated knowing tpeak value. While this is basically available from
(4.1), a more computationally efficient formula would be targeted.

3) Uit value will be determined, upon which the current conduction is initiated.

4) Knowing Uit value, a value for tini: will be determined.

5) Knowing tinit value, the value for lioadpeak Will be determined.

In the scope of this thesis the first two expressions, tpeak and Upeak Will be observed.

4.2 Analytical expression for peak voltage instants

In this section analytical approach has been defined that would provide a more detailed
and general expression on the formulation of the rectifier circuit operation. Target of the
expressions derivation is to provide analytical format to the peak voltage timing (related
to rectifier diode conduction cut-off) and peak voltage level (related to the bulk capacitor
voltage level at conduction cut-off). Discussion presented aims to provide base for the
AC load current harmonic model development for rectifier circuit-based load devices
taking into account supply voltage harmonics presence.

Majority of the energy efficient devices commercially available contains rectifier
circuitry. Figure 4.3 shows the rectifier circuit commonly present in energy-efficient LED
lamps. Rectification operation is dependent on supply voltage waveform shape; When
rectified voltage appearing on capacitor terminal reaches its peak value, the current
conduction stops [83]-[86]. The end-of-conduction time varies depending upon the peak
value instant of the voltage waveform [87], [88]. The effect of different supply voltage
harmonics, on the operation of rectifier circuits are analysed empirically in [42], [89],
[90]. In the context of this thesis, an A-type waveshape common to LED lamp has been
selected for analysis and is shown in Figure 4.4.

The time of peak (tyeak) value in voltage waveform is dependent on the amplitude and
phase angle of the voltage harmonic present [91], [92]; this tpeak is end-of-conduction
moment of the current of rectifier [93]. In case of pure sinusoidal supply, peak voltage is
supposed to occur at 90 degrees phase instant. With voltage harmonic present in the
supply, the resultant peak does will be offset from 90 degrees instant. This mean
harmonics present in the load current also are affected dependent on the offset of
instance of resultant peak voltage. Figure 4.4 shows some more extreme examples of
supply voltage waveforms, flat and pointed top waveforms that could usually be
available in the industrial LV network. In these cases, it is clear that the peak voltage
available for the rectifier’s capacitor charging operation will differ.

Dj % DJ Uco.\"t-‘

Figure 4.3 Rectifier circuit in LED lamp [94].
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Figure 4.4 Supply voltage (pure-sine Flat-top(FT) & pointed-top(PT) waveforms and Current waveform
of LED lamp (Previously published in article VI).

4.2.1 Voltage waveform numerical analysis

In discussing the influence of harmonics on peak voltage, it is essential to consider the
role of the phase angle of harmonic voltage in altering the supply waveform. A significant
factor in this alteration is the expected shift in peak value moments (A @peak) associated
with the phase shift of harmonic voltage, as illustrated in Figure 4.5. The resulting
symmetrical shape, as depicted in Figure 4.6 and Figure 4.7, reflects the impact of a single
voltage harmonic with varying amplitudes on the peak value moment shift.

In the following context, let us assume there is just two components present in the
supply voltage waveform equation (4.1, the main harmonic with magnitude value U: and
a harmonic component of order y with magnitude value U,. In essence, the peak voltage
value can be calculated at any time instant, using the common expression of sine
components as

Upear = Uy " sin (a)l . tpeak) + U, - sin (y *0q tpeak + (py) (4.13)
or expressed phase-wise towards main harmonic 0 phase as

UPeak = Ul - sin ((pPeak) + Uy - sin (y " Qpeak t (py) (4.14)

It is noteworthy that the main harmonic initiation (zero phase) is assumed to occur at
time t = 0. Here the ¢y is the harmonic voltage component Uy phase angle from the main
harmonic zero phase value and Uy is the harmonic voltage component magnitude value.

Analytically, the peak instant (end of conduction time of capacitor) can be found
where the voltage derivative approaches to zero; as expressed in the following equation.

dupyac(t) _
dt

The voltage on capacitor (Ucs) in rectifier circuit reaches to its peak when uivac(t) reaches
its maximum.

(4.15)

max{uyysc ()} = 0

Ucspyax = max{upyac(t)} Irgoms (4.16)

Numerically the peak voltage value is straightforward to find. For any input Uy and ¢y
the waveform could be assumed through finite time-step calculation and using ((4.13)
for any time step. An example of the outcome of numerical calculations is presented in
Figure 4.9.
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In order to find the analytical expressions of the characteristic parameters of the peak
voltage absolute value and it’s timing a more universal approach will be needed.
Assuming the harmonic voltage component could have any phase angle and any
magnitude the numerical descriptions may lack effectiveness for universal analysis.
The complexity of the voltage peak moment timing is presented through expressions for
peak phase value range in Figure 4.6 and Figure 4.7 for the peak value range.
The eccentricity expression found in the numerical results refers to examples of Kepler
equation, known to be unsolvable by geometric relations.

Details on the expressions of the peak voltage have more support from the analysis
on dynamics of the supply voltage sinewave components. For the voltage peak time
instant tpeak, the first order differentials of fundamental and influencer harmonic are
equal in magnitude. Referring to equation (2.28)

d d (4.17)
g (tpea) = = > (tpeat)

U o Cos(wltpeak) = - Uy Tyt Y- Cos(ywltpeak + ¢y) (4.18)
Simplified into
Uy - Cos(wltpeak) ==Uy-y- Cos(ywltpeak + (ﬂy) (4.19)

peak L.+ | peak

T

350 T T

U @u/(t) U_.@u(t)+ult)

u,(t) +u (t+m/2)

Upyac®,V

300

120

peak@ ul(t)+ud(t), ~ 3

g U=10V
U=5V

q’peak@ ul(t)+u3 (L),

1 L 1 L 1 Il 1

0 45 90 135 180 225 270 315 360
¢3 ’ °

Figure 4.6 Variation in peak instant depending on harmonic phase angle (Previously published in
article V).
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Figure 4.7 Variation in peak depending on harmonic phase angle (previously published in article VI).

From the numerical response results of @peak and Upeak, sShown in Figure 4.6 and Figure
4.7 the corresponding eccentric periodic function can be seen to emerge. It can be seen
that for any Uy phase ¢y rotation through 360° the function value will reoccur. For the
description of the periodic function it will be assumed in the following

1) The function is basically a (co)sinusoidal form, where the argument is a function

of Uy and ¢,.
Upeak = Ulpeak + Upeak,M - sin (yUpeak) (4.20)
Ppeak = Pipeak + Ppeak,m sin (y(ppeak) (4.21)

Here Upeakm is the maximum difference between Uipeak and resultant peak
voltage of waveform, and @peak,m is the maximum difference between @ipeak and
peak-time of resultant waveform; yupeak and Ygpeak are the function of added
voltage harmonic level and phase angle.

2) The functions can be described for their characteristic points where
Upeak=U1,peaktUpeak, v, Meaning the sin function argument in (4.20) is either 90°
or 270°. This is termed as Case 1 points in the following subchapter.

3) The functions can be described for their characteristic points where
tpeak=t1,peaktDtpeak, v, Meaning the sin function argument in (4.21) is either 90° or
270°. This is termed as Case 2 points in the following subchapter.

4) The functions can be described for their characteristic points where
Upeak = Uzpeak, meaning the sin function argument in (4.20) is either 0° or 180°.
This is termed as Case 3 points in the following subchapter.

5) The peak timing points where tpeak=t1,peak are essentially the same time instants
as ti,peak, Meaning that the sin function argument in (4.21) is either 0° or 180°.
This occurs at the same time instant as main harmonic 90° or 270° instants.

4.2.2 Dynamic expressions for peak voltage instant
The characteristic peak voltage observation cases will be listed below.

Case 1. Peak voltage highest and lowest magnitude expressions

Search for the peak voltage maximum possible value reveals that upon time instant when
Ui(tpeak) and uy(tpeak) components are both at maximum. Here sum of magnitude values
will provide Upeak. This is when the sin components will both yield value of “1” i.e. the sin
argument is 1t/2
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Upearemax = Uy - sin (g) +U, - sin (g) (4.22)

given that harmonic phase angle is at y times higher than the main harmonic, the
harmonic component angle which provides the /2 at the time of U: magnitude peak will
be

®Dy,peak,max =Y * T[/2 (423)

In case of odd harmonics, it should be noted that system with only 3" harmonic added
will provide peaking when gus =—90° while for 5" harmonic added will respond with
peak voltage maximum when gus = 90°. Similarly, the lowest magnitudes will be provided
by harmonic phase angles with 180° modification.

Case 2. Maximum shift of the peak time instant from peak instant of only fundamental

component (i.e. 90° or 1/2) A¢@peak,max.

Peak supply voltage Upmk
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5 310 0.04
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0.0035 0.0040 0.0045 0.0050 0.0055 /0.0060 0.0065
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Figure 4.8 Variation in peak time instant depending on harmonic phase angle (previously published
in article VI).

The peak time instant maximum shift tpeak,apmax 0ccurs when the first order derivative
of the harmonic component variation is at its maximum; therefore
d
{Euy (tpeak,A(pmax)}max =U,- NARON (424)
Assuming (4.22) this occurs at time instant when (y-w-tpeak + @uy) provides total of 0.
Therefore, the peak phase excursion occurs at instant for the harmonic when

Quy =Yy wi1- tpeak
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From (4.24)
U

cos (wltpeak'A(pmax) = Fyy (4.25)
1
and replacing
U
A= 2 (4.26)
Uy
the expression will be
1Y
. _ % A (4.27)
pveak,Apy ax w,

Case 3. Instant when peak voltage level of the combined waveform with U: + Uy is equal
to fundamental harmonic waveform peak; it is the point when there is peak voltage equal
to magnitude level of U:

U, = Uy sin(w, - t) + Uy sin(yoqt + gz)y) (4.28)

Here U; is the magnitude of fundamental component i.e. for 230 Vims this will have
level of 325 V. Uy is the amplitude of supply voltage harmonic component, ¢y is the phase
angle of the voltage harmonic component.

Empirical value calculation of the crossing point of harmonic (U,) near 90° of
fundamental harmonic on fundamental harmonic scale

T (1 ¢ (4.29)
tcross,y = 7 (Z (y +1) - ﬁ)
Lerossy (4.30)
Perossy = 2 T,

Where y is a harmonic number. T1=0.02 s time-period of fundamental harmonic.
Now, transforming the equations ((4.13) and ((4.17) to phase angle domain

Uy, = U, sin (900 - (ppeak) +Uysing, (4.31)

U, cos (90" + (opeak) =-y-U, cos Py e (4.32)

Here @peak is phase distance between peak of fundamental component (i.e. 90° or 1i/2)
and peak of uivac(t) expressed in degrees on fundamental harmonic scale and @y is
distance between peak of uivac(t) and the zero crossing instant of the voltage harmonic
component.

From (4.31)
. U, U
sing, = U_y - —ysm (90" - (opeak) (4.33)
sin Pye = A[1—cos (ppeak] (4.34)
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From (4.32)

1
U, _ycos (90" + o eak) —cos o, . (4.35)
As cos is an even function
A
;COS (900 + (ppeak) =cos g, (4.36)
A
;cos (900 + ¢ eak) 1 — [sin (pyrc]2 (4.37)
A 2
sing,, = [1- [; cos (90" + (ppeak)] (4.38)
Equating (4.34) and (4.38) provides
2 A 2
A? [1 — cos (%eak)] =1- [; cos (90" + gz)peak)] (4.39)

and this can be developed into

2 A? 2 2 2 A2
A% — 2 (cos gz)peak) — 2A“ cos Ppear T +A° + F -1=0 (4.40)

Substituting Q = cos(@peak)

|
=)

1 5 1
[1 —F]Q _2.Q+1+}7_F (4.42)
Coefficients of quadratic equations are

a=(1 ——) b=-2andc=1+%5 -
from value of cos(gpeax) by quadratic solution, @peak can be determined.
Now in order to determine the value of @y, similar expressions with (4.31) and (4.32)

can be used. For development of relation for @y, (4.31) will be expressed as
U,

sin (900 — peak) 1+ U—lsm Py (4.42)
and
sin Py
COS @0 =1+ — (4.43)
Now (4.32) becomes
U
cos (900 + eak) —U—y ycosg, .
1
. y-coso,
—Ssin (ppeak = —Tyc (444)
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Squaring and adding (4.43) and (4.44)

. 2
ycos o, C)Z sing, .
I Tye 14—2¢) =1 4.45
( a1 1+ — (4.45)
2
(1-v? (sin (pylc) —2Asing, + y =0 (4.46)
Coefficients of quadratic equations are
a=(1-y?,b=-2Aand c=y?2.
from value of sin(¢y,c) by quadratic solution, ¢y,c can be determined.
4.2.3 Results and verification
From equation (4.41) and (4.46)
ot Jcor-a(1-5) 1+ - )
()] = Cog_l Y Y (4.47)
peak 1
2(1-32)
y
—(—24) +./(=24)? - 4(1 — y?)y?
— eip—1
Py, = St { 201 =9 (4.48)

Mathematically, there are two possible solutions for every quadratic equation. And
depending on the value of coefficients, one or both of the solutions can result a complex
value. Equation (24) calculates the distance of zero crossing of the harmonic component
and the modified peak of the resultant waveform; out of two quadratic solutions,
the positive-real solution is taken as argument of inverse sine function (sinl), in equation
(24). With Uyrms = 10 V and Uzrms = 230V, ‘A’ becomes 23; the x = 5 for supply harmonic
order 5. The quadratic solutions here are 0.442 and —2.36. As the argument of inverse
sine can be {~1...1} one value of a solution remains

26.3°

Py = sin~1(0.442) = {_ 26.3°

It has to be noted that ¢y, is x-times smaller on the fundamental harmonic scale i.e.
5.3%. Furthermore, ¢y, refers to the exact instant where ui(t) and uwvac(t) waveforms
cross each other (see Figure 4.9). Similarly, the gpeak can be calculated using the inverse
cosine (cos™?) function to the solution of quadratic equation mention in ((4.40). For the
above-mentioned values of harmonic amplitudes and included voltage harmonic order,
the calculated cos?argument value is 1.103 and 0.981. Similar to the inverse sine function,
the argument of cos™ also cannot exceed the range {-1...1}, SO @peak is calculated as

Pocak = cos~1(0.981) = 78.8°

Hereby, the peak shift for the fundamental component timing will be

Ao = 190° — 78.8°| = 11.2°.
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These calculated values (@peak, A@peak and ¢y,c ) match the measured values, as illustrated
in Figure 4.9 below and Table 4.1. The value of A@peak can be converted to equivalent
time precisely i.e. tpeak.au=0.

330

u ),V

Figure 4.9 Distance calculation of zero crossing of influencer harmonic and fundamental-component’s
peak toward peak instant of uivac(t) (previously published in article VI).

Table 4.1 show the calculated values (referring to equation (4.27) of maximum shift of
peak phase instant, A@peakmax, peak time instant maximum shift tpeakapmax, referred as
case 1. It has to be noted that as the amplitude level of the higher harmonics (for example
7™ increases, the resultant voltage waveform will have multiple peak or have two equal
peaks. Therefore the calculation values can point out only one dominant value out of
multiple peak values. Table Il presents the comparison of measured and calculated values
of peak instant phase values and harmonic component zero crossing instants; under the
equations (4.46) & (4.47) mentioned under case 2. The value presented in Table 4.2
provides considerable accuracy to measurements. The proof of accuracy of the developed
equation can be further acquired by comparing with measurements recorded (for a
dedicated amplitude and phase of influencer harmonic) as mentioned in table Ill.

Table 4.1 Modelled/calculated value of maximum peak stretch on time axis for any level of
influencer harmonic

Harmonic order Uyrus level QDpeak,max tpeak,Apmax
y \) ° rad ms
5 86.3 1.51 4.79
10 82.5 1.44 4.58
3 15 78.7 1.37 4.37
20 74.9 1.31 4.16
25 71.0 1.24 3.94
5 83.8 1.46 4.65
10 77.4 1.35 4.30
5 15 71.0 1.24 3.94
20 64.2 1.12 3.57
25 57.1 0.99 3.17
5 81.2 1.42 4.51
10 72.3 1.26 4.02
7 15 62.8 1.1 3.49
20 52.5 0.92 2.92
25 40.5 0.706 2.25
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Figure 4.10 Results of Upeak and @upeak instant of u,vac(t) (previously published in article VI).

Table 4.2 Comparison of measured and calculated value of resultant peak stretch of uiyac(t),
magnitude identical to fundamental component

o o o
> § % % % § g
y g 3 3 g : 5 3
g g 3 3 3 2 §
=) s S3 SN SN $ s
5 86.3 86.3 6.2 5.6 87.9 88.1
10 82.6 82.6 11.1 10.9 86.3 86.4
3 15 79.1 79.2 15.6 15.9 84.8 84.7
20 75.9 75.8 20.4 20.4 83.2 83.2
25 72.8 72.7 24.7 24.5 81.8 81.8
5 84.0 84.0 14.2 14.8 87.2 87.0
10 78.8 78.8 26.2 26.2 84.8 84.8
5 15 74.4 74.4 34.2 34.4 83.2 83.1
20 70.7 70.7 40.5 40.4 81.9 81.9
25 67.4 67.4 45.0 45.0 81.0 81.0
5 82.1 82.1 26.1 25.7 86.3 86.3
7 10 76.6 76.5 40.6 39.7 84.2 84.3
15 72.3 72.1 48.1 47.7 83.1 83.2

83



Table 4.3 Measured values at characteristic points of resultant peak phase stretch of ULvac(t)

y 3 5
case
Uyrms, V A @pear,® D, ° A@peak,® @y, °
5 3.8 80 6.2 120
A@peak = Max 10 7.5 68 12.6 155
15 11.3 55 18.8 185
5 3.7 85 6.0 105
AUpeak =0 10 7.4 79 11.3 120
15 10.9 73 15.7 135
AUpeqk = >
peak™ 10 0 0; 180 0 0; 180
(max/min) 1c
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5 Conclusions and future work

5.1 Conclusions

This doctoral dissertation introduces an empirical and analytical methodology for
estimating load current harmonic phasors characteristics within low-voltage networks.
The proposed approach offers a direct and computationally less-intense estimation of
the impact of nonlinear loads on distribution networks, compared to other state-of-the-
art methods. Detailed attention is paid to energy-efficient loads, especially lighting loads
as these are one of the most numerous and common ones in households. Contemporary
energy efficient loads are basically all utilizing some switch-mode power supply as
primary electric converter. The rectifier of the AC front-end with bulk capacitor is one of
the common cores for every zero-carbon policy supporting load.

Thesis originates from the practical measurement results, whereas the sophistication of
the relations between voltage and current harmonics has been clearly seen in the course
of various measurement outcome. This has been reported previously in the literature,
however without a specific physical relationship related to the phenomenon. It can be
seen that either calculation methods selection or then engineering practical approach is
often defining the scientific viewpoint of the approach taken. Common approach is
purely frequency domain analysis. However, the naturally seeming relation between for
example 250 Hz and 350 Hz components has to be explained outside the frequency
domain.

The thesis develops a current harmonic estimation model foundation based on the
nature of devices and power quality measurements across different voltage distortions.
The harmonic profile of the load linked with the physical operation of the circuit
component, like capacitor in converter circuit helps to understand the cross-order
harmonic components relations. The models defined directly aid in estimating current
harmonic emissions under real LV voltage distortions and addresses the cross-order
coupling of the voltage harmonics on load current harmonics. In this case, the link of the
cross-order coupling is not related to phasor relation common for the grid calculation
methods. The link is in shown in time-domain timing shift of the load current waveform,
a physically solid standpoint.

Deeper studies of base component effect and modelling of the sensitivity parameters
of the estimation model demonstrate the effective and flexibility of the developed
model, highlighting its potential to use reduced number of variables and less calculation
and measurement burden. In recognizing the independence of the phase and magnitude
variation characteristics, it has been provided that realistic measurement outcome in
form of elliptic response to voltage harmonic phasors, can be effectively and in simpler
relation calculated. The competing FCM waveform requires, for example, including tensor
analysis for the characterization of the elliptic phasor endpoint response. The empirical
model linear part in this thesis is providing already fair response, using straightforward
geometric construct.

The WVDM proposed in the thesis assumes input data from the empirical
measurements. Effective discretion between linear and nonlinear reaction parts allows
to reach different outcome precision. The WVDM targets to include cross-harmonic
influences for the final calculation of the realistic LV supply voltage waveform. WVDM is
still empiric in its grounds and uses rather many measurement-based coefficients. It is
shown that limits will emerge as WVDM is used for different levels of main harmonic U1.
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The added coefficient burden is not in favour of empiric model and shows that for
characterization of a particular load, number of identification measurements to determine
the particular coefficient values will be very high.

Analytical definition of the harmonic current components is developed in the latest
chapter of the thesis. It is clear from the start that inclusion of voltage harmonics adds
to theinitial complexity of Fourier transform. Functions identified to describe the analytic
relations are non-linear and their outcome is formed from geometrical interrelations.
Sophistication of the mathematical formulation requires fast reduction of complexity.
Even as idealistic waveforms are presented for analysis, the expressions derived and
proposed make up difficult-to-integrate concepts. Numerical results for the actual
harmonics are referring to eccentric periodic functions usage. This type functions are
known to the difficult to solve, Kepler function is available as an example of a classical
analytically unsolved reference. Therefore, the reach is limited to only characteristic
points estimation of analytical expressions. Expression development itself requires more
detailed mathematical reasoning and is part of future work.

The proposed model harmonic current estimation is oriented towards residential
grids, but is usable even for the industrial cases. However, proposed model is not valid
for all industrial waveform presentations. Overall, the model serves as a crucial tool for
estimating harmonic emissions, enhancing low voltage network operation detailing,
and supporting network operators in planning upgrades or expansions, particularly in
anticipation of increased penetration of nonlinear devices in the grid.

5.2 Future work

Distribution networks, particularly at low voltage (LV) levels, are encountering increasingly
complicated challenges. Initiatives like constructing near-zero energy buildings, boosting
renewable energy generation, adopting modern and efficient loads, and integrating
domestic electric energy storage. However, these initiatives introduce powerful nonlinear
power supply units, converters, and inverters into the distribution network, necessitating
the network’s ability to support them while maintaining specific operating characteristics,
notably ensuring sufficient hosting capacity.

Thesis is looking at the load current harmonics modelling topics in a most trivial circuit
cases. While common, this model is not aiming at loads using more AC-friendly devices.
Approach to define also other loads’ characterization options would be addressed in the
next work, to include capabilities of estimation of power-factor-correction equipped
harmonic response. This will be developed after the main relations for the type A LED
lamp are identified and finalized. The circuit model improvement to incorporate the real
rectifier waveform and its characteristics to harmonics modelling will be added.

The current model outlined in this thesis does not incorporate grid infeed units’ (for
example, photovoltaic (PV), battery storage) data. Additionally, while the implementation
of battery storage may become essential in the future, it is not currently part of the
model. Nonetheless, the model can presently assess the impact load current harmonics.
Furthermore, there is potential to expand the model to include commercial (industrial)
loads and upcoming penetration of high-power domestic energy management devices of
3-phase loading.

An additional possibility for development involves extending the model to incorporate
a network model, building upon the results of the current harmonic estimation model.
Utilising current and voltage values, this extension could provide network impedance
values at different frequencies, thereby elucidating the influence of harmonics on grid
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operation parameters. Moreover, ongoing efforts are directed towards refining a more
detailed model that accounts for the influence of voltage waveform on load current
harmonics emission.

Hosting capacity for more potent units is likely to reach its limits in at least some
networks or network segments, potentially constraining the integration of new
technologies until network improvements are made. Thus, the more capable load models
serve as a crucial tool for assessing the impact of various policies and technologies on
power supply system performance. For solutions such as energy conservation, distributed
generation, smart buildings, electric vehicles etc it could be estimated that some limits
of operation would be due to high distortion of the supply voltage. Thus the actuality of
the topic of harmonic dependence will remain and be more prominent for the network
engineers responding to upcoming challenges in distribution network.
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Abstract

Load Current Harmonic Sensitivity of AC/DC Power
Converters of Energy Efficient Devices

The wide deployment of energy-efficient modern power electronic converters has led to
a progressive increase in loads with non-sinusoidal current draw within low voltage
networks. While low voltage AC supply networks have some dispersion from sinewave
voltage supply waveform added harmonic currents, injected by switch-mode converters,
can potentially distort the supply voltage waveform up to failure and loss of reliability
levels. This thesis explores the correspondence between voltage harmonics in supply grid
and their impact on the characteristics of load current harmonic components in order to
provide more accurate harmonic current modelling.

Focusing on non-linear load behaviour an experimental evaluation is conducted to
assess the sensitivity of current harmonics to supply voltage harmonics. A novel empirical
Waveform Variation Defined Model (WVDM) is proposed, emphasizing time-domain
waveform variations over traditional impedance-based approaches. The WVDM provides
improved correspondence with the actual physical operation of loads, particularly
highlighting cross-order coupling between supply voltage and current harmonics
variations. This model incorporates non-impedance relations and separates phase and
magnitude response components, demonstrating accurate estimations of cumulative
influence for different supply voltage harmonics, especially low order odd harmonics
prevalent in residential grids.

Furthermore, this thesis investigates the systematic occurrence and variation of
sensitivity characteristics of load current harmonics. With physical time-domain origins
in the background, reduction and co-relations of sensitivity coefficients is shown.
Empirical model limits are presented as relations to the main component level of the
supply voltage emerge, highlighting the significant role of the fundamental voltage (U:)
in the characteristic coefficients’ ranges.

Finally, research contributes to the development of analytical expressions related to
the physical operation of components in rectifier circuits. These expressions offer a
deeper understanding of harmonic load current dependency on supply voltage
harmonics, facilitating the construction of more precise models for load current. Keeping
the time-domain foundations in focus the basis for the Fourier transform expressions are
defined. Simplified waveform characteristic time-instances and level-instances are listed
and defined for analytical expressions.

A comprehensive exploration of the effects of voltage harmonics on current
harmonics in low voltage networks observed in this thesis, presenting valuable insights
and analytical tools essential for understanding and mitigating the effects of harmonic
distortions on power distribution systems.
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Lihikokkuvote

Energiatohusate seadmete vahelduv-alalisvoolumuundurite
koormusvoolu harmoonikute tundlikkus

Laialdane energiatGhusate pooljuhtmuundurite kasutuselevott on madalpingevérkudes
toonud kaasa mittesiinuselise lainekujuga koormusvoolu tarbivate elektriliste koormuste
hulga kasvu. Kuigi vahelduvvoolu jaotusvérkudes on pingelainekuju siinuskujust
vahene kdrvalekalle, siis pooljuhtmuundurite vooluharmoonikute tdiendav koormus
elektrivérkudes vGib tuua kaasa vahelduvpingekuju lubamatu moonutumise, mis vdib
viia rikete ja tookindluse kaotuseni. Kdesolev doktoritdd uurib pingeharmoonikute ja
vooluharmoonikute vahelisi seoseid, millele toetudes saab tapsemini modelleerida
vooluharmoonikute tasemeid elektrivorkudes.

Eksperimentaalne 160 keskendub mittelineaarsete koormusseadmete
vooluharmoonikute tasemete muutuste hindamisele seoses toitepinge harmoonikute
tasemetega. Pakutakse vilja uudne lainekuju muutusel p&hinev mudel (WVDM), mis
rohutab ajavalla  lainekuju  muutuste rakendamist vorreldes tavaparaste
naivtakistussuhetele tuginevate mudelitega. Teiste mudelitega vorreldes WVDM pakub
anallisiks koormuste flilsikalisele talitlusele parema vastavuse, eriti rohutades
vooluharmoonikute ja pingeharmoonikute erinevate jarkude vahelist ristsidestust.
Mudel rakendab mitte-ndivtakistusseoseid ja kasitleb faasi- ja amplituudikomponentide
eraldatud kasitluse. Tulemuseks on parem tdpsus erinevate toitepinge harmoonikute
kumulatiivse mg&ju hindamisel vooluharmoonikute parameetritele, eriti olmepiirkondade
jaotusvdrkudes olevate olulisimate paaritute pingeharmoonikute kontekstis.

Taiendavalt kasitletakse siin uurimistdds pinge- ja vooluharmoonikute seoste ja
varieeruvuse ilmingute sisteemsust. Tuginedes fllsikalistele ajavalla suurustele saab
naidata tundlikkussuuruste hulga vahendamise voimalusi ja tdiendavaid koosmdjusid.
Empiiriliste mudelite piirid avalduvad muuhulgas pinge pdhiharmooniku tasemega
seoses, tdstes esile muuhulgas pinge pdhiharmooniku olulise rolli seoseid kirjeldavate
tegurite muutumisulatusele.

L8puosas annab uurimistdd panuse analiitiliste seoste valjatéotamiseks tuginedes
alaldite komponentide fliUsilisele talitlusele. Antud matemaatilised kirjeldused pakuvad
pohjalikuma selgituse koormusvoolu harmoonikute seostest pingeharmoonikutega,
pakkudes koormusvoolude mudelite tdpsuse parandamist. Fourier’ teisenduse aluseks
olevad vdrrandid defineeritakse plisides ajavallast teada olevatel alustel. Analldtiliste
vorrandite konstrueerimiseks pakutakse valja lihtsustatud lainekuju ja seda defineerivad
ajahetked ja hetkvadartused.

Uurimistdds  esitatud  pdhjalik  kasitlus  toitepinge  harmoonikute  mdjust
vooluharmoonikute parameetritele pakub tdpsustatud selgitusi ja analiitilised
vahendid, mis on vajalikud harmoonilismoonutuste tasemete kujunemise mdistmiseks ja
ka moonutuste valtimiseks jaotusvorkudes.
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Abstract— An increase in harmonic currents in the low
voltage networks is progressively observed, which is mainly
caused due to increase in energy-efficient modern power
electronic equipment. The current harmonics, injected by this
power electronic equipment, tend to change the voltage
waveform of the distribution network. The current harmonic
emission of these loads is also susceptible to the input voltage
waveform. Any amplitude and phase angle variation of the
voltage harmonics, either combine or exclusively, has a visible
impact on amplitude and phase angles of load’s current
harmonic emission. This paper presents the influence of
amplitude and phase varying voltage harmonic, on amplitude
and phase angle of current harmonics.

Keywords—power quality, harmonic emission, harmonic
sensitivity, phase angles

I INTRODUCTION

The increasing number of nonlinear loads in the distribution
grid is becoming a significant issue for utility companies since
most of these loads have high harmonic emissions [1].
Harmonics currents that are injected upstream by these loads
affect the devices connected at the point of common coupling
(PCC) and alter the voltage waveform by interacting with the
voltage harmonics injected by the network. Nonlinear loads
contain switching devices that are based on power electronic
circuits, such as switch-mode power supplies for power
conversion. The aggregated harmonic emission of these
devices depends on the phase and magnitude variations that
can be caused by the supply voltage harmonics [2].
Previously, the research includes analyzing the voltage and
current harmonics mainly based upon RMS value, and little
importance given to matters of phase angle information.
Similarly, high frequency harmonics can be treated as constant
vectors if the phase angle of voltage harmonics is known

(314

In case of a linear harmonic response model, the voltage
harmonic described as a vector Un= Uny £ By, will provide a
response of the load’s harmonic current with relation of

_ Unm<6un
Inz Zps Ozp M)

Where Zj, is the complex impedance describing the harmonic
response of the device to the h-th harmonic voltage. In this
case the vector representation of harmonic load current for
different harmonic voltage phase angle will be seen as a circle,

The work reported was supported by the Estonian Research Council grant
PSG142, “Synthesis of output current waveforms of power electronic
converters for increasing the hosting capacity of renewable energy sources in
the distribution networks”
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having a constant phase shift towards the voltage harmonic
phase shift 8;,. Fig. 1 presents the harmonic load reaction
models.
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Fig. 1. Harmonic load reaction models, (a) linear load (b) Norton equivalent
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However, it has been a well-known suggestion that the
current response of a nonlinear-load is better represented by
Norton model rather than purely linear model. In Norton
model, there will be two current components, a constant
current source having current Inv and a linear impedance
reaction Inz. In this case, the response to the voltage harmonic
will be composed of a circular pattern from the linear response
branch and an offset due to the constant portion of the current
source.
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Fig. 2. Addition of harmonic components for linear and Norton models.

One distinction from the measurement results towards the
current RMS values is that for the linear model the harmonic
current is always proportional to harmonic voltage component
level. The Norton model, however, presents that the current
RMS is varying, dependent not only on the harmonic voltage
component level but also on harmonic voltage component
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phase angle value, shown in Fig. 2. This is due to the summing
of the Norton model current source current component vector
Inn and the linear impedance current vector Inz.

Inror = Inn + Inz )
Inror = hivm 2 Oan(®) + Inzm £ Orz(8) ()

Fig. 3 illustrates the aggregation of harmonic vectors. For a
complete 360-degree rotation of the harmonic voltage
component, the current vector would make a variation of
A @uror while this is made up of 2 components: Norton current
source harmonic current component with phase angle @9, and
the linear component with phase angle ¢,z. While phase angle
@nv-o 1s assumed at persistent value, the ¢,z would provide a
360° response angle in accordance to voltage harmonic
component phase angle.
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Fig. 3. Summation of two different harmonic currents with phase shift,
referring to Norton model approach.

It can be expected that a purely resistive load harmonic
current will correspond to the voltage harmonic level
proportionally and to its phase angle at specific offset angle.
On the other hand, nonlinear loads draw non-sinusoidal
currents and the current waveform will contain high frequency
harmonics even for sinusoidal input voltage.

The grid supply voltage waveform is not a pure sinewave as
it is distorted because of effects due to various nonlinear
network components and loads. In this paper, an approach is
taken to characterize the practical loads and their response due
to harmonic voltage components in the grid. In order to view
the load current harmonic emission response for pure
sinewave voltage waveform or any particular distorted
voltage, an experimental setup is used that is able to generate
desired voltage waveforms and harmonics.

This paper presents the measurement results on the effect of
voltage harmonic components on the harmonic current profile
of the loads. Current harmonics from resistive load and LED
lamp are calculated and observed at different voltage
harmonic input variations.

This paper is organized as follow. Section II describes the
measurement procedure used for testing and the equipment
used in creating the experimental setup. Section III contains
the investigation of the measurement from loads and analysis
of results. The summary is presented in chapter I'V.

II.  EXPERIMENTAL SETUP

The experimental setup used in this study consists of a power
quality (PQ) analyzer, a data acquisition (DAQ) module, load
combination array, programmable power supply, and a
personal computer. Fig. 4 shows the block diagram of the
experimental setup. PQ analyzer realizes one-second
measurement aggregated and recorded according to class-A
standards [5]. MATLAB controls the generation of input
voltage for measurement setup; as it programs the DAQ
module to provide the signal to the programmable power
supply. Supply waveform is generated with the sampling
frequency of 100 kS/s; meaning 2000 points for every 50 Hz
cycle. The same MATLAB script drives the load scenarios by
supplying digital binary switching signal to relays which are
embedded on 16-load combination array.

Two loads including LED lamps, and pure resistive loads, are
tested in this study to observe harmonic response on input
voltage harmonics variations. LED lamps are rather stable
loads for their harmonic fingerprint [6], and here a 14 W LED
lamp is measured at different input voltage waveforms with
harmonic components included. At first, the harmonic currents
of the LED are recorded for input voltage containing only the
fundamental component. In the second step, measurement is
recorded for the input voltage having fundamental and third
harmonic with constant magnitudes. The phase of the
fundamental component is taken as the zero, and third
harmonic phase angles are changed periodically with step of
either 15 or 30 degrees. All input voltage combinations are
present for 10 s. PQ analyzer records with a resolution of 1 s
measurements aggregated on 200 ms internal measurement
data points. Phase angles of harmonic currents are recorded
with respect to input fundamental voltage. The equipment is
warmed up for an hour to attain thermal stability, which results
in a near-constant harmonic profile [7] [8]. Continuous power
is provided to LED lamps to maintain a working temperature
during warmup period. PQ analyzer can also perform one
second of complete voltage and current waveform recording
with a sampling frequency of 40.1 kHz.

The discrete Fourier transform (DFT) is used to extract the
magnitude and phase angles of both current and voltage
waveform recording data. The DFT of the signal can provide
the exact amplitude and phase angle of all the harmonic
components present in the voltage or current waveform. The
PQ analyzer used in this study is commercially certified to
make an accurate and precise measurement of magnitude and
phase angle values [9].

III. MEASUREMENTS AND RESULTS

To study the harmonic coupling between the input voltage
and load current of the device; at first, the resistive load is
taken for testing. A resistive load is selected that could draw
the RMS current equivalent to the RMS current drawn by the
LED lamp. Unlike the nonlinear load, resistive loads do not
inject current harmonics as the voltage and current are totally
in phase.

Each harmonic in the input voltage generate the exclusive
current harmonic component [10]. Current harmonic vectors of
the resistive load are presented in Fig. 5.
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The third harmonic current vector (I5) is generated in the
response of third harmonic volatge (Uns); its phase angle
changes accordingly with the phase of the third harmonic
voltage.
_UsZ 9ys
37 Zizgzs @
Current harmonics corresponding to a particular voltage
harmonic will have no phase difference as the load type is
resistive. With every change in the guus, there is a unique
vector /3 (black and yellow vectors). The third harmonic
voltage phase angles (¢uns) are changed with a 15-degree step,
and response vectors /3 are generated in accordance to
harmonic model with linear load; asterisks shown in Fig. 5 are

seen that there is practically identical total load current value
present for all tests. The lack of RMS current change refers to
the resistive harmonic response model. Therefore, for
active/resistive loads, the Norton model is not necessary. Also,
voltage harmonic injection of a particular harmonic order does
not produce harmonic current of some other harmonic order.
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Fig. 6. Total RMS current in Resistive load, in presence of harmonic
voltages
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The second type of load used for testing is a LED lamp. LED
lamps have built-in rectifier circuits for energy conversion, so
they draw nonlinear current. The load current contains
harmonics even if the input voltage is pure sinusoidal with no
higher order harmonics. The lamp is tested at the input voltage
containing a third harmonic voltage (Upns) component added to
the fundamental (Ur) voltage component. The levels and phase
angle of Uy; are changed. The load current is sensitive to @uus3,
and with the increase in the amplitude of Ups, there is more
variation in the load current, shown in Fig. 7.
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Fig. 7. Load current for fundamental (Ur) component + Uy, keeping the Ur
constant and varying amplitude Uy; and phase gyu;
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Fig. 8. Impact on harmonic currents for adding Upys(amplitude and phase-
varying) in input voltage

Fig. 8 shows the sensitivity of harmonic current to the
harmonics in the input voltage. Suppose ky voltage harmonic
(Um) 1s added to the input voltage. The change in the
amplitude and phase of the Uy; affects the iy current harmonic,
and it also affects the other current harmonics. With the
change in phase angle (¢urs) of Uns, the amplitude of /3 shows
more variation. Referring to Fig. 3, this response basically
refers to expected correspondence of Norton model approach.

However, from the measurement results it is revealed that
when the phase angle of 3™ harmonic voltage (pus3) is varied,
and both amplitude and phase of rest of the current harmonics
ia also varying. Furthermore, variation in Uyz amplitude will
also cause variation (again, in terms of amplitude and phase) in
all other current harmonics. The seventh current harmonic (/7)
is also shown in the second (right side) diagram on Fig. 8.

When Uys, along with fundamental, is present in the input
voltage, the third harmonic current (/3) is likely to be affected,
as observed in the resistive load case. But in case of LED
lamps, any input voltage harmonic affects all the current
harmonics in load current.

Ik = Yi=1In, ®)

Tnux 1s the contribution of &, harmonic voltage in the total
value of any harmonic current Ini ,
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Fig. 9. Variations in harmonic currents for input voltage containing different
levels of Uy; and phase gup; = 0,15,30...345°.
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Fig 9 and Fig. 10 illustrate the influence of voltage harmonics
on the current harmonics. Any change in phase angle of Uz in
the input voltage, a change in amplitude and phase of seventh
harmonic current /7 can be observed as presented in Fig 10. All
other current harmonics are affected also. By vector addition,
the net total /; present in the load current is obtained. Red
asterisks show the /7 vectors corresponding to the change in
ounz when the amplitude Ups is 1 V. The resultant vectors /7
lies on the loci of the ellipse, whose center is almost at the tip
of 1’7 (blue) vector.
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Fig. 11. Seventh harmonic current for input voltage containing Uys (1V or 5V)
and phase g5 = 0,15,30...345°.

When the input harmonic voltage amplitude is changed, the
amplitude and phase of current harmonics are altered. If the
fifth voltage harmonic (Ups) is present in the input voltage, it
also affects all the harmonic currents including I3, 17, etc. The

impact of Ups on current harmonics is presented in Fig. 12. The
resultant /; vectors for two amplitude levels (1 V and 5 V) of
Ups is shown in the Fig. 11. When the Uys amplitude rises from
1 Vto 5 V (phase angle step is identical), the amplitude of the
I7 current vectors, due to Ups, is increased, resultant vector /7 is
presented with red delta. Asterisks are /; vectors when Upys
amplitude is 1 V, and red-deltas are [; vectors when Upys
amplitude is 5 V. Resulting current vectors seems to follow the
loci of the ellipse.
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Fig. 12. Current harmonics for input voltage containing different levels of Uys
and phase ¢uns=0,15,30...345°.

As the measurement outcome presents, the reaction patterns
are rather difficult to fully correlate to the Norton model.
Given the reaction patterns, pure Norton model would explain
the circular harmonic current reaction components.

It can be pointed out that the current source model can be
used to describe the center of the reaction vector is at the same
location regardless of the harmonic voltage presence.
However, the impedance component model cannot fully
describe that the reaction vector occurrence is of elliptical
shape. In addition, the Norton model cannot explain that there
is a reaction to other order current harmonics, not related to
the frequency of the influencing voltage harmonic. For
example, the physical coupling of the reaction of Upys at 150
Hz frequency is rather difficult to associate to the variation of
Iy7 at 350 Hz frequency etc. The approach to use
interharmonic coupling impedance matrices [11] does not
provide a solution to the reactions at frequencies at non-
integer multiple but also not to elliptical reaction pattern.
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DIScUSSION

The voltage harmonics in the grid waveform are largely the
upstream result of load current harmonics. Therefore, in order
to model the grid voltage, the reaction between the voltage and
current harmonics needs to the known. The impact of
amplitude and phase-varying voltage harmonic on amplitude
and phase angle of current harmonics are analyzed in this
paper relying on measurement results. It can be seen that there
is a considerable effect on amplitude and phase on current
harmonic emission of load; when amplitude or phase angle of
injected voltage is changed. If the harmonic currents are
assumed to follow the parallelogram principle of vector
addition they form an almost elliptical shape if only the phase
angle of voltage harmonic is varied.

It has to be noted that the supply voltage waveform provided
by the utility contains a prominent level of harmonics, which
are injected by all the connected components. The analysis
here only presents the effect of 3/, 5™ harmonic voltage on 3™,
5% 7% and 9™ harmonic current drawn by both linear and
nonlinear loads.

The significance of the outcome presented here is that the
coupling of the different reaction current vectors to the
harmonic voltage component is significant and it is occurring
across different harmonics of different orders. This calls for
establishment of more accurate model that could describe the
reaction patterns on the physical level. Proposals of this model
will be provided in the further upcoming papers. In this way,
the models to estimate the distribution network voltage
harmonic levels due to presence of more nonlinear loads and
sources can be described with more accuracy. The more
accurate models are needed to reliably estimate the hosting
capacity of renewable sources and contemporary customer
load units in the distribution networks.
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Abstract: Power electronic circuits in modern power supplies have improved the conversion efficiency
on the one hand but have also increased harmonic emissions. Harmonic currents from the operation
of these units affect the voltage waveforms of the network and could compromise the reliability of the
network. Load and source non-linearity can, therefore, limit the renewable source’s hosting capacity
in the grid, as a large number of inverter units may increase the harmonic distortions. As a result,
voltage and current distortions could reach unbearable levels in devices connected to the network.
Harmonic estimation modelling often relies on measurement data, and differences may appear
in mathematical simulations as the harmonic aggregation or cancellation may generate different
results due to the inaccuracies and limitations of the measurement device. In this paper, the effect of
harmonic currents cancellation on the aggregation of different load currents is evaluated to show
its impact in the network by presenting a comparison between the measurement and mathematical
aggregation of harmonics. Furthermore, the harmonic cancellation phenomenon is also qualified for
multiple loads connected to the power supply.

Keywords: current harmonics; voltage distortions; power quality; hosting capacity; LED lighting;
photovoltaics; electric vehicles

1. Introduction

Hosting capacity (HC) evaluation for the inclusion of renewable energy production
and storage units, including photovoltaic inverters, battery chargers, etc., is one of the
tasks that must be carried out in distribution network planning. In [1], the historical
outline of HC assessment is explained and the HC of low voltage networks is illustrated by
increasing the number of electric vehicle (EV) chargers or photovoltaic (PV) panels [2]. The
performance index calculation requires a network model, partial input data, and Monte
Carlo simulation to indicate the uncertainties. Different approaches for HC, which are
deterministic, stochastic, and time-series are outlined in [3]. These approaches use unique
uncertainties, computation time, precision, input data, and models. A detailed investigation
and mitigation of challenges associated with power quality when renewable distribution
systems are integrated into a grid are presented in [4] For example [5], ideas are presented
to forecast the HC of the distribution network as they make up important tools to plan the
distribution network and predict the impact on power quality due to the integration of the
PV system.
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HC can be more accurately assessed if the harmonic profile of contemporary loads is
analyzed along with the harmonic profile of future loads and sources such as EV and PV
inverters [6]. For environmentally sustainable electricity production and use, the number
of solar plants and EVs is increasing annually; this impacts the distribution network in
terms of power quality. Measurements can provide a closer insight into the solar inverter
effect on THDv of the supply voltage [7].

As most contemporary loads implement power electronic converters at the load side,
their non-linear characteristics are a reason for feeding harmonic currents into networks.
This has an influence on the voltage distortion parameters of an AC power system. In order
to have a power system with credible power quality indices [8,9], it is essential to determine
the contribution of harmonic content injected devices connected to the electrical grid [10].
Voltage distortion not only influences a single consumer, but affects all other consumers
sharing the same network [11,12]. To deliver the least distorted voltage to consumers, the
network operator must take actions to leverage voltage distortions.

Current harmonics can be represented as phasors with RMS and phase angle values;
in such a manner, harmonic components are rotating vectors with real and imaginary
parts in the complex plane. In a distribution network where multiple non-linear loads are
connected, it is likely that the different harmonic load currents not only have different RMS
component values but also harmonic phase angle values. As a result, various combinations
of similar loads could lead to variations in the aggregated harmonic current. In order to
find the total harmonic currents loading the substation, the individual load harmonics have
to be summed geometrically. The total harmonic current from the multiple devices can
be significantly lower than the arithmetic sum of individual current magnitudes due to
diversity in the harmonic phase angles [13].

Harmonic voltages with different magnitudes and phase angles can cause changes
in load current harmonics both in RMS and phase [14]. In addition, both the voltage and
current distortions vary with different loading levels and are time-varying PQ character-
istics. Hence, it is highly complex to accurately determine current harmonics magnitude
and phase angle values for every time instant [15]. Summation coefficients are provided
by IEC standard 61000-3-6 to perform the summation of harmonic magnitudes [16]. The
IEC standard has suggested rules based on summation coefficients, if using harmonic
current magnitudes. Furthermore, there are several other influences to current harmonic
RMS levels and phase angle values. The impact on harmonic current variation due to the
impedance of cables attached to LED lamps was studied in [17].

One of the most straightforward approaches to determine the expected load harmonic
current fingerprint is the measurement of the loads. This must also include aspects of sensi-
tivity [18]. For example, the thermal stability of loads refers to the temperature stability
when performing measurements; for example, LED lamps and power supplies require
roughly forty minutes [19]. The average variation interrelation of higher-order harmonic
currents increases with an increase in the number of loads connected simultaneously [20].
Similarly, in [21] the aggregation result was compared to measurement data with multiple
loads connected simultaneously, showing that higher-order harmonics vary more signifi-
cantly than lower-order harmonics. In addition, higher-order harmonic current vectors are
spread out more compared to lower-order harmonics. THD; was observed with an average
reduction of up to 10% due to the harmonic currents’ cancellation effect.

This paper focuses on the practical aspects of the aggregation of the harmonic emission
at the point of common coupling; this is usable, for example, in the case of simplified
measurements of RMS harmonic currents in the estimation of load and source HC. The
scale and accuracy of harmonic component summation are measured and compared with
the values obtained from a single load measurement. Combinations of loads are tested
for the total harmonic load currents’ estimation. The analysis is based on measurements
performed for different numbers of combinations of loads operating simultaneously. The
harmonic estimation of multiple loads operating at the same time presents an approximate
occurrence of cancellation that may happen when multiple devices are operating. Not
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accounting for the cancellation would lead to pessimistic harmonic estimation, in turn
leading to lower hosting capacity estimation.

2. Harmonic Variation and Summation

Harmonic current can be represented as complex phasor quantities; measured values
are RMS and phase angle. Therefore, in order to perform aggregation, the amplitude and
phase form can be converted to real and imaginary components in the complex plane using
the following formulas. Harmonic aggregation is performed using Equation (1).

i(t) = Z Im,h COS(ZTChflt + (Pflh) (@))]
h=1

f1 is the frequency of fundamental component, / is the harmonic number, and ¢; ),
is the phase shift to corresponding / number. The real and imaginary values of the any
harmonic phasor are:

Re(Ih) = Im,h COS((Pi,h)
Im(Iy) = Ln sin(@in)

Z.x,h

iy

Im,h = |Ih| = l‘)z(/h + if,,h 2

As root-mean-square values can be used to present phasor magnitudes, the RMS value
of any harmonic and total RMS current can be calculated using the equation below.

[:2 i2
I — lx,h +ly,h o Im,h 3)
h = 2 - \/E

and a modulus of them will be:

= i Iz%z,h (4)
N 2

h=1

Harmonic currents are produced when a load draws a current with a non-sinusoidal
waveform. According to the Kirchoff Current Law (KCL), the total sum of current at the
point of common connection is zero when multiple loads are simultaneously connected.
Every load device behaves as a source of harmonics and provides its share, so the total
current at PCC is the aggregation of individual harmonics from all load devices according
to superposition. In order to find total vector current, the real and imaginary components
of individual loads should be added.

. K .
ixy n = k): Ly k
Ty Q
byy = L lynk
yr =Y
i,y k—real component of current harmonic of particular device k;
iy nk—imaginary component of current harmonic of load k;
K—total loads at the point of common connection.
The resultant magnitude and RMS of a particular harmonic are:

ng = /2y p+ 25, 6)

Im,h

Iy = (7)

S
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Phase angle calculation is performed according to the quadrant of the phasor. The
resultant phase-angle range is 180 to +180 degrees (- to +).

tan ! (l’”‘),if ixyn >0

. ey ,h
1/ fyyn P .
tan 1(13%};) +mif iyyy <O0andiyy), >0
_1{iysh . .
Oryhy tan 1(1@;) — 7, if iy < 0andiyyy <0 ®)

g,lf ix):,h = 0and iyZ,h >0
—T,if ipy = Oand iy, <0

To find the summation accuracy of harmonics, harmonic phasors of individual loads
are aggregated to find the resulting harmonic current magnitudes and phase of investigated
load combinations. The calculated values of phasors are then compared to measured phasor
data of the respective combination of load, and the difference between the calculated and
actual values is found. Figure 1 illustrates the difference between measured and aggregated
harmonic vectors.

®h,m Re

Figure 1. Determining the magnitude and phase angle difference of measured (brown) and calculated

(blue) values.

3. Measurement Setup

Sixteen LED lamps are arbitrarily chosen as loads; lamps have a power rating range
from 8 W to 17 W and a luminous flux between 800 and 1521 Lm. To reach thermal stability,
the LED lamps and power amplifier/power supply were powered up for more than one
hour prior to measurement [19]. Table 1 also shows the total harmonic distortion percentage
of all the LED lamps used in the experiment. Three of the lamps have a THD; in the range
of 28 to 53%; the others have a THD; above 100%.
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Table 1. Parameters of lamps used for testing.

Lamp No Lamp Rated Lamp Rated Measured
: Power (W) Luminance (Lm) THDI (%)
1 14 1521 145
2 10 1055 164
3 9 810 135
4 12 1055 149
5 12 900 134
6 10 800 148
7 12 1055 152
8 9 1055 162
9 8 806 46
10 11 1060 28
11 9 806 139
12 10.5 1060 136
13 9.8 806 52.7
14 10 1055 135
15 11 1055 154
16 17 1521 134

The experimental setup consists of a power quality (PQ) analyzer, a data acquisition
(DAQ) module, a load combination array, a programmable power supply, and a personal
computer. The PQ analyzer realizes a one-second measurement that is aggregated and
recorded according to class-A standards [22]. MATLAB controls the generation of input
voltage for measurement setup as it programs the DAQ module to provide the signal to
programmable power supply. Supply waveform is generated with the sampling frequency
of 100 kS/s, meaning 2000 points for every 50 Hz cycle. The same MATLAB script drives
the load scenarios by supplying a digital binary switching signal to dual-pole double-throw
(DPDT) relays which are embedded on 16-load combination array [22,23].

Initially, harmonic current measurements are performed for each load/lamp indi-
vidually. Afterwards, a combination of loads—for example, load numbers 1 and 2—are
subjected to measurement. Different load combinations are used in each step. Each individ-
ual lamp or lamp combination is run for 10 s. The PQ analyzer records with a minimum
interval of 1 s. The phase angles of harmonic currents are recorded with respect to the input
fundamental voltage. Measurements are only conducted after the thermal stability of the
load, with a warm-up period of 60 minutes. Continuous power is provided to LED lamps
to maintain a working temperature.

Lamps are supplied either by a source to warm them up to a stable operating tem-
perature or during the measurement from the pure sinewave source. Double throw relays
provide power from the secondary source when lamps are unengaged. The outline of the
measurement setup is presented in Figure 2.
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o ety 44— Lamp under test

Figure 2. Measurement setup.

4. Measurement Results
4.1. Individual Load Measurements

The measured load currents of all sixteen lamps are shown in Figure 3, and measured
RMS currents are in the 40 mA to 140 mA range. The figure also indicates the harmonic
profile details of lamps used in this study. Only odd harmonic currents under the 1 kHz
range are considered for analysis and the calculation is in the present context. The limit
used is due to the measurement system capabilities and related uncertainty. However, it
was verified that harmonics above 1 kHz have a negligible impact on the load current.
LEDs’ internal circuit topology can play an essential role in defining the harmonic current
fingerprint of lamps, as some lamps can contain active or passive filters and power factor
correction circuit for reducing the harmonic content in a current. More details on the
lamp circuit topologies are presented in [21,23]. The number of circuit types selected here
is assumed to present the statistical mix of lamps on the market. Every lamp follows
approximately the same pattern: the RMS of the current harmonic components decreases
as the order of the harmonic decreases. Table 2 represents the RMS and phase angle
information of the test lamps, as the phase angle information must be observed during the
estimation of the total harmonics of multiple devices.

T T T T T T T T T
I l; N, B, e . :
', N D, .., l7
4 5 6 7 8 9 10 11 12 13 14 15 16
Test Lamp

Figure 3. Current harmonics in lamps.
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Table 2. Measured harmonics’ current characteristics for individual lamps.

L;I:_P I3 013 Is o015 I7 017 I3 0113 Io Or19
1 0.059 —123 0.048 97 0.036 —40 0.013 —34 0.01 —38
2 0.04 —128 0.035 87 0.028 —55 0.011 —-92 0.009 —100
3 0.034 —120 0.028 101 0.021 —-33 0.008 —-19 0.007 —18
4 0.05 —126 0.042 91 0.032 —49 0.012 —60 0.009 —69
5 0.046 —116 0.036 108 0.025 —22 0.011 13 0.007 32
6 0.035 —127 0.029 89 0.023 —52 0.009 —69 0.008 —81
7 0.049 —128 0.041 89 0.032 —53 0.011 —-71 0.009 —82
8 0.034 —136 0.03 73 0.025 —76 0.009 —141 0.006 —154
9 0.015 —6 0.008 —-10 0.005 —15 0.001 -39 0.0003 —84
10 0.011 —-19 0.006 —-17 0.004 —-12 0.002 —44 0.001 —107
11 0.037 —117 0.03 107 0.022 —25 0.01 -1 0.007 10
12 0.044 —126 0.035 92 0.025 —46 0.009 —35 0.005 —40
13 0.018 —166 0.005 15 0.007 25 0.004 51 0.003 78
14 0.042 —-117 0.033 108 0.023 —-22 0.01 12 0.006 28
15 0.044 —135 0.038 75 0.03 —-72 0.01 —114 0.009 —137
16 0.072 —114 0.057 113 0.039 —-15 0.017 26 0.011 51
s s l7 s 19
120 g8.08 60 120 98.06 60 120 9804 60 120 P g0 120 0 g0
150 g_'(?f 30 150 ’5:%4 0 150 [?[?23 30 150 gigls 30 150 O(;'z; * 30
0.02 902 0.01 0.005 I
180 PO 0 180 0% 0 180 ox 0 180 & ¥ o 18 g " o0
Fadlin - » P
% v ** o0 * *
210 * 330 210 330 210 *, %330 210 o 330 210 “ i 330
NG o 20, a0 240 300 240 300 240 300

4.2. Aggregation Measurement Results

All possible combinations of the sixteen lamps are issued by switching two lamps at
a time. The total number of possible lamp combinations is 120. Due to the limitation of
the power in the voltage power supply, only two lamps are switched on at a time. For any
combination, measurements of the individual lamps are taken and resultant harmonics are
calculated by adding the individual current harmonics.

The RMS measurement data of all combinations of the lamps are illustrated in Figure 4.
The trend shows the similar behavior of harmonics; that is, lower-order harmonics have
more significant percentage than higher-order harmonics in total harmonic content. Very
few lamp combinations show a small amount of harmonic content because these loads
may contain harmonic filters; for those combinations, even lower-order harmonic content
is negligible.

Figure 5 shows the third harmonic data of all the combinations used for comparison.
The first graph represents the third harmonics” phasors recorded by the measurement
device for all combinations. The second part of the figure shows all estimated harmonics,
calculated by the geometric addition of the individual third harmonic current component
values of lamps present in any particular combination using Formula (5) with K = 2.
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Figure 4. Measured harmonic currents” RMS levels (with respect to RMS of fundamental harmonic
current components) of 120 lamp combinations.
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Figure 5. Third harmonic current vectors of all lamp combinations.

The actual measurement data of every load combination are compared with the
respective aggregated sum of individual harmonic currents of lamps that are present in
the combination. Each point is the difference in the estimated and measurement results
from an exclusive combination. The magnitude difference is represented as a percentage.
The difference in the phase angles of measured and estimated harmonics is expressed

in degrees.
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The geometric sum and measured values of the harmonics in different load combina-
tions are demonstrated in Figure 6. Phase angles illustrate the spread of harmonic phasors.
Harmonics with a broader spread of phase angle are likely to face more cancellation (see
further); as shown in the second part of Figure 6, phase angles range practically from —-180
to 180 degrees for the nineteenth harmonic. When multiple devices are connected at a
common point, higher-order harmonics are more likely to face a harmonic cancellation
effect.

0-1 5 T T T T T T T T T
g O Esitmated RMS
= 0.1 +  Measured RMS 4
a
=
o 0.05F B
0 EI:': Ef’= EF'= !I% !! I_I! l! “ I.
Q.?J Qf’) Q:\ Q\q Q‘\\ Q\'c’ Q*,é) \Z‘(\ Q’\q
Harmonics
200 T T T T T T T T T
o+
o . J
o 100} !! .
®
z 0F o+ H=+ ii o+ i
w o+
1]
= i | -

- 20 0 1 1 1
9 A S N 2 ) S
X & R RS & & { & &
Harmonics

Figure 6. Harmonic RMS and phase values of all lamp combinations.

The top and bottom edges of the boxplot in Figure 7 show the 95th and 5th percentile
values, while the middle red line indicates the mean value. The whiskers are extended
towards extreme values. Figure 7 shows that a near-perfect harmonic summation is seen
with a sinusoidal supply provided to loads. The mean difference in the estimated and
measured values of all harmonics is very close to zero, which is evidence of the accurate
estimation and measurement of load harmonics. The mean difference in the lower-order
harmonics is close to zero from the third to the ninth harmonic. The previous study
established that the higher-order harmonics have a wider spread on a complex plane, so the
mean RMS difference in the higher-order comparison data is more significant than that of
lower-order. In the second part of Figure 7, the phase difference in measured and estimated
harmonic current increase with harmonic order is shown. The overall difference in phase
angle remains below 0.5 degrees.
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Figure 7. Percentage of RMS difference and phase angle difference in the calculated and measured
results of LED loads.

The verification above is important for the following context:

(1) To verify that the harmonics presented with low magnitudes are handled with enough
accuracy, and to reflect that if a higher number of such load current components with
low magnitudes are accumulated, their totals are expected to have a relatively low
order of error, both in magnitude and phase angle values.

(2) While the equipment used for performing measurements of the actual LED lamp
combinations is not capable of reliably supplying more than two or three lamps at
a time, the analytical cumulative harmonic current analysis using (5) will provide
results that are also applicable for higher numbers of LED lamps assumed to be used
at the same time.

These assumptions will be used in the following analysis for the combinations where
higher numbers of LEDs are used at the same time (2-16).

5. Aggregation Analysis and Harmonic Cancellation Estimation

It has been suggested that renewable-source converters would have an impact on
the distribution network power quality and create distortions similar to non-linear loads.
Massive LED-lamp inclusion to the loads would provide a healthy increase in the harmonic
currents’ levels in the grids. More electric vehicles directly bring the high-power non-linear
loads to the distribution networks. Utility engineers would need to be prepared to analyze
the situation and determine the sufficient potential hosting capacity availability prior to the
addition of new non-linear units to the grid.

Engineers usually do not have the tools to present harmonics’” phase angles, and
usually present the harmonic RMS. This is used to compare the actual situation to that
of [24]. If there is a need to estimate the added units” impact on the distribution grid,
observing the RMS harmonic currents only will create uncertainty in the estimation of the
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No. of Comibations

total load harmonic current. The simplest way to estimate the total RMS harmonic current
is to add these currents arithmetically [25].

The harmonic cancellation refers to the cumulation of the harmonic currents in such a
manner that the resulting RMS harmonic current is lower than the arithmetic sum [26-28].
The cases with arithmetic sum (in case only RMS measurements are available) and geomet-
ric sum (RMS and phase angle data are available) is presented here. The effect of harmonic
cancellation can be estimated using a cancellation factor.

_ IRMS 1 total
KCIIV[ - 1 - Ni
Y=t IRms,nn

)

where N is the number of total individual loads.

Figure 8 represents the histogram of the harmonic cancellation coefficient when mul-
tiple LEDs are connected simultaneously. It can be seen that the cancellation coefficient
is around 0.5 for the majority of load scenarios in higher-order harmonics. As for some
load combinations, cancellation coefficients even reach unity. With a greater number of
connected loads, the cancellation coefficient increases. Kcan = 1 means that harmonic
current will be cancelled out to 0 magnitude. It is examined in [23,29,30] that with the
increase in the number of lamps, an individual current harmonic components reduction
does not happen in a similar pattern for lower and higher-order harmonics. This is due to
the fact that low-order harmonic phasors are closely aligned in comparison to high-order
phasors on the complex plane. The resulting harmonic levels are decreased due to the
cancellation effect, and high-order harmonics have more average reduction as compared to
lower-harmonic orders.

3rd harmonic 5th harmonic 7th harmonic
400 150 200
A
| 100
| 200 100
: 50
: 0 0 0
| 0 02 04 06 0.8 1 0 02 04 06 08 1 0 02 04 06 0.8 1
: 150 9th harmonic 11th harmonic 13th harmonic
I
;100
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I 50 50
|
o 0 0
| 0 02 04 06 0.8 1 0 02 04 06 08 1 0 02 04 06 0.8 1
: 15th harmonic 17th harmonic 19th harmonic
1100 100 100
I
|
: 50 50 50
|
o 0 0
0.8 1 0 02 04 06 08 1 1

Figure 8. Harmonic cancellation effect of LED loads (no. of load scenarios/combinations on y-axis
and cancellation coefficient on the x-axis) (number of combinations reported).

Figure 9 illustrates the cancellation coefficient for harmonics on the y-axis and the
share of occurrence on the x-axis. More than a thousand different load scenarios are created
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by changing the number of loads connected at the same time. The occurrence of Kcan, is
higher and less scattered when the number of attached devices is increased.
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Figure 9. Harmonic cancellation coefficient of LED load devices operating at the same time.

The data presented in Table 3 were taken from [26]. This table summarizes the
measured data EV onboard battery chargers for sinusoidal supply voltage and zero source
impedance. Load scenarios are created by taking a particular combination of the EVs,
and the harmonic cancellation factor is also calculated. The occurrence of Kcan of EVs is
similar to the K¢an, occurrence of LEDs for lower-order harmonics, as observed for the case
of the fifth harmonic in Figures 9 and 10. However, the distributions of the cancellation
coefficients are spread further as compared to the LED lamps. This is because the EV
charging loads have a different harmonic current profile than LEDs.

Table 3. Measured harmonics for individual EVs.
Prated THD

EVNo. 1wy e L on I3 o1 I ors I; o1
1 7.7 5.1 27.9 -1 0.7 165 0.2 12 0.1 33
2 74 44 31.0 -1 0.9 177 0.4 171 0.5 164
3 3.3 7.9 13.9 3 1.0 —154 0.2 —167 0.2 —172
4 3.3 29 15.1 7 0.2 —74 0.1 —-129 0.1 —85
5 3.3 11.9 159 7 1.8 —110 0.1 47 0.1 —-70
6 3.3 5.4 155 1 0.5 177 0.3 —174 0.2 —-179
7 7.2 2.9 154 5 0.2 —68 0.2 —128 0.1 —82
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Table 3. Cont.

Prated THD
EVN KW) (%) ! I On I o3 Is 615 I; Or7
8 3.3 3.1 9.6 3 0.3 -3 0.0 —25 0.0 —36
9 2.75 74 13.1 5 0.9 —141 0.0 6 0.0 —66
10 3.3 3.2 153 4 0.4 —126 0.1 —160 0.1 —168
11 16.8 5.9 28.7 14 1.6 —166 0.0 —94 0.1 —47
12 3.3 7.2 14.7 2 0.9 —166 0.5 —178 0.3 147
13 33 1.7 9.5 3 0.1 —155 0.1 —90 0.1 —139
14 33 5.7 9.0 0 0.3 137 0.2 27 0.1 —118
15 6.1 2.8 14.2 3 0.3 —173 0.1 167 0.1 —144
16 7.4/22 94 30.7 12 0.1 168 1.8 161 0.6 86
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Figure 10. Harmonic cancellation effect of EV loads.

6. Conclusions

The harmonic currents are vital for any future load or renewable power infeed source
assessment, as these are almost completely of non-linear nature. The presence of harmonic
currents is in itself not a direct problem, as long as their levels in the grid are not too high.
The supply will be compromised once the supply voltage harmonics of the grid increases,
and will be above accepted standard levels due to the influence of the current harmonics.
This means that exceeding the hosting capacity limits the capabilities of the grid. This
paper addresses the basics of analysis for the addition of a significant number of non-linear
endpoints to the grid, which are usable for the context of hosting capacity estimation.

The assessment of accuracy in harmonic summation and a brief investigation of the
cancellation effect has been discussed in this study based on the analytic approach for
the low-power load devices. Only odd harmonics are considered, starting from the 3rd
to the 19th orders. Harmonic magnitudes and phase angles are seen to have a different
spread of phasors on the complex plane. The harmonic cancellation effect is directly
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related to the number of loads connected to the point of common connection and is more
visible for higher-order harmonics. In the results for lower-order harmonics, fundamental
component harmonic cancellation does not emerge significantly and is below ... 0.2 (3rd,
5th, ... orders).

A measurement setup with a pure sine wave supply voltage is used to inject harmonic
phasors to analyze the load combinations so that the aggregation and cancellation can be ob-
served clearly. Compared to summation calculations, the resultant harmonic phasors were
found to have a very miniscule difference from the phasor values measured when load com-
binations were connected simultaneously. It was found that while higher-order harmonics
show different dispersion in magnitude and angle values than lower-order components,
there are rather insignificant differences between calculated and measured values.

It is presented that the cancellation effect is more significant when the number of con-
nected devices is increased. The cancellation coefficient of EV charging current harmonics
is also compared with that of LED loads. It was observed that the cancellation coefficients
of both load types show a similar distribution.

It can be seen that for the higher current harmonics, RMS-based analysis for perspec-
tive loads inclusion is not advised. The reason for this is that there is a high chance of
harmonic cancellation when a large number of devices are connected to the grid. RMS-
based estimation is pessimistic. It could provide an indication of higher than-actual-results
that could impose some unjustified limits—for example, on the renewable energy source
hosting capacity of the distribution networks. For a better assessment, analysis using
more sophisticated measurement capabilities, including harmonic phase angle reporting,
is advised.

It has to be noted that the supply voltage waveform provided by the utility typically
contains a notable level of harmonics, which are injected by all the components connected
to a utility grid. The analysis here is only presented for the sinewave voltage supply. For the
real grid voltage waveform, the LED and EV harmonic currents could differ from the values
provided in this paper. This will be investigated in more detail in upcoming research.
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E ABSTRACT The paper reports an experimental non-linear load evaluation regarding current harmonics
sensitivity to supply voltage harmonics. A base for the model is proposed relying on the time-domain
waveform variations, rather than impedance or conductance approach. The proposed Waveform Variation
Defined Model is able to detail to provide improved correspondence for the actual load physical operation
on the emergence of cross-order coupling between the supply voltage and current harmonics variations.
Model proposal specifies to implement non-impedance relation and separated phase and magnitude response
components, in empirical outcome of the voltage-to-current harmonic variation relation. It will be shown that
the model proposed is able to provide an accurate estimation on cumulative influence of different supply
voltage harmonics included, for the most probable supply voltage harmonics in the residential grid, for
the low order odd harmonics. Model results present outstanding match of the harmonic voltage influence
estimations on the load current harmonics levels measured, phase and magnitude values included.

I. INTRODUCTION
This low voltage distribution network (DN) loads’ harmonic
current emissions are known to have a response to the
harmonics present in the supply voltage [1], [2]. DNs are
designed to supply constant RMS magnitude and frequency
AC supply voltage with small tolerance around rated values
in normal operation [3], [4]. However, as modern energy-
efficient electrical devices utilize DC voltage for their oper-
ation, power input is commonly delivered by converting the
mains AC voltage to DC voltage for power electronic (PE)
units using full-bridge rectifiers [5].

In order to model the current waveform response of sev-
eral power electronic loads in DN system, analysis is often
performed in the frequency domain [6], [7], [8], assuming

The associate editor coordinating the review of this manuscript and

approving it for publication was Elisabetta Tedeschi

INDEX TERMS Power quality, current harmonic addition, harmonic estimation, harmonic sensitivity.

sinusoidal supply voltage. Harmonic current emission
assumed as constant Iy = Iny const £ @In.const is one of the
common presentations for harmonic [9], [10] fingerprinting.
It faces clear limits for DN supply voltage having some
voltage harmonic content, as an evident coupling/sensitivity
emerges from measurements [11]. In the following paper,
for the benefit of clarity, the current waveform harmonic
components are nominated as vectors Iy, with “x” stating
the current harmonic order observed; whereas supply voltage
harmonic components are nominated as vectors U;" with

[Tt}

y” stating the voltage harmonic order observed, if different
form “x”.
A Norton model employs two current harmonic compo-

nents, a constant current source with current I;“ Base A0d @
s

linear impedance reaction I ;‘ 2 [12],[13]. I;" Base €METZES a8 2
constant value, upon non-distorted sinusoidal voltage supply.
On a vector plot, Norton model proposes that the current

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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emission of the device resides around an acceptable reference
quantity, that is, an ideal sinusoidal voltage condition current
emission (modeled as a constant current source) and is linear
for minor deviations. If a voltage harmonic influence is repre-
sented by a vector U = Uy £ @y, aresponse on the load’s
harmonic current would emerge as

x Uy Z(pU)c

_ 1
YT Zlg, W

However, Norton model lacks the explanation on several
aspects evident in the measurement results. It is unable to
accurately present how a supply voltage harmonic of a spe-
cific order imposes variation on the current harmonic of
another order (cross-order coupling) and is limited to describe
the variations for different supply voltage levels.

As more sophisticated models for providing a multi-
influence response forming the total I;", Fem frequency cou-
pling matrix (FCM) is one of the most discussed models at
the time [14]. Utilizing impedance or conductance values
for accounting for influence arising from different voltage
harmonic orders, the FCM addresses the Norton model circuit
base approach and assumes the total I;"’ rey arises from a
cumulation of multiple sub-reactions. Using FCM, the x-th
harmonic current vector could be written as

I3 = Ixpase + [U*Y ] @

Here [U*] is a supply voltage vector matrix, enclosing
voltage harmonic component vectors of different harmonic
orders, [Y;‘y] is the frequency coupling admittance matrix
between the x-th harmonic current component and each
y-th voltage harmonic component in [U*] [15].

Challenges of FCM arise again as the modeling of practical
devices in practical networks results in deviations. While the
impedance-based products of harmonic voltage U;‘ phase
influences are used, these are best to describe I} circular
vector plot result patterns [16]. However, U;‘ phase influence
patterns are often elliptical in form (see also Chapter IV in
this paper). It has been provided that to describe the elliptical
result pattern, another set of variables should be included
via negative-sequence FCM [6], [17], [18] or additional fre-
quency component factor [19]. These make the FCM more
heavy for calculation and parameter estimation. While the

x,Norton I xFCM
v. ®Or|] v O]

(a) (b) (©)

FIGURE 1. Harmonic load reaction models, (a) constant source (b) Norton
equivalent (c) FCM [22], [23].
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FCM would be capable of providing a current harmonic
magnitude response, it does not include a direct physical
phenomenon description for the harmonic cross-order cou-
pling [14], [20], [21]. Remaining complexity and the devia-
tion in I} phase result will provide limitations of range for
the FCM, as the cumulative assessment of total I3 different
sub-reactions via (10) also means cumulation of deviations.

In this paper, a novel model is proposed for establish-
ing a total I} estimation model, able to include harmonic
cross-coupling physical phenomenon and load current ellip-
tical response reasons to U;‘ phase variation. It will be
presented that due to physical phenomenon of the opera-
tion of the rectifier circuits; there is more optimal way of
describing the time-difference reactions via separate time-
difference/phase-difference coefficients and magnitude dif-
ference via separate magnitude difference coefficients. For
the voltage waveform having the same harmonic RMS-value
but a different harmonic phase angle value, the rectifier
conduction initiation moment of the current waveform is
unique, defining phase shift variation. Furthermore, the dura-
tion as well as the peak of the load current pulse are also
dependent on the incident harmonic phase angle value. These
coefficients would invalidate the total harmonic presentation
through complex impedance variables.

Il. EXPERIMENTAL SETUP

The more detailed analysis of the loads U;‘ sensitivity relied
on a systematic scan, similar to [24] and [25], performed
on different loads exhibiting similar load current charac-
teristics (load types, see further [26]). For the test system,
dynamic high-resolution control of the waveform of supply
voltage for measured load is a primary feature. Supply volt-
age is output through a high-precision amplifier, provided
with reference from 16-bit waveform synthesizer, updated in
every 10 seconds for different harmonic voltage content. The
supply voltage output momentary value is established using
equation (3).

N
Uest (1) = D 2Uysin (27t + ar) 3)

y=1

1. Supply voltage waveform synthesizer 2. Digital to Analog converter

= D
== A

3. Power quality analyzer

v 199
& I s

3. Controllable power supply

5. Nonlinear load

FIGURE 2. Measurement setup [27].
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Uy is the rms value of any particular harmonic. The harmonic
frequency is shown by f, and sampling interval by f;. The
number of samples needed for the specific duration (7},) of
the voltage output from the controllable power supply can be
calculated by (3).

Supply waveform is generated with the sampling fre-
quency of 100 kS/s; meaning 2000 points for every 50 Hz
cycle. Measurements are done via measurement unit having
41 kS/s sampling frequency, with waveform recordings and
1-second averaging of the harmonics used. Extracted values
for current harmonics were recorded with a magnitude and
phase response values, correlated to the waveform-sampled
values.

Commencing the more detailed analysis several criteria
was considered for more accurate measurements. First, time
dependency of harmonic emission profiles of switch-mode
power supplies (SWMPs) [28] was considered. Measure-
ments are done only after the thermal stability of the load,
warmup period 60 minutes was applied. Continuous power is
provided to loads during testing pauses to maintain a working
temperature [29].

During the characteristic scan of the loads, miniature
though stable and repeatable variations of the harmonic cur-
rent component phase and magnitude values were recorded.
This was verified with discrete Fourier transform (DFT) of
the current waveform. The measurement analyzer used in this
study was commercially certified to carry out accurate and
repeatable measurements of such order of level magnitude
and phase angle variations [30].

Main load characteristics scan is done through scenarios
such as presented in Table 1 for the 5™ harmonic. As the
first test supply voltage combination, the harmonic currents
of the load are recorded for input voltage containing only the
fundamental component Uj. After that, each input voltage
combinations are present for 10 seconds. 24 combinations
implement injection of voltage harmonic to the supply volt-
age, having identical 5™ harmonic voltage Us level but phase
angle at 15-degree steps. This was repeated with different
level of influencer Us magnitude applied.

ddi

TABLE 1. An example of supply voltage combination when

g single
harmonic to supply voltage.
Combinations  U'; U's U's U
U,V U, V_ous® U,V ous® U,V gur°
1 230 0 0 0 0 0 0
0-15
24 230 0 0 3 345 0 0

Ill. LOAD SCAN RESULTS

The LED lamps commercially available in the market are can
be categorized based on the waveform of the drawn current by
LED [26] shown in Fig. 3; the shape of the current waveform
depend on the presence or absence of the waveform control or
filter in the circuit of lamps [31], [32], [33], [34]. In this study,
randomly chosen LED lamps of Type A [26] are observed,
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and evaluated for the odd harmonic contents and reaction for
the harmonic orders 3, 5 and 7.

Starting with a time-domain observation, Figure 4
describes the current waveform as a LED lamp is subjected to
pure sinewave supply voltage, compared to the supply voltage
waveform having a specific harmonic voltage component
magnitude level, injected with a specific phase angle towards
the main harmonic phase. Figure 4 describes a selection of the
current waveforms outcome of a scan result when 5™ voltage
harmonic was applied with a defined level, and the harmonic
injection phase angle varied in 15-degree steps while the
harmonic voltage level preserved (see Table 1). Measured

0.4 T T T
(\\ —TypeA
‘\‘ \ —Type C

0.2r [\ —Type D
[\ —TypeE

Current (A)
o

0.2 F I/
0.2 ‘ /
| /
| /
/
04 . . . .
0 0.005 0.01 0.015 0.02
Time (s)
FIGURE 3. Load types of LED lamps tested.
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/
/ \ \ - 5
= 100 / e -Load: S Us=3Ve30l013 o
= 3 | “current \ U =3V 245° )
& 0 '\ waveforms 0 =
Il \ \ [T
= ] \ \ / £
B e > | \ / !
L i \ 4 30
-100 e | \ J 1013
\ N
\
200 - v \\ 1-0.26
| \
[ [ \ [
300 i i R o 1-039
0 0.005 0.01 0.015 0.02
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FIGURE 4. Current waveform initiation moment affected by the phase
Itage harmonic,
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current waveforms have been synchronized to the voltage
waveform main harmonic zero phase instant.

A distinctive quantity of the current waveform is the point
of rectifier conduction initiation time instant ;,;;. Here cur-
rent provides highest gradient and peaks some moment later.
The rectifier current instantaneous peaks provide a charac-
teristic quantity for the magnitude, and another distinctive
time-domain characteristic would be the total conduction
time of the rectifier.

The current waveform of all the LEDs tested shows similar
characteristics of response to voltage harmonics added to
the input voltage. Fig. 4 shows the former effect, in terms
of amplitude and phase angle of the harmonic current, and
it is clear that change in phase angle of the fifth voltage
harmonic affects the harmonic currents across the spectrum.
The initiation moment given as main harmonic phase angle
value (@jnit), could be seen to determine to deviation of
the LED harmonic current pattern. Time-domain differences
have been regarded towards phase angle variation in the
literature [35], [36], however not used for base assumption.

The time domain outcome thus establishes a hypothesis
if the initiation phase angle would be responsible for the
LED current harmonic phase angle variations throughout.
The hypothesis proposed refers that the current harmonic
phase angles will be directly related to the rectifier physical
operation in the time-domain.

IV. PHASOR PLOT PRESENTATION
Measurements thus directly have revealed that due to
added voltage harmonics, there are influences to both cur-
rent conduction initiation time instant (i.e., phase angle)
and current magnitude values. For the detailed charac-
terization of frequency approach, total If was recorded
for supply voltage with the specific harmonic component
constant magnitude, while rotating in smaller steps through
the 360 degrees phase angle. Results present a well-
reported [14], [18], [25], [37], [38], though less-approached
outcome.

In the following, the harmonic current vector (example
of I7 in plot Figure 5) difference to base point I’7"’ is
observed as

Base

{dlx,Uy = Ix,Uy - Ix,Base (4)

d(plx,Uy = @Ix,Uy — @Ix,Base

where dI, gy is the measured harmonic current I} magnitude
difference due to included Uy, compared to Iy magnitude
L Base €merging in pure sinewave voltage supply conditions;

@Ix,Uy is the measured harmonic current I} phase angle due
to included U;‘, compared to I} phase angle ¢y, pqse emerging
in pure sinewave voltage supply conditions.

Plot in Figure 5 presents the common measurement out-
come for the influence of Uz added to the sinusoidal
supply voltage, with ¢ys rotation applied for full circle
(through 360°) and magnitude Us held constant. The
response of I; endpoints makes up an ellipse, but also ¢417,u5
is going through a rotation of exactly 360°. This is evident

VOLUME 11, 2023

also for other all other current harmonics, regardless of their
frequency value.

While linear impedance can explain the current difference
component phase rotation, this is only valid for the harmonic
of same order, i.e., identical frequency. As this emerges for
all harmonics, for example added Uj rotated through ¢y3 =
{0 ...360°} again provides gqr7,y3 rotation through 360°,
then this cannot be considered an impedance-based relation.
This will follow the coefficient proposals for model for cal-
culating the harmonic current values.

It emerges that reaction plot is rather well symmetrical
towards the pure-sinusoidal voltage supply product of Iy,
termed here as the base harmonic current response I;“, Base"
Response towards both phase and magnitude response is
proportional to the voltage harmonic influencer magnitude
value /). It raises the model description to the response as

|Ix = Ix base + AI)c,y 5)

@Ix = QIx,base T AQol)c,y

where Al , is the harmonic current I} magnitude variation
estimation due to included Uy, compared to Iy magnitude
I, Base €merging in pure sinewave voltage supply conditions;

Agpyy is the is the harmonic current I} phase angle mag-
nitude estimation due to included Uy, compared to Iy phase
angle ¢y puse €merging in pure sinewave voltage supply
conditions.

\
| *
0 ] I 7,U5
I
£ 7,U5@qpI7,MAX
-
s
g
-~
. ~
Fe
-0.01 . 7,u5@l7,MIN
L N
[ \
17,Base
< r
£ -002f Pius
~f< h
7,U5
-0.03 ‘ 1
(”.[ = 7,us@l7,max
7,U5@@l7,MIN
-0.04

0 0.01 0.04

FIGURE 5. Vector component plot for the harmonic load current
component analysis. I vector endpoints’ ellipse points plot,
for Us =3V, gy5 = 0, 15, 30 ...345°.

This presentation is following the basic Norton or FCM
concepts. However, for the reasons laid out in the follow-
ing chapter, and relying on the physical rectifier operation
phenomenon, it is justified to keep the magnitude and phase
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variation quantities independent rather than confined through
complex impedance relation.

A. CURRENT HARMONIC PHASE ANGLE VARIATIONS

The initiation angle of the current conduction (¢;,;;) is a time
instance where the rectifier starts to conduct for charging
the tank capacitor after the rectifier. This initiation angle is
determined as

Qinir = f - 360° - dt;ny (6)

where df;,; — time-difference of the supply voltage main
harmonic zero phase instant and current conduction initiation
moment. Shown in Table 2, initiation phase is referred to
varying UZ added to the voltage supply. Measurement results
in Table 2 present the summary of the results, where

dQinit,Uy = Pinit,Uy — Pinit base
d(plx,Uy = QIx,Uy — PIx,base

Q)

where  @inir,yy is the initiation moment phase with
Uy injected to the supply voltage; ¢y, yy is the phase angle
of the response current vector with U, injected to the supply
voltage, and g, notates the values upon sinusoidal supply
voltage conditions (i.e., only fundamental voltage component
present).

TABLE 2. Initiation moment and phase angles of harmonics in load
current, for different magnitude levels of harmonic voltages.

Us Qinito 5 °
VY ous,® (50 Hz phase  ¢u1,° o13,° or1s,° 017,°
value)
— 62.1 18.0 231.6 87.2 304.2
A@iniy ° Ao, ° Ao, ° Apis, © Ao, °
) 180 -0.9 0.6 2.0 3.6 5.5
345 1.1 —0.8 -2.5 4.2 —6.2
3 180 -2.9 2.0 6.5 11.5 17.7
345 29 2.4 -6.9 ~11.8 ~17.4
5 180 4.7 3.6 113 20.4 32.0
345 4.6 -3.6 -10.7 —18.3 —26.8

*
Phase angle accuracy/resolution has been provided for more detailed comparison

TABLE 3. Difference in Phase Angles of Harmonics in Load Current, For
Different Magnitude Levels of Harmonic Voltage, determined by (9).

SR T -
< < < <

0 B 62.1
| 180 612 09 -07 07 07 0.8
345 63.2 -1.1 0.8 0.8 0.8 0.9
3 180 59.2 29 -2.1 -2.2 -2.3 -2.5
345 65.0 2.9 2.3 2.3 2.4 2.5
5 180 574 4.7 -3.6 -3.8 -4.1 -4.6
345 66.7 -4.6 3.5 3.6 3.7 3.8

¥
Phase angle accuracy/resolution has been provided for more detailed comparison
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TABLE 4. Maximum and minimum of peak load current (I pe,i) according
to gys-

< < < < <

« : E g g g

o g & -~ ~ ~ ) S

ST 3 3 3 3 3
0 - 040

270 038  0.02 0.05 0.30 0.67 1.13
90 042 -0.02 -0.06 -0.28 -0.73 -1.19

90 0:45 -0.06 -0.06 -0.76 -2.05 -3.5
255 030  0.10 0.29 1.50 3.8 6.3
105 049 -0.10 -0.25 -1.21 -3.1 -5.1

Normalizing the phase angles towards the initiation influ-
encing component UZ, and observing the relation towards the
current harmonic I, of order x, it is revealed to have a ratio
of closely common to

A‘P,IX.U,, = A@ini,uy * X - kwr (8)

where kwr— waveform coefficient, with almost same value
for the discussed current harmonic orders (x = 3, 5, 7). The
initiation phase angle ¢;;; is in direct and proportional ratio
to the ¢y, resulting from a frequency domain transfer of #;,;;
(@init)- The statement above reveals that the variation of har-
monic current phase angles, observed due to UZ, is directly
relational and proportional to the initiation angle ;.

It is important to point out that the harmonic phase angle
values are all varying, if the voltage harmonic phase angle is
varying. This is a key aspect to explain the harmonic cross-
coupling phenomenon, considering that the phase angle vari-
ation of the U;‘ of a specific order will bring along a dedicated
response to current harmonic phase angle of another order.

Table 3 presents the maximum and minimum value of
initiation moment of the current waveforms, corresponding
to ¢ys value extreme points, calculated as

_ A(plx,y

Agy, = ©)

where x is the current harmonic order, further confirming the
equation (8). Furthermore, the fundamental current harmonic
component phase variation defines phase variations for all
other load harmonics, given through fundamental component
phase shift multiplied by the observed harmonic current order
number. It has to be noted that the magnitude of the incident
voltage harmonic (Us) provides a proportional impact on the
initiation moment and the I} phase angle ¢;, variation range.
The phase angles are seen to pose a high and low value
responsive to ¢y 5 rotation of almost 180°.

B. CURRENT HARMONIC MAGNITUDE VARIATIONS

Similarly, the highest value of the load currents (/x.y, pax) is
also linked with the phase angle of influencing supply voltage
harmonic (¢yy) on almost 180° rotation. Table 3 illustrates the
behavior of time-domain waveform Iy, peqr, corresponding
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to ¢ys, providing maximum and minimum I} magnitude 7,
values with value range shown. It has to be noted, that the
highest and lowest current magnitude occurrence are also
found at nearly orthogonal (90°) values towards the g5 value
for peak and minimum ¢y, variation values.

Table 4 presents expectedly, that the harmonic magnitudes
are directly proportional to the level of the added voltage
harmonic (in this case it is Ug). The proportion origins are
evident from time-domain waveform peak current levels,
deployed to the current harmonics observed, presenting a
physical background for the cross-order harmonic coupling
appearance for the magnitude portion.

V. MODEL OF HARMONIC RESPONSE CURRENTS

CHARACTERIZATION OF PRACTICAL LOADS

Provided the phase angle and magnitude variation consider-

ation in the previous chapter, it has to be pointed out that the

physical characterization to the time-domain origins of the I}

components provides justification to model the phase angle

@1 and magnitude portions /, independent of each other.

This is due to non-impedance origins of the I} variations

in time-domain current presentation, discussed in previous

chapter.

In the following, a load current model will be described,
providing the correspondence of the current harmonic varia-
tions, detailed in the previous chapter. The load current har-
monic vector I3 for a particular harmonic order x is formed
of following parts (see also Figure 6):

1. A constant current source part of the harmonic current,
I;“’ Base TESPective for current magnitude component

I Buse, and the current phase angle component ¢y Base-
This is the value obtained from device test with pure
sinusoidal supply voltage.

2. Alinear current component part AI;", LIN > Tespective for
current magnitude component A/, r;v, and the current
phase angle component Agyy r7v. These are calculated
as a cumulation of all linear components due to each
U} in the supply voltage, for every I7.

3. Anonlinear current component part Al ;‘, NI Fespective
for current magnitude component A/, ni., and the cur-
rent phase angle component Ay, N. The nonlinear
part emerges from the fact that the current harmonic
response on the ellipse is non-symmetrical. These parts
are calculated as a cumulation of all linear components
due to each Uy in the supply voltage, for every I7.

The load harmonic current will be presented as

{Ix,WVDM = I Base + Al 1y + AL N (10)

OLx,WVDM = @Ix Base T A@rx LIN + A@re NL

The main proportion of the current harmonic variation will be
provided by the linear part, calculated as

AL iy = Uy - Gy - cos(ex — @uy), (11)
where Uy is the Uy magnitude matrix in form

Uy=[U;3Us ... Uy]
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G, is the current harmonic /, magnitude sensitivity coefti-
cient matrix in form

Gx3

G, = Gys
Gy

where G.3 presents I, sensitivity to the 3" supply voltage

harmonic magnitude U3 respectively, (units A/V = S), and

cos (ax3 — @u3)
cos (aty5 —

cos(aty — (pUy) — (oxs — @us) ,
cos (0N — PUN)

where o3 is the specific phase coefficient for calculating I,
related to ¢y 3, latter presenting the supply voltage harmonic
U3 actual phase angle value.

Similarly, the main current harmonic phase angle variation
will be provided by the linear part, calculated as

A@py.LIN = Uy - ky - sin(oty — (PUy)» (12)

ky is the current harmonic I;" L1y Phase angle Agy, sensitivity
coefficient matrix in form

kx 3

kx — ka

kxN

where k,3 presents Agy, sensitivity to the 3™ supply voltage
harmonic magnitude Us respectively, (units °/V), and

sin (o3 — @u3)
. sin (Ol 5 — US)
sin(ay — @uy) = * ¢
sin (xv — QuN)
Here the coefficients Gyy, ky and ay, are determined
through load measurements, presented in the next chapter.
The nonlinear part of current will be calculated for supply
voltage harmonic components as

AL np=Uy- [Alm Sin(‘pUy +Clm) +A2, sin (Z‘PUy +C2m)]
(13)

r ;
x,Base XLIN Gk x,NL NL

v

FIGURE 6. Schematic description for harmonic current component I} of
order x modeling.

42281



IEEE Access

K. Daniel et al.: Waveform Variation Defined Model for Harmonic Current Emissions

Y *
l7,Meas
= l7,WVDM
*A"l*
-0.01 7,MLIN 1
* l7,Base
=
g -0.02 1
=
-0.03 |- 1
-0.04 - - -
0 0.01 0.02 0.03 0.04

[7,Re A

FIGURE 7. Presentation of roles of different harmonic current model
components.

where A1, A2m, Cim, Ca2m are first and second order poly-
nomial expressions related to harmonic current order and
harmonic voltage orders. Similarly nonlinear part for phase
angle part will be calculated as

App N =Uy- [Alp sin ((pUy—i-C]p) +A1p sin (l(pUy+C1p)]
(14)

where A1y, Az, C1p, Cap are second order polynomial expres-
sions related to harmonic current order and harmonic voltage
orders.

The particular derivation of the polynomials as calcu-
lation of the nonlinear parts will be presented in further
upcoming papers by the authors, as this will need extended
consideration.

The role of the different components shown here are laid
out in Figure 7 below. The main base of the harmonic current
vector, I;" pase 18 presented with a dot as the vector end-
point, while its start-point is zero coordinate, corresponding
to load current upon pure sinusoidal supply voltage. Red
asterisks are forming a presentation of measured harmonic
current results, subjected to supply including a single har-
monic voltage U, included with various phase angles Agys
but identical magnitude. Adding the linear parts A/; and
Agr7 make up a pattern represented by triangles, forming
a specific ellipse shape. Still, there would be a noticeable
deviation between the linear-part-included harmonic current
results and measurement results. Therefore, the nonlinear part
is added to provide improved correspondence to the actual
measurement outcome. The final harmonic current response
pattern, including the linear and nonlinear parts, is presented
as circles’ pattern.
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VI. DETERMINATION OF COEFFICIENTS

In the following, the main outline will be discussed for the
coefficient estimation, used in the harmonic current calcula-
tion model. An example of I7 current component will be used,
influenced by the effect of the UZ supply voltage harmonic.
Here x =7 is the current harmonic order, y =5 is influencing
voltage harmonic order. The quantities observed are referred
to on the basis of Figure 5.

Ideally, for A, to reach from Al pax to almost equal to
zero, i.e., current vector magnitude is similar to the sinusoidal
supply voltage component response vector Al s, base
harmonic vector; the difference in ¢y is nearly 90 degrees.
At the voltage harmonic phase angle providing harmonic
current /, of base magnitude, the ¢, phase deviation is
highest. Finding the influencing supply voltage phase angles
@uy corresponding to the minimum and maximum deviation
of the magnitude I, allows to specify the base phase shift
component

oy = PUy@glx, MAX T PUy@qlx, MIN

’ 2

referring to measurement quantities as in Figure 5. Given the
data provided in Table 5, the 75 is found to be close to value
of 230°. As the measurement steps are 15°, better accuracy
is not available. Given the orthogonal shift of ¢y, = 90° to
find the maximum and minimum magnitude points, the a7s
should be calculated as
_ Puy@Ix,MAX + YUy@Ix,MIN
B 2

Data in Table 5 provides that the «7s, calculated based on
minimum and maximum magnitude, will be around 240°. The
proposed value of coefficient of current magnitude sensitivity
G,y can be found using maximum and minimum I} magni-
tude difference value i.e., dI, maximum and minimum values
(referring to Figure 5)

(15)

+90° (16)

Qxy

(|dl.vyere.max |—|dl e vy@re. v |)

Gy = 0 (17)
y

TABLE 5. Proposing Alpha Value Form Measurements.

Le B3
I 3 s & oo o
s os S a.% 0 5
€% s &
dI7 max 6.6 mA 225° N o o
Ay 49mA | 750 10 10 0 233°
o o
A R B A

TABLE 6. Comparison Of Voltage Harmonic Amplitude Change To Current
Harmonic Phase Deviation.

Load Us Kss, Gss Kss, Gss, Ks, Grs,
°/V mA/V V. mA/V °/V mA/V

1V 3.17 0.22 53  0.63 7.5 1.08

1 3V 3.16 0.23 53 0.65 7.6 1.11
5V 3.16 0.27 53 0.70 7.5 1.14
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TABLE 7. Model Parameters of Test Loads.

I order 3 5 7
Uyorder Load aszy, ° Gy, mA/V sy, IV Gs, mA/V ksy, IV az,° G, mA/V kzy, IV
3 25 0.07 2.16 26 0.18 3.6 28 0.39 5.1
5 1 218 0.24 32 220 0.67 53 223 1.13 7.5
7 48 0.51 3.6 1.22 6.2 57 1.96 8.9
3 29 0.12 2.12 0.42 3.6 35 0.75 5.1
5 2 223 0.51 2.95 226 1.27 5.0 233 1.91 7.3
7 53 0.92 3.1 2.06 5.4 71 3.03 8.1
3 28 0.10 2.13 0.31 3.6 32 0.60 5.1
5 3 221 0.39 2.99 224 1.01 5.1 229 1.58 7.3
7 512 0.74 3.3 1.69 5.6 66 2.57 8.3
TABLE 8. Comparison of measured and model calculated Harmonic current values U; =230 V; Us =3 \.
/P Deviation for Full model
Measured values Model with linear part result model with linear  Full model result deviation from
part measurement
< B < o - "
E . - P - E . . < - s s H
o @ = z . > z <] S Y N
g S} ::» IS ~ w o~ % ::1 >f = = - 5 ~
= <~ s SE S. == s < s R E S < E s R E 3.
Max 404 -18 6.5 21.7 5.7 21.6 412 -18 1.8 1.7 40.3 -17 0.4 -0.2
Min _ 29.0 -61 -4.9 -21.5 -5.7 -21.6 298 -61 -1.0 -3.1 29.0 -61 0.0 -1.0
75 40.4 -34 -4.9 -5.8 -5.3 -8.1 40.8 -31 -0.4 -2.3 40.3 -33 0.1 -0.3
150 36.6 -18 -1.1 -21.5 0.7 -21.6 34.8 -18 1.8 -0.1 36.3 -17 0.3 -0.9
225 | 29.0 -37 6.5 -2.6 5.7 -3.0 29.8 -37 -0.9 -0.5 29.0 -36 0.0 -0.6
315 354 -61 0.1 21.7 0.8 21.5 347 -61 0.7 -0.2 353 -61 0.1 -0.3
RMS error for 24 Us phase angles injected 0.9 2.1 0.2 0.5

From the result plots (Figure 5, Figure 7) it is evident that
base harmonic current vector I;‘, Base d0€s not lie in the centre
of ellipse, and with the non-symmetric part included, the aver-
age of |dI, ye,max| and |dI; yerx,min| is used to determine
the G,y using equation (17). The phase variation margins are
well symmetrical to the ellipse centre, and to determine the
initial proposed value of coefficient of phase angle change
(kxy), the measurement-derived d¢jx, yy@@ix,max is used as
in (18)

ke = d(plx,Uy@gplx.MAX
y U,

The magnitude of the harmonic current difference vectors
is linearly dependent on the Uy. This way, for influencer
Us increase by 3 (from 1 V to 3 V) times, results emerge
for the dﬁﬂlx«,Uy@(ﬂlx,MAX and similarly de,Uy@[x,MAX and
dl; yyer mn that provide the close values of linear scalar
coefficients Gy, and kyy. Excellent linearity of the coeffi-
cients is evident from Table 6. Using presented procedures
in (15),(16) and (18) the linear coefficients for different loads
discussed further in this paper are presented in Table 7.

18

VIl. SINGLE SUPPLY VOLTAGE HARMONIC COMPONENT
MODELING

For more detailed evaluation, the linear component model
results are presented for 3 similar type loads. Main emphasis
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is on the comparison of the measured vs model calculated
results. Coefficients from Table 7 have been implemented for
the model calculation with linear part included (see (10)), as

L, MuN = Lx,Base + AL 1y (19)
@Ix,MLIN = @Ix,Base + A@Ix,LIN (20)

Deviation of calculation to measured magnitude value is
presented as

‘Slx,LlN = |Ix,Meas| - Ix,Base + AIx,LIN B 1)
and similarly
81x,LIN = |@1x,Meas| — |@1x,Base + Apre,Lin|.  (22)

where 6/, rjy presents the magnitude difference of model
(see (10)) result without nonlinear part included, compared
to measurement outcome;

8¢y, v presents the phase difference of model (see (10))
result without nonlinear part included, compared to measure-
ment outcome.

The full model calculation outcome, including the non-
linear part is calculated according to (10). The deviation
between the full model calculation and measurement out-
come is calculated as

8L, wvpm = |Ix,peas| — [Ix,wvpm |, (23)
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TABLE 9. Difference Of M t And Esti For Test Loads; Single supply harmonic Us =3 V.
Is I's I
2 < < < < < < < < <
3 £ g g o, e °£ £ g £ =(2 o, "g g g £ . . "g
3 P 3 2 Z g 3 s 5 3 Z H 3 = 3 2 Z H
L I
Max 404 40.5 404 | -118 -119 -118 | 363 36.8 364 | 103 103 104 | 31.0 31.7 31.0 -32 -32 -32
1 Min 389 390 39.0 [ -137 -137 -137 | 323 328 324 72 72 72 242 249 244 -78 -78 =77
RMSE 0.3 0.1 0.9 0.1 0.5 0.1 1.3 0.2 0.6 0.1 2.0 0.4
Max 594 597 596 | -114 -114 -114 | 51.0 51.7 51.1 | 112 112 113 | 404 412 403 -18 -18 -17
2 Min 564 567 56.5 | -131 -131 -131 | 434 442 436 82 82 83 29.0 29.8 29.0 -61 -61 -61
RMSE 0.6 0.1 1.0 0.2 0.8 0.1 1.6 0.2 0.9 0.2 2.1 0.5
Max 50.8 51.0 51.0 | -117 -117 -117 | 443 449 444 | 106 106 107 | 359 36.7 358 -27 -27 -26
3 Min 485 487 48.6 | -135 -135 -135 | 383 389 384 76 76 76 265 272 265 -70 -70 -70
RMSE 0.5 0.1 1.0 0.1 0.7 0.1 1.5 0.2 0.8 0.2 2.1 0.4
and similarly TABLE 10. Input-Combination-2 When Adding Multiple Harmonic
Voltages to Fund tal Voltag
801, wvpM = |@1x,Meas| — |@re,wvpM | - (24)
No.of supply U’ U’ U's U
For the whole U cycle (360°) rotation the outcome devi- voltage
. . 7. combinations U,V U;V ¢ UsV ¢ UV 7 °
ation is evaluated using the root-mean-square error (RMSE), applied " »V P sV Qus A 4
listed in tables 8 and 9 is calculated using the following 1 230 0 0 0 0 0 0
equations, 24 230 3 015y 0 0 0
345
Z{V_ 0d 1,2 24 230 3 120 3 O;é' 0 0
RMSE[, = | ==—— (25) 0-15-
N 24 230 3 315 3 0 0
345
N 2
[N §o;
RMSE 41, = Z‘,,_oi% (26)
N

where Nygas is total number of actual (measurement) points
and predicted values (magnitude and phase).

Individual results obtained with model linear part results
are rather accurate (Table 8), however, if considering the vari-
ation full amplitude of 5.7 mA, the maximum model linear
part deviation reaches 1.8°, which is roughly 30% of the full
variation amplitude. While good for single harmonic volt-
age component influence estimation, it will be shown in the
following chapters that for the cumulative multiple voltage
harmonics influence model to have reasonable outcome, the
single harmonic voltage influence would need to have as good
correspondence as possible. Thus, the nonlinear part included
full model (see (10)) calculation can provide very low RMSE
value (Table 8). This is valid for multiple loads tested (see
Table 9) where the correspondence between the measured and
model calculated values shows very high match.

Vill. CUMULATIVE RESPONSE TO VOLTAGE HARMONICS
The harmonic current calculation model (10) is referred
through parts (11, 12) that are making up a scalar product
of multiple influences from supply voltage harmonics of
different order. This means that the model is able to account
for cumulative sum of influences on the harmonic current I}
from multiple supply voltage harmonic components. In order
to present this, a measurement based cumulative influence
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analysis is presented. In trivial, the cumulative response is
approached in a manner to keep one or multiple supply volt-
age harmonics as constant vectors while the single other order
harmonic voltage component U;‘ is rotated through 360°,
keeping the magnitude Uy constant.

Staring with initial base harmonic current I;base point
(“1” in Figure 8, sinusoidal supply voltage conditions), U
is first applied. The rotation of the U3 provides an ellipse
common from the previous chapters (see Figure 8, black line
and asterisks). Two extreme points of attention have been
selected next, having I7 with minimum (*2” in Figure 8)
and maximum phase value (“3” in Figure 8). Next, using U}
respective to the point of interest on graph, U¥ is added and
rotated through 360°. Results have been reported as further
ellipses, having their center-points in the points of interest
previously identified. Therefore, the geometrical cumulation
of influence vectors due to different harmonic orders of sup-
ply voltages included, can be directly observed. Here even
cumulation of Uy and U% can be seen to provide up to 80° I
rotation. The points of I7 presented for new origins of ellipses
for Uz influence (2" and *“3” on Figure 8) would provide
good accuracy for including more supply voltage harmonic
influence components.

The presentation in Figure 8 allows to propose that the
harmonic current I} components, determined respectively
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0; - - .
—#—1 for U, (=230 V) + U, (= 3V 2varying)
-1} for U, (=230 V) + U, (=3V £120°) + U (= 3V Zvarying)
A1 for U, (=230 V) + U, (=3V £315°) + U, (= 3V £varying)
-0.01+
<
E 002
__5\'
0.03 -
-0.04 L -
0 0.01 0.02 0.03 0.04

l7,Rc oA

FIGURE 8. Explanation on harmonic current /x5 cumulative products
results with Uy = 230 V; U3 and Ug = 3 V. Red line: ¢;73 = 105°, blue line:
oy3 = 300°, g5 phase values 0,15,30...345, plot of measured response.

TABLE 11. Harmonic Voltage Levels and Phase Ange Present in
Residential grid, Flat and Pointed Top Waveforms.

U %] U's U, Uy

U,V U,V eu® U,V ous® U,V eu° U,V ou®

Grid-1 230 035 51 1.0 224 097 15 0 0
Grid-2 230 015 80 1.6 296 0.79 37 0 0

Flattop 230 55 0 3.8 180 20 0 0.57 180

Pointed
230 6.6 0 4.7 180 1.4 180 0 0
top

with (10) for each supply voltage harmonic component U;‘
influence individually would be presenting the cumulation in
a linear summation as

N
Al = zn=1;y=2n+l Alyy 27

N
AP =20 o Dy (28)

where N is the number of odd harmonic components consid-
ered. The (27) and (28) are basically subsets of the matrix
evaluation provided in (11 — 14). However, the authors
express that this cumulation approach should be used with
care, as this is providing good accuracy generally for supply
voltage harmonics low magnitude levels. For example, the
linear relation could be used with voltage harmonics levels
of up to 1.5 V, while greater supply voltage harmonic levels
would provide a remarkable additional deviation. This can
be traced to additional G,, and K\, dependence on the I}
ellipse cumulative base point positioning. The authors intend
to present work on the stated cumulative I} calculation model
in the future.
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FIGURE 9. Deviation in magnitude bety ts and modelled
(constant-current, Norton, proposed model) values, for two
residential-area grid forms.

i \ i
B ¥ | \ LR
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= I* = const S 100 =15 <" =+ Load 1
- I*Xle_m" GII* | » Load 2
5 . lo:
= yyou Load 3
FIGURE 10. Deviation in itude bety and

modelled (constant-current,vNorton, proposed model) values, for Flat and
pointed-top supply waveforms.

IX. VALIDATION OF PROPOSED MODEL

Even though stating the expected limitations to the cumu-
lative harmonic current evaluation in the previous chap-
ter, the linear cumulative If model can be seen to provide
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TABLE 12. Difference of Estimations and M

t for tested residential and industrial voltage supply waveform.

. . . Difference
Load Waveform type Estimation technique % ol S % oll'y doss % ol S0
I'. = const 3.8 <1 7.2 1 12 3
Grid-1 I Norton 42 <1 5.0 2 7.9 4
I'wvom 3.1 1 3.1 2 24 3
I’ = const 1.4 5 3.8 8 7.9 11
Grid-2 I Norton 1.4 5 2.6 <l 2.6 14
1 L'wyom 0.1 <1 0.1 1 0.1 2
I'c= const 43 20 14 40 12 65
Flat top I Norton 49 14 9.0 25 7.7 48
I'wyom 3.9 <l 3.7 3 12 9
I’ = const 1.3 15 12 27 28 44
Pointed top I Norton 2.1 8 4.8 8 33 53
I'wvom 1.5 1 3.3 2 5.1 5
I’ = const 2.0 1 6.0 3 12 7
Grid-1 I Norton 2.0 2 3.0 3 8.0 <1
I*wypu 1.0 <1 1 <1 1.0 <1
I’ = const 1.9 5 5.2 7 11 9
Grid-2 I Norton 1.9 4 3.1 <1 53 12
2 I'wyom 0.2 <1 0.2 1 0.3 2
I'x = const 5.0 18 14 38 3.0 63
Flat top 1" Norton 5.0 12 8.0 22 2.0 47
I'wyom 4.0 2 2.0 1 20 3
I'x = const 2.3 16 15 30 30 51
Pointed top T'xNorton 2.5 8 7.1 10. 34 61
I*wypm 1.5 <1 2.9 2 1.4 6
I'c= const 1.7 1 5.8 3 12 7
Grid-1 1" Norton 1.7 2 32 3 7.6 <1
I'wyom 0.4 <1 0.9 <1 1.1 <1
I’ = const 1.8 5 4.7 8 10 9
Grid-2 I Norton 1.7 4 3.0 <1 43 13
3 I'wyou 0.1 <1 0.2 1 0.3 2
I’ = const 4.9 19 14 38 6.8 64
Flat top 1 Norton 52 12 8.5 23 42 47
I'wiou 4.1 2 2.6 2 17 6
I’ = const 2.1 16 14 29 31 48
Pointed top I« Norton 2.4 8 6.5 9 35 58
T*wypu 1.6 <1 3.2 2 3.1 6

considerably improved performance and accuracy com-
pared to the previously available models. In order to
present this, specific waveforms listed in Table 11 will be
used.

As the residential grid supply tend to have small har-
monic magnitudes, the resultant load current harmonics
have nonlinear part insignificant as compared to linear part.
More extreme cases are available in the industrial grids,
where “‘pointed and flat-top”” supply voltage waveform could
emerge more often. The latter exceed the proposed model
accuracy range; however, could be used for reference of
different model presentations.

For load current harmonic fingerprint estimation using the
proposed model, 2 recorded residential grid voltage wave-
forms have been used (Grid-1 and Grid-2, in Table 11).
Similarly, but for more extensive industrial case presentation
through ““flat top” and “pointed top” waveforms are pre-
sented only as reference (Table 11).
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For the loads discussed in the previous chapters, the mea-
surements were carried out as the loads were supplied the
waveforms in question, using similar grounds as (chapter II).

Table 12 depicts the measurement and proposed model
estimation accuracy comparison of different techniques by
modeling response of the loads for the targeted waveforms
using (11 — 14). The deviation in harmonic currents mag-
nitude 8|I;L“| is presented for different harmonic models (see
also Figure 9 and 10). The constant harmonic current injec-
tion (I} = const) and Norton model (I;‘, Norton) Waveforms
have been compared; the proposed model (I;"’ wypa) presents
considerable accuracy improvement. Table 12 readings have
been compared to on Figures 9 — 10 for the magnitude
result analysis. It has to be noted, that the phase angle val-
ues for all considered I} observed, are presenting less than
10° difference compared to the measured values. Figure 11
presents the comparison of load current harmonic measure-
ments and modeled response of different harmonic modeling
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Waveform Current harmonics
Pure sine A I'spase O I'spase O I'7,Base
A I'3 Meas FT O I'sMeas.FT O I'7,meas FT
Flat top A I'3Norton FT O I'sNorton_Fr O I'z,norton FT

A I'swyom Fr ® I's,wvom rr B I'7,wyom Fr

* I's, Meas.PT O I's,Meas_pr * I'7,Meas PT

Pointed top * I'3 Norton_PT < I's,Norton_PT * I'7 Norton_PT

* I'swvpm pr @ I's,wyom_pr * I'zwyom pr

FIGURE 11. Comparison of load current harmonic measurements and
modeled response of different harmonic modeling techniques, for
flat-top (FT) and pointed-top (PT) vol 'ms (see Table 12).

techniques, for flat-top (FT) and pointed-top (PT) voltage
waveforms.

The proposed model harmonic current estimation is rather
usable even for the industrial cases presented, however this is
not valid for all industrial waveform presentations. The phase
margin tends to present more accurate estimation outcome,
result of improved phase results due to cross-order harmonic
coupling evaluation.

X. CONCLUSION

In the presentation above, a novel approach to model the sup-
ply voltage harmonics effect to load current of a non-linear
load presented very good outcome and correspondence of
measured harmonic current levels and phase angles. The
type A LED presents a solid example for this model, given
the excellent correlation between the time-domain initia-
tion moment shift derived harmonic phase angle variations.
In previous network modeling techniques such as Norton
equivalent model, the consideration of cross-order harmonic
influence for current and voltage is not available, however,
this makes up a significant proportion to, for example, 7" har-
monic current estimation. Frequency coupling matrix model-
ing contains many admittance matrix parameters to account
cross-order coupling, however the results provide consider-
able deviations and no physical ground to the emergence of
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cross-order coupling. The proposed timed-domain waveform
variation defined model provides a detailed understanding
of the interaction between the supply voltage and current
harmonics variations and their cross-order coupling.

Nevertheless, authors point out that the linearity assump-
tion in the harmonic current components cumulative assess-
ment has narrow application span. The discussed lower order
harmonics’ model is acceptable until ~1.5 V of supply volt-
age harmonic levels used. In order to improve this model
accuracy, a non-linear approach would be needed for the total
harmonic current calculation. The present model, however,
has been verified to provide good outcome for residential grid
supply voltage harmonic cases. The use of this linear model
would be especially feasible for residential harmonic current
level estimation, where the harmonic vectors are considered.
Authors aim to address the cumulative multiple influencer
modelling with accurate nonlinear part estimation details in
future publications.
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Abstract—This paper presents an experimental evaluation on
the load current harmonic sensitivity to supply voltage main
component level. While most often, the current harmonic model
components are presented as constants regardless of U: level,
the measurements indicate that the role of the U is significant
and needs attention. Large experimental result set is used in this
paper to describe the possible modeling approach for the U
inclusion. Empirical trends of the measurement outcome
indicate that a linear relation towards the relative U: level is
justified to represent the load current harmonics dependence. A
waveform variation-dependent model (WVDM) for load
current harmonics is further elaborated to provide a Ui
dependent part.

Keywords—Harmonic  analysis, cross-order  harmonic

coupling, harmonic sensitivity, harmonic estimation
I.  INTRODUCTION

The harmonic currents emitted by low voltage distribution
network (DN) loads are known to be influenced by the
harmonics in the supply voltage [1]. DNs are designed to
provide a constant RMS magnitude and frequency AC supply
voltage with slight variations around the rated values under
normal operating conditions [2][3]. However, as modern
energy-efficient electrical devices use DC voltage, the AC
voltage from the mains is usually converted to DC voltage for
power electronic (PE) units using full-bridge rectifiers [4].
Due to the excess of harmonic distortion added by the non-
linear loads to the supply grid, the utility grid struggles to
maintain a stable voltage supply level for the end user. The
voltage variation can be up to £10 % of nominal i.e., 230 V.

Of the most common models to describe the load harmonic
currents, one can find current source models, whether having
a permanent current model (voltage harmonics independent)
[5][6], Norton model with a constant current source and added
impedance for voltage harmonic response, or frequency
coupled admittance matrix (FCM) [7] [8]. The latter is able to
include cumulative effects the multiple orders of voltage
harmonics, yet still relying on the constant current source base
component. Recently the authors of this paper introduced a
time domain waveform based model (WVDM) for modeling
the current harmonics behavior[9]. Still, a base constant
current harmonic component is present in this model also.

The constant current source is key feature of the load
current response model. In testing, it has been revealed that
the load current response vector is seemingly following a
cyclic pattern around centrepoint, this is the base harmonic
vector. This has given ground to impedance-based modeling
approaches, where the supply voltage harmonic component
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inflicted load current component is added to the base vector.
For example, the FCM-based model uses form of

I; = Iy,base + U; Y:ck (1)

While impedance-based models propose that load
response to voltage harmonic is following circular pattern,
instead for simpler power electronic loads, the load current
response is presenting an elliptic response pattern [10]. The
WVDM model separates the magnitude and phase variations
to different categories, on physical operation built grounds.
An ellipse response pattern of a load current harmonic
component, measured as a response of the supply voltage
harmonic component injection, has been presented in Fig 1.
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Fig. 1. Vector component plot for the harmonic load current component
analysis. [I'; vector endpoints' ellipse points plot, for Us=3V,
@us=0,15,30 ... 345°.

The WVDM targets the evaluation of phase and
magnitude variations of the response. The WVDM proposed
form in [9] uses 3 components to describe the model. The
initial model is presented based on the rated voltage (230 V)
level measurements. In further measurements, however, it has
been revealed that any other supply level voltage value,
particularly main harmonic U, level, will provide an impact to
basically all model components. This includes the base
harmonic current as well as model coefficients.

This paper will look into details on the load harmonic
current modeling, focusing on the base point relations to the
supply voltage level. In addition, the variations of the current
harmonics' magnitude and phase response will be addressed.
The paper raises the relations to describe the load current
response components related to U; level. The latter has been
poorly if at all described in the literature.
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II. CHARACTERIZATION OF THE LOAD CURRENT
RESPONSE

Lighting loads are a considerable portion of devices
connected to the grid. LED lamps as a replacement for older
technologies, which can substantially reduce power
consumption. However, it is important to note that these LED
lamps contain circuits that may interfere with power quality
by introducing current harmonics. As a result, the widespread
use of LED lamps could potentially impact the distribution
grid's power quality. Figure 2 presents the load current
waveform of a commercially available LED lamp.

0.4 T T T T

02f | 1

0 0.005 0.01 0.015 0.02
Time, s

Fig. 2. Load current waveshape of LED lamps tested

Load base current harmonic vector is basically a
centrepoint of the harmonic current response vector.
Commonly this is evaluated as the response to the sinusoidal
supply voltage conditions.

In response to supply voltage harmonics, load current
harmonics always provide a variation. The current harmonics
response is related to the time-domain waveform variation,
see [9]. For example, observing 3° phase shift of 3™ order
harmonic current is due to the rectifier conduction initiation
moment variation. This propagates as 5° phase shift of 5%
order, 7° phase shift of 7 order current harmonic etc. Every
voltage harmonic, injected to the power supply with the
magnitude of U, will provide a maximum current harmonic
phase influence instance at specific phase value Zgu,
similarly minimum (/ymn@uy) and maximum (Jxma@uy)
magnitude response phase values. The magnitude and phase
variations are proportional to the U, magnitude. These
minimum and maximum points establish, for example
WVDM coefficient values.

1. Supply voltage waveform synthesizer 2. Digital to Analog converter

== D
== A

3. Power quality analyzer
Vv
y

3. Controllable power supply

A 4

Ir

5. Nonlinear load

Fig. 3. Measurement setup [11]

The sensitivity analysis of the loads on the U; levels was
conducted using a systematic scan, similar to the method
described in [9] [12][13]. The supply voltage was output from
a high-precision amplifier and value is established using
equation (3).

Upese (B) = Z V2 U, sin(anyt + ay) (2)
y=1

The extracted values of the current harmonics were recorded
with magnitude and phase response values, correlated to the
waveform-sampled values.

During the load characteristic scan, minor but stable and
repeatable variations in the harmonic current component
magnitude and phase values were recorded and verified using
the current waveform's discrete Fourier transform (DFT). The
main load characteristic scan was carried out using various
scenarios, presented in Table L.

TABLEI. SUPPLY VOLTAGE COMBINATIONS, ADDING SINGLE
HARMONIC TO SUPPLY VOLTAGE
Combi- U Us Us U;
nations (Y U,V ous° U,V gus® U,V on°
207, 218, 230,
5 i S 0 0 0 0 0 0
207, 218, 230, 0-15
120 241, 253 3 s 0 0 0 0
207, 218, 230, 015
120 241,253 0 0 3 s O 0
207, 218, 230, 0-15
120 241,253 0 0 0 0 3345

This study evaluated five LED lamps for their odd harmonic
content, specifically for harmonics 3, 5, and 7.

III. BASE POINT VARIATIONS

The fundamental response current harmonic (base point)
I's,Base values for different fundamental voltage U; magnitude
levels (i.e., 230+10% V) are presented in Fig. 4. With the
increase in U; magnitude values, the base point value for any
response harmonic face a gradual shift; further more, if
another influencer voltage harmonic (U) is included in
supply the resultant current response vectors also face the
similar shift. *O’and ‘A’ patterns are I's response vectors
present in load current when U's is included in supply for two
different U, levels (207 V, 253 V). Base point I'x,ase values
of dominant low order current harmonics U; magnitude
levels is presented in table II.

90°
120° 60°
J;,Base@lll(ZWV] :‘ /
];,3‘.3e@u1c21av1 \ | f
];,BJSE@UI(ZEUV] I‘ ‘: “’J
v1;,Base@Ul(24lV] |
’lg,Base@UI(ZSSV]
: l;@lll(207V)|US[3Lvm‘ymng
+];@u 1(253V)+US(32varying)V
180°
0.04 0.03 0.02 0.01 0
Fig. 4. Ellipses: 5" harmonic currents , 5 levels of U,
TABLE II. BASE POINT COORDINATES (3*°, 5™, 7™)
oy Iigx ’ D13,Base > [i'ﬁix T Prspase s Iﬁ{: ’ [T
207 43.4 -123 36.8 97 28.5 -41
218 41.5 -125 35.7 92 28.4 -48
230 39.8 -128 34.8 88 28.3 -55
241 37.9 -130 33.6 83 27.9 -61
253 36.3 -133 325 79 27.5 -67
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IV. PHASE AND MAGNITUDE RANGE VARIATIONS

Figures 5 & 6 show the sensitivity of current harmonics for
including influencers (voltage harmonics) to the supply
voltage waveform and the magnitude of the fundamental
voltage component (U;) in the supply. Harmonic component
I'; is selected for presentation here, as the base point
magnitude /7 is rather persistent; and basepoint phase angles
are changing. Fig 5 shows I'; response for U’s inclusion
(£U3; = 360° rotation) in supply voltage for U;253V
(230 V+10%), 230 V, and 207 V (230 V-10%); the base
point for each elliptical pattern undergoes a similar shift in
the phase angle. The spread and compression of I"7 response
vectors related to the Uy levels is elaborated in Figures 6 and
7, supporting the cumulation hypothesis claimed by WVDM.

The dispersion of the phase and magnitude response of
the load current harmonic components can be presented as the
range of deviation from the base vector point. For the current
variation, the highest deviations will be used for the deviation
range as

Al ymiax = (|dlvy@rxmax ; |dLe yy@rcn| ) &

and for the phase angle variation

d(plx,Uy@(plx,MAX - d‘Plx,Uy@q;Ix,MIN
d(plx,y,MAX = 2 C))
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Fig. 5. 7™ harmonic response for supply containing U, (varying) + Us (3V)
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Fig. 6. 7™ harmonic response (shifted to identical basepoint phase angle
position) for supply voltage U, (varying) + added U; (3V)

TABLE III. MAXIMUM MAGNITUDE DIFFERENCE & MAXIMUM PHASE
DIFERENCE QUANITIES, BETWEEN BASE POINT & CURRENT HARMONIC
VECTORS (3%, 5™, 7™), (U,=3V)

S < < <

) i & &
s Bt s & s & s &
207 3 03 07 1.0 12 19 17
207 5 13 10 35 17 54 25
207 7 26 11 6.1 19 9.1 28
218 3 02 07 08 12 1.6 16
218 5 L1 10 3.0 17 4.7 24
218 7 22 11 53 19 82 28
230 3 02 07 0.6 11 13 15
220 5 08 09 2.5 16 4.1 23
220 7 19 11 46 19 73 27
241 3 02 06 0.5 10 11 15
241 5 07 09 2.1 16 35 22
241 7 16 11 4.1 18 6.5 26
253 3 02 06 04 10 0.9 14
253 5 06 09 17 15 2.9 21
253 7 14 11 3.5 18 5.8 26

V.  VARIATON PRESENTATION USING WVDM

WVDM [9] describes the total I'x is through separate time-
difference/phase-difference and  magnitude difference
coefficients, which captures the physical operation of rectifier
circuits.

s —

xWVDM

x,base

)

v

Fig. 7. Schematic description for harmonic current component /*; of order
x modeling[9].

The load current harmonic component values in WVDM
are modeled through 3 component values. These are basepoint
value I pase, linear component, and non-linear component.
Respectively, similar component values are for the phase
values modeling. (see fig. 2)

{ Lywvom = Iypase + Ale v + Ay
Qe wvom = Pixase T AP v + APy nL

®)

The linear part provides the main proportion of the current
harmonic variation, calculated as (4). Similarly, the main
current harmonic phase angle variation will be provided by the
linear part, calculated as (5)

AIx,LIN = Uy : Gx : COS(C{x - ¢Uy) (6)
Ay = Uy - Ky - sin(a, — ¢Uy) @)

where Uy is the U’y magnitude matrix in form, Gy is the
current harmonic /; magnitude sensitivity coefficient matrix in
form (units A/V = S) when U; level is 230 V, and a specific
phase coefficient a3 is used for calculating /; in relation to the
actual phase angle value of the supply voltage harmonic U3,
represented by @us. kx is the current harmonic I*yriv phase
angle Agy sensitivity coefficient matrix in form (units °/V),
when Uj level is 230 V. The linear part will determine the
variation of the main current harmonic phase angle.
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The coefficients Gy, ky and @, are determined through
load measurements [9]. Following chapter will present the
discussion on the determination on the G and k values.

VI. PHASOR PLOT PRESENTATION AND DETERMINATION
OF COEFFICIENTS FOR HARMONIC COMPONENT MODELING

Based on the WVDM model, the linear part coefficients
are to present the proportion between the magnitude variation
range and load current harmonic current parameter. The
dlyymax and supply voltage influencing voltage harmonic U,
proportional coefficient Gy, (see (4)) can be calculated as

dlymax
Gy = — 75— ®)
Xy Uy
Similarly, the dpmax and supply voltage influencing
voltage harmonic U, proportional coefficient k, (see (4)) can
be calculated as

de
MAX
kyy = _xyMAX 9)
Uy
Using the values for harmonic current parameters'
variation in Table III, the coefficients discussed have been

presented in Table IV.
TABLE IV. G,K COEFFICIENT VALUES FOR DIFFERENT HARMONICS

COMBINATIONS, MEASUREMENT OUTCOME.
(U,= 3V), y=influencer harmonic order, and x=response harmonic order

> = = .
S S SN T s% 2
y | x 3 3 5 5 7 7

207 3 0.09 24 0.29 4.0 0.56 5.6
218 3 0.08 2.3 0.23 3.8 0.47 53
230 3 0.07 22 0.18 3.6 0.39 5.1
241 3 0.07 2.1 0.14 3.4 0.32 4.8
253 3 0.07 2.0 0.10 3.3 0.26 4.6
207 5 0.37 34 0.96 57 1.52 8.2
218 5 0.30 33 0.80 55 1.31 79
230 5 0.24 32 0.66 53 1.13 7.6
241 5 0.19 3.1 0.55 52 0.96 73
253 5 0.15 3.0 0.45 5.0 0.81 7.0
207 7 0.71 3.7 1.63 6.4 2.50 9.4
218 7 0.59 3.7 1.40 6.3 222 9.2
230 7 0.50 3.6 1.20 6.1 1.96 8.9
241 7 0.42 3.6 1.03 6.1 1.70 8.7
253 7 0.35 3.6 0.88 6.0 1.49 8.6

VII. BASEPOINT SENSITIVITY MODEL

The main harmonic level U; influence to the actual
harmonic outcome presents a major influence. In itself, the
base point excursion can be modeled with impedance
relation, although with negative value. Noted in the table
above (Table IV), the coefficients G and k values are also U;
level dependent. This presents an additional layer for the

model to calculate the estimated harmonic current levels upon
expected distribution network mains voltage value ranges.

1.10 i
- = I.“Base
% 1.05 ; ------- g * IsBase
g " . . I-‘Ra\e
= 100 * £
E ..................... i
= .
2 095
e
0.90
0.90 0.95 1.00 1.05 1.10

U, relative level (U,/230)

Fig. 8. Relative relation between |I'x,ase| and fundamental harmonic voltage
level.

On the model calculation roots, the sensitivity on U; is well
correlated to the main harmonic relation to the reference
value (see Figures 4, 5 and 6). Deviation in /x g are well
described by the trends shown in Fig. 8. The linear relation
approach is a good tool to deliver the dependency. The
relative effect of the U, levels on I'xBase, Gy, and ks is
determined using the following general empirical trend
equation (10) inferred from measurements. For example, the
base point of the harmonics, the suitable relations can be
found as

U
Mg u1 = Kryrg- (ﬁ) +(1- KRVL,q) (10)

where kgyz,q is the empirical linear ‘relative voltage level —
RVL’ coefficient and (1 — kryz4) forms the offset part to the
trend. ‘g¢” marks a coefficient identity, where multiplier is
used (see Table V). The respective scalar multiplier myu;
should obtain value 1.0 upon Uj relative value 1.0. Based on
actual U, level, for base point Ix,Base,vz this multiplier is used
to find the respective harmonic base point magnitude value.

Ix,Base,Ul = [mb3 Mps ... mbN] : Ix,Base (1 1)

Base point phase value will be defined for phase offset
calculation. Phase value offset component is to be resolved
through linear trend, relative to voltage U, relative level. The
basepoint phase offset is an absolute phase shift quantity,
added to the base point U; nominal level value

U
P Base U1 = kb(p . (KIO - 1) + P Base (12)

Figures 9 and 10 indicate the linear dependency of the
model coefficients (Gx, & kxy) on U; relative value and mgy;
and myy; are scalars values to multiply with a value obtained
at nominal U;. Again, multipliers are included to Gxu1, kxu1,
for making correction based on U, relative level. A general
trend equation (10) can be suggested to all these.

Equations (10) and (12) are then used to establish
WVDMy; model parameter values as:

Gx3

Gys
Gey1 = [mgX3 Myxs - mgXN]

GxN
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kxn

The model equations are updated from (5) as

(13)

{ Lewvomur = Lpaseur + Ay v + Alene
Prxwvomur = PixBasevr T APrerivur T APt

The WVDM model linear part, calculated using (13) will
also be upgraded to U; sensitive variables.

AL iivws = Uy - Gy - cos(ay, — ?yy) (14)
B¢ s = Uy - Kxpr - sin(ay — ¢yy) (15)

VIII. VERIFICATION

Type-A LED lamps (chapter II) are used for analysis in
this study. Load harmonic currents are recoded for all the
input combinations mentioned in Table I. The accuracy of the
models proposed will be analyzed using a similar approach
as presented in Chapter III. The harmonic voltage component
is rotated through 24 different phase angles. The magnitude
of the supply (U;) is gradually increased (form 207 V (90%
of 230 V) to 253V (110% of 230 V)) to observe the
influence of U; on current harmonics. Influencers (voltage
harmonics) are added to the supply while rotating through
360° (24 steps). For example, added Us is rotated through ¢us
={0 ... 360°}, while keeping U at a particular level. Current
harmonics are modelled using several estimation techniques
and compared to measured readings; and root mean square
error (rmse) is calculated using all 24 point deviations. U;
sensitivity coefficients are determined as presented above
using multiple lamps in Table V.

Comparison is presented using models as below:

1. Inconsi230, assuming I persistence regardless of U; or
any added U,;

2. IDnconsui , assuming [, relation to U; but persistence
regardless of any added U,;

3. WVDM  (see equation (5))

4. WVDMuy; (see equation (13))

Table VI presents the comparison in maximum deviation
(dusx) and rmse of harmonic modeling techniques for one load.
The effect of influencing voltage harmonic is explained in [9]
so far, but considering U, influence in the estimation model
leads to more accurate values. WVDMy,; shows the least rmse
values after estimation, regardless of voltage harmonic
influencer or current harmonic order.

It has to be noted, that for the non-linear WVDM part,
authors plan to provide further information on the calculation,
specifically the current magnitude component Al;y; and the
current phase angle component A @ i, in upcoming papers.
This is because these calculations require additional analysis
and consideration.

IX. CONCLUSION

The study presented in this paper aimed to evaluate the
relationship  between  current harmonic  sensitivity
coefficients (ay Gy kxy) towards U; level of supply voltage.
Harmonic estimation techniques like constant current source,
Norton, and FCM, generally are presented without
consideration of the effect of U; level in the supply, on
current harmonics; however, the grid supply waveform often
shows different levels in U;. This variation in fundamental
component has a definite effect on harmonic fingerprints. The
WVDMy; approach is introduced in this paper, which take
into consideration of U; level while modeling current
harmonics. WVDM estimation approach was presented by
authors, where the fundamental level is taken as fixed level
(230V). The results of WVDMy; model show considerable
improvement in terms of rmse and max deviation compared
to previously used models. Therefore, the U, level should
have a role also in the harmonic current models.
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Fig. 9. Relative relation between G, and fundamental harmonic voltage
level.
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Fig. 10. Relative relation between ky, and fundamental harmonic voltage
level.
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TABLE V. DEVIATION COMPARISON OF MODELLED VALEUS FOR DIFFERENT HARMONIC MODELING TECHNIQUES . INFLUENCING U, LEVELIS 3 V.

|I'x Base| 8|I'x|, mA PixBase S, ©
U,V x y ,mA In,const,230 In,constu1 wvDM WVDMuy: ,° In,const,230 In,constu1 wWvVDM WVDMuy;
207 3 3 43.4 4.0 0.3 3.8 0.1 -123 12 7 6 <1
218 3 3 5 41.5 1.9 0.2 1.7 0.2 -125 9 7 3 <1
230 33 E 39.8 0.2 0.2 0.0 0.0 -128 7 7 <1 <1
241 33 379 21 0.2 1.9 0.2 -130 9 6 3 <1
253 3 3 36.3 3.7 0.2 3.6 0.1 -133 11 6 5 <1
207 3 3 3.7 0.2 3.6 0.1 7 5 5 <1
218 3 3 N 1.7 0.2 1.7 0.2 5 5 2 <1
230 3 3 E 0.2 0.2 0.0 0.0 5 5 <1 <1
241 3 3 = 1.9 0.1 1.9 0.2 5 4 2 <1
253 3 3 3.5 0.1 3.5 0.1 6 4 5 <1
207 37 43.4 53 2.6 4.2 0.3 -123 16 11 5 2
218 37 x 41.5 3.0 2.2 2.0 0.5 -125 13 11 2 2
230 37 E 39.8 1.9 19 0.3 0.3 -128 11 11 1 1
241 37 379 35 1.6 23 0.4 -130 13 11 4 1
253 37 36.3 4.9 1.4 4.1 0.2 -133 15 11 6 <1
207 37 3.8 1.5 3.5 0.2 9 8 4 2
218 37| o 2.0 1.2 1.6 0.4 8 8 1 2
230 3 7| 8 1.0 1.0 0.2 0.2 8 8 1 1
241 3 7| % 2.1 0.8 2.0 0.3 8 8 3 <1
253 3 7 3.7 0.7 3.6 0.1 9 7 6 <1
207 55 36.8 4.2 35 2.7 0.5 97 26 17 11 1
218 55 x 35.7 2.8 3.0 13 0.2 92 21 17 5 1
230 55 L;EC 34.8 2.5 2.5 0.2 0.2 88 16 16 <1 <1
241 55 33.6 3.2 2.1 1.6 0.3 83 20 15 5 <1
253 55 32.5 4.0 1.7 29 0.4 79 23 15 10 1
207 55 2.8 2.0 21 0.3 15 12 9 1
218 55| o 1.9 1.6 1.0 0.1 12 12 4 1
230 5 5| 8 1.4 14 0.1 0.1 11 11 <1 <1
241 55| % 1.7 1.1 1.2 0.2 12 11 5 <1
253 55 2.5 0.9 2.3 0.3 14 11 9 <1
207 7 5 28.5 53 5.4 13 1.2 -41 38 25 17 5
218 7 5 5 28.4 4.6 2.7 0.7 0.7 -48 30 16 8 4
230 7 5 E 28.3 4.1 4.1 0.2 0.2 -55 23 23 1 1
241 7 5 279 3.8 35 0.9 0.4 -61 28 22 8 1
253 75 27.5 3.7 2.9 1.6 0.8 -67 33 21 15 4
207 7 5 3.2 3.2 0.9 0.7 22 17 13 5
218 7 5| o 2.7 0.0 0.5 0.5 18 <1 6 4
220 7 5| ¢ 23 23 0.1 0.1 16 16 <1 <1
241 7 5| = 2.0 2.0 0.5 0.2 17 15 7 <1
253 7 5 1.9 1.7 1.0 0.7 20 15 13 4
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Abstract— This paper presents an experimental evaluation
of coupling coefficients used to describe the harmonic load
current dependency on the supply voltage waveform harmonics.
This investigation presents an insight to the common behavior
of the LED lamps same type circuits. Accounting the cross-order
harmonic coupling, assumptions laid out in this paper provide
ground to build up less complex models with least measurement
to characterize the load. The calculation approach proposed
reveals benefits to declare parameters for harmonic coupling
modeling of rectifier-based circuits with linear equations. This
allows more prominent model parameters’ estimations to be
done using fewer load-device individual current harmonic
sensitivity characterization measurements. This study presented
is focusing mainly on specific types of LED lamp structures,
expected to have highest share of usage in the field.

Keywords—Harmonic coupling, harmonic sensitivity,
harmonic estimation, power quality.

I.  INTRODUCTION

Harmonic load currents of contemporary loads in low
voltage distribution networks are affected by supply voltage
harmonics. The load current harmonic emissions are
inevidable for practically all modern loads due to the
conversion units of AC to DC in modern energy-efficient
devices [1][2][3]. One of the most frequent AC loads is the
modern LED lamp, found in multiples in every household.
While low in power, these units can impose significant load
current harmonics. Through harmonic voltage drop and
impedance characteristics, the high harmonic load current can
become a burden for the voltage waveform. Excess load
harmonic levels can cause voltage supply instability, with
variations of up to £10% of nominal voltage [4][5][6].

For the calculation of the LED lamp harmonic load
currents, available models include current source and Norton
models with a constant current source and added impedance.
One of the most actively discussed is frequency coupled
admittance matrix (FCM) [7][8][9]. The latter can account for
cumulative voltage harmonic effects, relying on a constant
current source with added harmonic voltage-influenced
current component. The authors of this paper recently
proposed a time-domain waveform-originated load current
response model [10]. While more complex in their expression,
these models aim to tackle the multivariate input and influence
challenges, revealed by systematic testing.
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In this paper, a more common “type A” LED lamp
[11][12] circuits’ operation and harmonic load response is
observed. Internal block diagram of such type, commercially
available LED lamps is presented in Fig. 1. An inrush limiting
resistor Ring, rectifier circuit, bulk capacitor (Cz), DC-DC
converter unit (Ucony) and LEDs [13][14][15][16] make up
most common circuits.
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Fig. 1. Internal block diagram of a typical type A LED lamp.

Better-performing LED lamp load current models are able
to include the AC load current variations due to voltage
harmonics included in the AC supply voltage waveforms.
Observing the load harmonic currents as vectors, it is revealed
in testing that the actual response to voltage harmonics is laid
out by a ellipse-like pattern around the base harmonic vector
centre point (/yp.e). Research suggests that power electronic
loads like energy-efficient LEDs show an elliptic response
pattern to voltage harmonics, described by different impe-
dance-based models[17]. The WVDM model categorizes
similar magnitude and phase variations based on physical
operating principles [10]. WVDM aims to evaluate phase and
magnitude variations using a three-part model proposed in
[10], initially based on 230 V measurements. Still, the number
of variables to be used for full modelling is rather high,
therefore requiring high ~measurement effort. The
quantification efficiency is more critical, as it has been
revealed that U; level will also have a significant effect to the
real LED current outcome [18]. Figure 1 illustrates the
elliptical response pattern of a load current harmonic
component in response to the injection of the supply voltage
harmonic component, for different levels of fundamental
component level (U; level).

In this paper measurement results are analyzed and it will
be revealed that there are clear and firm patterns, representing
the sensitivity of the load current harmonics to the supply
voltage harmonics. All measurements are taken using the
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measurement setup and measurement conditions described in
[10]. Analysis and input to the variables’ modeling will be
described. While presented according to the WVDM model
quantification approach, similar considerations can be
implemented for the FCM models variable definitions.

II.  RESPONSE CHARACTERIZATION OF LED LAMPS
TOWARDS SUPPLY VOLTAGE HARMONICS

A distorted supply voltage can be characterized by a
content of harmonic voltage components, having a defined
order y (i.e frequency of y times main harmonic frequency, e.g
50 Hz), magnitude and phase angle towards the main
harmonic zero phase angle.

If a LED lamp with AC frontend description as in Fig. 1 is
supplied with the distorted AC voltage, it will draw current
with a slightly different load current waveform compared to
when it is supplied with undistorted AC voltage. The LED
load current waveform non-sinusoidality means that the LED
load has a high portion of harmonics included. Waveform
variation in turn refers that the harmonic components go
through a variation. Latter is evident by variation of a current
harmonic components’ magnitude and phase value variations.

Figure 2 presents a result plot of load current vectors,
where each point displayed is presents a vector endpoint, if
subjected to different supply voltage conditions. The elliptic
patterns reflect the response to supply voltage harmonic, if this
is included with identical magnitude, however different phase
angle.
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Fig. 2. Example of 5™ harmonic response (shifted to identical basepoint
phase angle position) for supply voltage U, (varying) + added U, (3V).

The characterization of the load current response is thus
presented in a geometrical viewpoint. Fig. 3 provides the
details on the elements of the analysis of the current harmonic
vectorial variation. The base vector 7z, is the load current
harmonic component vector, emerging upon non-distorted
supply voltage conditions. Deviation of the actual load vector,
upon distorted supply voltage component is described by a
deviation vector dI';. Another option is to present the
deviation as a polar coordinate variation, as deviation of
magnitude and phase quantities. These response deviation
quantities are the targets of modeling to calculate the accurate
harmonic load response.

III. MAGNITUDE AND PHASE VARIATION COEFFICIENTS

In the following, the phase and magnitude variation
components are approached in polar component analysis.
Measurement outcome of the load currents upon supply
voltage distortion variation reveals the load current magnitude
and phase response extreme point characterization is rather
well described through linear proportion

de,MAX =k - Uy (@)

d(px,y,MAX = ko Uy, ()]
Where £, is the coefficient of the phase response (units %/V,
orrad/V), and ku (units A/V) is the response coefficient of the
magnitude response. In more general view, these coefficients
are elaborated into supply voltage influencing voltage
harmonic U, proportional coefficient G, calculated as
dly,
Gyy = s 3)
and supply voltage influencing voltage harmonic U,
proportional coefficient £, can be calculated as

Aeyy,
hy = = )

Such coefficients are used, for example, by the waveform
variation defined model [10] to calculate the load harmonic
exact values for distorted supply conditions. It has to be
pointed out that each of these coefficients are harmonic order
specific and include cross-order harmonic influences. For the
complete modeling set, the coefficients Gx and kx would
emerge as matrixes [10] as presented below

kxn

Table II represents the values of these modelling
coefficients for voltage harmonic influencers. Determining all
these coefficient values requires a large experimental result
set; this invokes the need to develop a method to reduce the
measurement effort.
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Fig. 3. Vector component plot for the harmonic load current component
analysis. I'; vector endpoints’ ellipse points plot, for Us=3V,
@us =0, 15,30 ... 345°.
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IV. MAGNITUDE COEFFICIENT TREND MODELS

Next effort will be provided to the coefficients G, and k.,
mathematical descriptions. This is done in order for the
coefficients to be calculated from relatively small data without
going through larger set of measurements. The model is
developed based on the likely input data set of supply voltage
and load current. Input to the model will consist of supply
voltage harmonic component data, including the harmonic
component order y, scalar voltage level U, and voltage com-
ponent phase angle puy.
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Voltage harmonic order 'y’

Fig. 4. Magnitude variation coefficient patterns for
influenecr voltage order y.

WVDM against

TABLEI
MODEL LINEAR COEFFICIENT AND CONSTANT-COEFFICIENT PARAMETERS
OF TEST LOADS
current harmonic order ‘x’
load 1 load 2 load 3 load 4 load 5
Kaiin Kieonst Kciin Keeonst Keiin Keeonst Keiin Keeonst Kiin Keeonst|
39.1 79.7 |57.1 957 |49.3 883 |52.7 964 |53.4]89.5
259 60.5 |41.1 80.5 |344 71.7 |36.7 785 |384|75.6
108 26.8 | 20 484 |16.1 39.6 | 17.1 423 | 18.8|45.7
*all coefficient values are multiplied by 10° to enhance readability

[NV RN

The relationship between influencer order ‘y’ and Gy
value can be seen in Fig 4. As a first-order equation (see
Fig. 4) provides a good match with a linear portion (Kgin) and
constant portion (Kgeons:), Written as

ny = Keiin " ¥ + Keeonst (5).

Table I shows linear coefficient (Kgin) and constant
coefficient (Kgeonsr) values extracted for the 5 test loads
considered in this paper. In relation towards the measurement-
based quantities, the K values are revealed to pose a linear
relation to G3; value, as shown in Fig 5. A good correlation to
Kaiin can be specified as

Kgin = 0.84 - G353 (x — 1) Q)

For example, in the case of 17, Kgiin=5.07G33; for the fifth
and third order, slop values to find linear coefficient value are
3.55 and 1.66, respectively (see Fig 5).

-4
g : : . The constant coefficient Kgeonst can also be traced to the
& Klinx= 5 ¢ relation between current harmonic order x and G3;. The
sl @ K linx=5 o Y J following equation can be specified for a constructing Keonst
¢ Kiling=r coefficient of (5)
2 a4l o | ol 232 _
<\:‘= ” & o = KGconst =4- G33 + (2(15310+§(()x3)+1) (7)
w737 1 Thus, by implementing Kgiin and Kgeonst Values obtained in
& analysis, only Gs; would be necessary as a load-specific
2r % A A parameter, and can be used to find other magnitude variation
- coefficients G, corresponding to any current and voltage
1L L . L L . harmonic order. This applies to basically all lamps in the test
7 8 9 10 1 12 set considered. It has to be pointed out that this is only valid for
Ggg, A/V x107° similar type LED lamps. In essence, such coefficient
Fig. 5. Linear variable Ky, relation to G;; measured values. calculation options provide a significant shortcut compared to
measurements to extract the respective Gy, coefficients in the
matrixes specified.
TABLEII

MODEL PARAMETERS OF TEST LOADS
harmonic voltage order ‘y’

Load Gs, mA/V Gsy, mA/V G7, mA/V ksy, °IV ksy, °IV k, IV
Yy | Measured Calculated Measured Calculated Measured Calculated| Measured Calculated Measured Calculated Measured Calculated
3 0.07 0.07 0.18 0.11 0.39 0.32 2.16 2.12 3.60 3.54 5.08 4.95
1 5 0.24 0.31 0.67 0.60 1.13 1.05 3.16 3.00 531 5.00 7.54 7.00
7 0.51 0.55 1.22 1.08 1.96 1.78 3.63 3.67 6.17 6.12 8.91 8.57
3 0.12 0.12 0.42 0.40 0.75 0.85 2.12 2.12 3.56 3.54 5.10 4.95
2 5 0.51 0.52 1.27 1.21 1.91 2.06 2.95 3.00 5.01 5.00 7.26 7.00
7 0.92 0.92 2.0 2.0 3.03 3.27 3.11 3.67 5.39 6.12 8.08 8.57
3 0.1 0.09 0.31 0.25 0.6 0.57 2.13 2.12 3.57 3.54 5.07 4.95
3 5 0.39 0.41 1.01 0.89 1.58 1.53 2.99 3.00 5.08 5.00 7.29 7.00
7 0.74 0.73 1.69 1.53 2.57 2.49 3.25 3.67 5.59 6.12 8.26 8.57
3 0.1 0.09 0.32 0.28 0.62 0.62 2.15 2.12 3.60 3.54 5.11 4.95
4 5 0.41 0.43 1.05 0.95 1.66 1.63 3.08 3.00 5.28 5.00 7.48 7.00
7 0.78 0.77 1.79 1.62 2.73 2.64 3.39 3.67 5.79 6.12 8.51 8.57
3 0.11 0.10 0.39 0.34 0.7 0.73 2.12 2.12 3.57 3.54 5.10 4.95
5 5 0.48 0.47 1.18 1.08 1.79 1.84 2.95 3.00 5.02 5.00 7.27 7.00
7 0.86 0.84 1.93 1.82 2.83 2.95 3.12 3.67 5.39 6.12 8.07 8.57
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V. PHASE VARIATION COEFFICIENT MODELS

Phase variation coefficient k, is response for the WVDM
modelled values spread on the complex plane. Form the
measured values of &y, (present in Table II), a constant ratio
emerges between phase variation coefficient, current
harmonic order x and voltage harmonic order y, present by the
following equation

0 = Fv
k_ratio = = ®)
Furthermore, while developing the solid relationship for
ks, another coefficient is defined as

=% ©
Cy is consistant part of calculated ky (kxy,carc). Table 111
shows the equations used to determine the phase variation
coefficient values, which can be further used to model

harmonic current for any influencer order.

TABLE 111
RELATION BETWEEN PHASE VARIATION COEFFICIENT, CURRENT AND
VOLTAGE HARMONIC ORDER

Y X kyy,cate
3 x
5 —

3 > NG
3

5 5 x(x—1)

2

7
3 xV3

7 5 =
7

VI. VALIDATION

Validation of the proposed Gy, and k., calculation models
will be based on the measurement result comparison. In the
first step, the accuracy of the G, and 4, proposed models is
evaluated based on the comparison of measurement-
originated coefficient values. The measurement specifics have
been presented in [10] whereby the coefficient values are
extracted from direct results as

( |d’x,Uy@1x,M1N|- |d'x,Uy@1x,MAx| )

e Z (10)
Kaymeas = "ot (n

Uy

where dl vy@nmny is the minimum and dlvy@mmax
maximum measured magnitude deviation from the base vector
1., p4se magnitude value; dpn ty@prmax 18 the maximum phase
deviation from the base vector /. g4se phase value. Proposed
G, and K,, calculation values are obtained using (5) and
relations provided in Table III, respectively. The statistical
dispersion is presented as

6ny,AVG = average {lny,meas| - |ny,ralc|} (12)

6kxy,AVG = average {lkxy,measl - |kxy,calc|} (13)

where the average is calculated based on difference margin
of all 5 loads tested. General show there is no considerable
difference between both estimated values in most cases,
however, some harmonic order combination coefficients show
up to 20% deviation. In order to specify the significance of the
difference found, the next validation step is looking into using

the calculated G, and K, values in total load current deviation
calculations.

The load current deviation evaluation, using load models
with coefficients calculated according to the scheme proposed
is more critical point as this is related to the total harmonic
current output estimation. Here for total load current
estimation, accounting the voltage harmonic components
effects, the WVDM model [10] is used. The total load current
deviation is calculated via

{ Al wypm = ALy + Ay
AP wvom = BPrx v + AP n

where diwypy and d@wwvpu is the deviation from the base
load current component /gae, and phase @i pase; With the
linear parts AI,X,/_1JV and A¢71XVL1JV found as

ALy = Uy -Gy - cos(ay — ¢Uy) (15)

(14

Ap, oy = Uy - Ky - sin(a, — (pvy) (16)

where o is a load-specific phase offset quantity, ¢y is the

phase angle of the voltage harmonic component U, of order y.

Details for the nonlinear part (Al y; and A@xnz) is described

in [10]; the particular calculation of the nonlinear parts will be

presented in further upcoming papers by the authors, as this
would need extended consideration.

For the measurement-result based quantities, WVDM model
coefficients Gy, and k., are obtained through (10) and (11),
while the WVDM results with proposed model to calculate
coefficients Gy, and k,, are provided for comparsion. In order
to present the highest differences, the deviation maximum
values dI yaxare compared.

Magnitude variation coefficients determined by (5), for all
tested loads, are presented in Table II. Table IV shows the
deviation from the measured value of G, (See Table II).
Similarly, calculated phase variation coefficients (determined
using variables established in Table III) are presented in Table
II. Table IV also shows the deviation in measured and
modelled values of k., (See Table II). The results in Table V
present deviation between measurement and load current
calculation result with WVDM-based values.

® WVDMGgGimea uses Gy, and ky coefficients that are
determined directly from measurements, and

® WVDMGgkcae uses Gy, and ky variation coefficients
calculated using (5) and relations provided in Table III.

TABLE IV
AVERAGE DEVIATION OF MODELLED VARIATION COEFFICIENTS
3Gxyav6 dkxy.ave
vy [x 3 5 7 3 5 7
3 6% 18% 9% 1% 1% 3%
5 8% 9% 5% 2% 2% 5%
7 3% 7% 6% 12% 9% 4%

VII. CONCLUSION

It has been established, that the supply voltage harmonics
have direct and significant influence on the LED lamps’ load
current harmonic patterns. In order to properly evaluate the
performance and behavior of electrical loads, models with
cross-harmonic order impact of supply voltage harmonics on
load current are crucial. For describing the latter, coupling
coefficients are often used in modelling to quantify the
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strength of the voltage-current interaction. In literature, FCM
is a well-known approach, similarly WVDM uses calculation
with multiple coefficients to describe this interaction.
However, either of these estimation techniques require high
number of coefficients. In FCM, with the increase in
influencer voltage harmonics orders accounted, admittance
coefficients in the admittance matrix are increased in
multiples. Similarly, in WVDM, coupling/sensitivity
coefficients determination requires thorough measurement.
Previously, these coefficients have not been shown to emerge
in a systematic manner.

In this paper, the simplification of the coupling coefficient
calculation has been proposed, relying on the empirical
patterns extracted through measurements. It was shown that
the relations are usable with fair linear properties. If using the
coupling coefficient calculation proposals, the total deviation
of the model output is expected to remain less than 10%. This
is usually acceptable, as there is dispersion associated with
any practical load current harmonic estimation models.
Combining the WVDM models with the presented coefficient
calculation trends, can significantly reduce the load-

characterizing modelling and measurement burden. If the
deviations are acceptable, only G3;3 is needed to be established
for any load in similar class (Type-A LED) via measurements.
This eases the complexity of the models by a huge margin.

The LED lamps discussed here are of one of the simplest
circuit types on market; however, their share in lamps used is
the highest. More complex loads featuring higher component
count and load current waveform correction, can have
different waveforms and thus the coefficient estimation and
calculation is likely different.
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TABLE V
COMPARISON OF MODELLED AND MEASURED VALUES
X 3 5 7
< < <
R g . s s s s
W | e - -
4 g £ S 3 4 £ S 2 3 ] £
easurement 0.22 6.5 0.54 108 1.18 152
1 WVDM o, mea 0.21 6.6 0.01 <l 053 11.0 0.01 <l 1.16 155 0.01 <l
WVDM Gk,caic 0.21 6.7 0.01 <l 074 112 0.20 <l 139 159 0.22 <l
WMeasurement 0.36 6.3 1.25 10.7 2.24 153
2 WVDM 0.36 6.5 0.00 <l 123 109 0.01 <1 224 155  0.00 <l
WVDM Gk,caic 0.36 6.5 0.00 <l 1.27 109 0.02 <l 192 160 0.32 <l
Measurement 0.29 6.4 094 107 1.79 152
3 3 WVDM o mea 0.28 6.5 0.00 <l 093 109 0.01 <l 1.79 154  0.00 <l
WVDM Gi,caic 0.28 6.5 0.00 <l .11 11.0 _ 0.17 <l 1.85 158 0.06 <l
WMeasurement 0.30 6.4 0.95 10.8 1.86 153
4 WVDMi,mea 0.30 6.5 0.00 <l 095 109 0.01 <l 185 154  0.00 <l
WVDM Gi.caic 0.30 6.6 0.00 <l 1.05 11.1 0.10 <l 1.85 159 0.01 <l
IMeasurement 0.33 6.3 1.16 10.7 2.09 153
5 WVDM G,mea 0.33 6.5 0.00 <l 1.15 108 0.01 <l 209 154 0.01 <l
WVDMk,calc 0.33 6.5 0.00 <l 129 109 0.13 <l 197 159 0.12 <l
\Measurement 1.49 10.9 3.61 18.4 587 267
1 WVDM i mea 1.54 115 0.05 <l 371 194 o0.10 0.9 593 285 0.07 1.8
WVDM Gk.caic 144 114  0.05 <l 4.00 194 039 1.0 637 288 0.1 2.0
\Measurement 2.76 9.4 6.19 16.2 9.13 242
2 WVDM i mea 2.84 9.7 0.07 <l 634 163 0.16 <l 923 243 0.11 <l
WVDMk,caic 2.83 8.1 0.06 1.3 645 142  0.26 2.0 8.61 228 052 1.4
\Measurement 221 9.8 508 168 770 248
7 3 WVDM G mea 227 102 0.06 <1 521 172 0.3 0.4 776 262  0.06 1.4
WVDM Gk,caic 2.29 9.0 0.08 <l 562 157 054 1.1 797 261 0.27 13
\WMeasurement 2.34 10.2 5.36 17.4 8.18 255
4 WVDM i mea 241 105  0.07 <l 552 177 0.5 <l 826 259 0.07 <l
WVDM Gk.caic 243 9.7 0.09 <l 594 167 0.58 0.7 849 257 031 <l
easurement 2.58 9.4 579 162 852 241
5 WVDM G mea 2.65 9.7 0.07 <l 593 163 0.15 <l 8.63 2411 0.11 <l
WVDM Gk,caic 2.69 8.0 0.11 1.3 621 141 042 2.0 833 22,6 0.19 1.5
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Abstract—This paper presents a base for analytical expression
development related to physical operation of the components in
rectifier circuits. The relations are to be employed for explaining
the dependency of harmonic load current on the harmonics of
the supply voltage waveform. This study offers insights into the
typical behaviour of circuits featuring single phase power
electronic AC/DC converters, for example, LED lamps. By
considering harmonic phase angle coupling, the assumptions
presented can further be used to construct more effective and
accurate models for load harmonic currents characterization.
Proposed calculation approach defines the peak voltage values
present for the bulk capacitor used along with rectifier, also
peak timing respective to the main harmonic waveform
presentation.

Keywords—Harmonic analysis, power quality, voltage peak
estimation

I.  INTRODUCTION

In electrical supply systems, the presence of harmonics can
lead to peak voltage values[1]. To gain a comprehensive
understanding of this phenomenon, it is essential to first
comprehend harmonics and their impact on voltage
waveforms [2][3]. Typically, non-linear loads such as
computers, variable speed drives, and other electronic
devices that consume non-sinusoidal current from the power
source, are responsible for generating harmonics [4][5].
These loads are capable of distorting the current waveforms
they draw from the power source, which can result in peak
voltage distortion [6]. Peak voltage distortion occurs when
voltage waveform peaks exceed the ideal sinusoidal
waveform due to the harmonic currents generated by non-
linear loads [7].

Harmonic currents flow through the impedance of the
power distribution system, which can cause voltage distortion,
leading to higher peak voltage values. This can adversely
affect the power system and equipment, resulting in increased
insulation stress, equipment overheating, decreased power
quality, and  inefficient energy  consumption[8].
Understanding and mitigating the effects of harmonics is
crucial in maintaining electrical distribution network
reliability and efficiency [9]. Supply voltage waveform can be
represented as

Uyac(®) = w () + up(O) +us(@®) + - +u, &) (1)

Ideally, series (1) contains all harmonics however usually,
odd harmonics have a much more dominant role in the
waveshape. Majority of the energy efficient devices
commercially available contains rectifier circuitry. Figure 1
shows the rectifier circuit commonly present in energy-

efficient LED lamps. Rectification operation is dependent on
supply voltage waveform shape; When rectified voltage
appearing on capacitor terminal reaches its peak value, the
current conduction stops[10][11][12]. The end-of-conduction
time varies depending upon the peak value instant of the
voltage waveform[13][14]. The effect of different supply
voltage harmonics, on the operation of rectifier circuits are
analysed empirically in [15]-17]. Most of the typical current
waveshape of a common LED lamp is shown in Figure 2,
which indicates the conduction starting and ending time.
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Fig. 1. Rectifier circuit in LED lamp[18]
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waveforms and Current waveform of LED lamp.

The time of peak (fea)value in voltage waveform is
dependent on the amplitude and phase angle of the voltage
harmonic present[19], [20]; this fyea is end-of-conduction
moment of the current of rectifier[21]. This mean harmonic
presents in the load current also dependent on the resultant
delay in the resultant peak voltage; [22] presents performance
comparison of different models for non-sinusoidal supply. In
pure sinusoidal signal, peak is supposed to occur at 90
degrees; but with voltage harmonic present in the supply, the
resultant peak does not occur at 90 degrees.

The amount and type of the load connected to network
changes continuously, so the voltage at point of common
connection (PCC); the supply voltage may contain multiple
harmonics with various magnitude and phase angles. Figure 3
shows the resultant flat and pointed top waveforms that are
usually available as supply voltage in the LV network. In both



cases, the peak voltage available for the rectifier’s capacitor
charging operation will differ. Also, process itself and end of
the rectifier conduction instant will vary.

In this paper analytical approach has been defined that
would provide a more detailed and general expression on the
formulation of the rectifier circuit operation. Target of the
expressions derivation is to provide analytical format to the
peak voltage timing (related to rectifier diode conduction cut-
off) and peak voltage level (related to the bulk capacitor
voltage level at conduction cut-off). Discussion presented
aims to provide base for the AC load current harmonic model
development for rectifier circuit based load devices taking into
account supply voltage harmonics presence.

II.  VOLTAGE WAVEFORM NUMERICAL ANALYSIS

In discussing the influence of harmonics on peak voltage, it is
essential to consider the role of the phase angle of harmonic
voltage in altering the supply waveform. A significant factor
in this alteration is the expected shift in peak value moments
(Appear) associated with the phase shift of harmonic voltage,
as illustrated in Fig 3. The resulting symmetrical shape, as
depicted in Fig 4 and 5, reflects the impact of a single voltage
harmonic with varying amplitudes on the peak value moment
shift. Notably, the severity of the peak shift varies across
quadrants.

Mains AC supply voltage, assumed to be composed of
multiple harmonic sinusoidal components (1) can be written
as

Upyac(t) = Uy - sin(cult + 401) +
U, - sin(wzt + goz) + -+ Uy - sin(a)Nt + (oN) ?2)

where N is the total number of harmonic components present.
While commonly more dominant in the power grids the odd
order harmonic components will be discussed in this paper.

In the following context, let us assume there is just two
components present in the supply voltage waveform, the main
harmonic with magnitude value U; and a harmonic component
of order x with magnitude value U;. In essence, the peak
voltage value can be calculated at any time instant, using the
common expression of sine components as

Upear = U, *sin (wl . tpeak) + U,
- sin (x tw1 " tpear + <px)

©)

or expressed phase-wise towards main harmonic 0 phase as

Upear = Uy * sin (@pear) + Uy @)
*sin (X * @pear + @x)

It is noteworthy that the main harmonic initiation (zero
phase) is assumed to occur at time ¢ = 0. Here the ¢ is the
harmonic voltage component U, phase angle from the main
harmonic zero phase value and U, is the harmonic voltage
component magnitude value.

Analytically, the peak instant (end of conduction time of
capacitor) can be found where the voltage derivative
approaches to zero; as expressed in the following equation.

durvac®) _ 0 5)

Max{u,yac ()} = a

the voltage on capacitor (Ucp) in rectifier circuit reaches
to its peak when uzy4c(?) reaches its maximum.

Ucyax = max{uyyac()} |Tson (6)

Numerically the peak voltage value is straightforward to
find. For any input Uy and ¢, the waveform could be assumed
through finite time-step calculation and using (3) for any time
step. An example of the outcome of numerical calculations is
presented in Fig. 7.

In order to find the analytical expressions of the
characteristic parameters of the peak voltage absolute value
and it’s timing a more universal approach will be needed.
Assuming the harmonic voltage component could have any
phase angle and any magnitude the numerical descriptions
may lack effectiveness for universal analysis. The complexity
of the voltage peak moment timing is presented through
expressions for peak phase value range in Fig. 4. And Fig. 5
for the peak value range. The eccentricity expression found in
the numerical results refers to examples of Kepler equation,
known to be unsolvable by geometric relations.

Details on the expressions of the peak voltage have more
support from the analysis on dynamics of the supply voltage
sinewave components. For the voltage peak time instant #ea,
the first order differentials of fundamental and influencer
harmonic are equal in magnitude. Referring to (5)

%ul (tpeak) =- %ux(tpeak) 7

Ul Tq COS(a)ltpeak) = - UX WX
cos(x@1 tpear + ®,.)

®)

Simplified into
Uy - Cos(wltpeak) =—Uy-x- Cos(xwltpeak + ¢x) )

The characteristic peak voltage observation cases will be

listed below.
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Fig. 3. Variation in peak instant depending on harmonic phase angle.
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Case 1. Peak voltage highest and lowest magnitude
expressions

Search for the peak voltage maximum possible value
reveals that upon time instant when u;(fpear) and ux(tpear)
components are both at maximum. Here sum of magnitude
values will provide Upea. This is when the sin components will
both yield value of “1” i.e. the sin argument is 7/2

Upeatmar = Uy - sin (Z) + U, -sin () (10)

given that harmonic phase angle is at x times higher than
the main harmonic, the harmonic component angle which
provides the 1/2 at the time of U; magnitude peak will be

(1)

In case of odd harmonics, it should be noted that system
with only 3" harmonic added will provide peaking when
ous =—90° while for 5% harmonic added will respond with
peak voltage maximum when ¢ys = 90°. Similarly, the lowest
magnitudes will be provided by harmonic phase angles with
180 ° modification.

Dxpeakmax = X * /2

Case 2. Maximum shift of the peak time instant from peak
instant of only fundamental component (i.e 90° or m/2)
A(Dpenk,mux-

Peak supply voltage u..

"

330 r 0.06
u(0)

320
310
300
290
280
270
260
250
240
230

0.0035

rate du(t)/dt, V/us

a

F -0.02

]
Voltage v

7 -0.04
0.0040 0.0045 0.0050 0.0055 /0.0060 0.0065
Time, s Peak voltage time instant, b

Fig. 6. Variation in peak time instant depending on harmonic phase angle.

The peak time instant maximum shift Zeaapmax OCCUrS
when the first order derivative of the harmonic component
variation is at its maximum; therefore

{%ux (tpeak,Agomax)}max = Uy x (12)

Assuming (10) this occurs at time instant when
(X tpear + @ux) provides total of 0. Therefore, the peak phase
excursion occurs at instant for the harmonic when

QUx = X * W1 * tpeak

from (12)

U.
cos (wltpeak.Avmax) = U—xx
1

and replacing

Uy
the expression will be

—1X
cos 1z

t = 4
peak Ay 4x o1

(13)

Case 3. Instant when peak voltage level of the combined
waveform with U; + U, is equal to fundamental harmonic
waveform peak; it is the point when there is peak voltage
equal to magnitude level of U;

Uy = Uy sin(wy - t) + Uy sin(xo it + @) (14)

Here U; is the magnitude of fundamental component i.e. for
230 Vims this will have level of 325 V. Uy is the amplitude of
supply voltage harmonic component, ¢ is the phase angle of
the voltage harmonic component.

Empirical value calculation of the crossing point of harmonic
(Uy) near 90° of fundamental harmonic on fundamental
harmonic scale

Ty (1 »
tcrass,x = ?I(Z (X + 1) - Z’_ﬂ) (15)
tCTOSS,X
wcross,x =2r T (16)

Where x is a harmonic number. 77=0.02 s time-period of
fundamental harmonic. Now, transforming the equations (3)
and (7) to phase angle domain

Uy = Uy sin(90° = g, ) + Uy sin g, (17)

(18)

Here @yea is phase distance between peak of fundamental
component (i.e. 90° or T/2) and peak of uzr4c(?) expressed in
degrees on fundamental harmonic scale and ¢ is distance
between peak of uy4c(?) and the zero crossing instant of the
voltage harmonic component.

U, cos (90" + (ppeak) =—xUy-cosg,

From (17)
U
. 1 1 .
sing, = U_x - U—xsm (90" - gopeak)
sing, . =4 [1—cos %eak] (19)
From (18)
U
T cos (90" + %eak) =-—cosg, .
x
As cos is an even function
A o
;cos (90 + (opeak) =cosg, .
A .
08 (90” + %eak) =1-[sing, ]
. A 2
sing, = J 1-[2cos(90° + ¢, )] (20)



Equating (17) and (18) provides

A? [1 — cos (q)peﬂk)]z =1- Ecos (900 + (ppeak)]z 21
and this can be developed into
A? 2
[AZ - F] (cos (ppeak) — 2A? cos Poear +
(22)
AZ
+A42+—=-1=0
x
Substituting y = cos( @peak )
1 11
[1-2]- v -2y+1+2-2=0 (23)

Coefficients of quadratic equations are

1 = = 1_1
a= (1 —;), =—2andc= 1+x2 ek
from value of cos(@pear) by quadratic solution, @peak can be
determined.

Now in order to determine the value of @, similar
expressions with (17) and (18) can be used. For development
of relation for @x., (17) will be expressed as

. Uy .
sin (90" - gapeak) =1+ U—lsm O

and
COS @y = 1+ (24)
Now (18) becomes
U
cos (90" + (ppeak) =- U—j X oS,
i X'COS @y
=S = (25)
Squaring and adding (24) and (25)
X COS @ \2 sing, \*
__ "xc 14+ —>¢) =1
(=) +(1+=
2
(1-x?) (sin ‘/)x,c) —2Asing, +x*=0 (26)

Coefficients of quadratic equations are
a=(1-x?),b=-2Aand c=x?2.

from value of sin(¢..) by quadratic solution, ¢, can be
determined.
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Fig. 7. Distance calculation of zero crossing of influencer harmonic and
fundamental-componant’s peak toward peak instant of u;yc(2).

TABLEI

MODELLED/CALCULATED VALUE OF MAXIMUM PEAK STRETCH ON TIME
AXIS FOR ANY LEVEL OF INFLUENCER HARMONIC

Harmonic
order Uxrus level Dpeak,max peak, Apmax

x \% ° rad ms

5 86.3 1.506 4.79

10 825 1.440 4.58

3 15 78.7 1.374 437
20 74.9 1.307 4.16

25 71.0 1.239 3.94

5 83.8 1.462 4.65

10 77.4 1.352 430

5 15 71.0 1.239 3.94
20 64.2 1.121 3.57

25 57.1 0.996 3.17

5 81.2 1.418 451

10 723 1.262 4.02

7 15 62.8 1.097 3.49
20 52.5 0916 292

25 40.5 0.706 2.25

TABLE II

COMPARISON OF MEASURED AND CALCULATED VALUE OF RESULTANT
PEAK STRETCH OF Upy4¢(T) , MAGNITUDE IDENTICAL TO FUNDAMENTAL

COMPONENT
° o o ° 2 °.
Bl S b5} : S 8
S & & & ¢ & &
5 86.3 86.3 6.2 5.6 87.9 88.1
10 82.6 82.6 11.1 10.9 86.3 86.4
3 15 79.1 79.2 15.6 15.9 84.8 84.7
20 75.9 75.8 20.4 204 83.2 83.2
25 72.8 72.7 24.7 24.5 81.8 81.8
5 84.0 84.0 14.2 14.8 87.2 87.0
10 78.8 78.8 26.2 26.2 84.8 84.8
5 15 74.4 74.4 342 34.4 83.2 83.1
20 70.7 70.7 40.5 40.4 81.9 81.9
25 67.4 67.4 45.0 45.0 81.0 81.0
5 82.1 82.1 26.1 25.7 86.3 86.3
7 10 76.6 76.5 40.6 39.7 84.2 84.3
15 72.3 72.1 48.1 47.7 83.1 83.2

TABLE IIT
MEASURED VALUES AT CHARACTERISTIC POINTS OF RESULTANT PEAK
PHASE STRETCH OF U,y4(7),

X 3 5
UxRMS, A@pear,” o, ° A@peats” @, °
\
5 3.8 80 6.2 120
A@peak=max 10 7.5 68 12.6 155
15 11.3 55 18.8 185
5 3.7 85 6.0 105
AUpeak =0 10 7.4 79 11.3 120
15 10.9 73 15.7 135
5
AUpeat 10 0 0;180 | 0 0;180
(max/min) 15

III. RESULTS AND VERIFICATION

Form equation (22) and (26)

—(—z)i\/(—z)2—4(1—i)(1+i )

_ — x2 x2 A2
Ppear = €OS 2(1_%2) 27
.1 (-(24)£/(-24)2-4(1-x2)x?
0, = sin {FERRCI A0 (28)



Mathematically, there are two possible solutions for every
quadratic equation. And depending on the value of
coefficients, one or both of the solutions can result a complex
value. Equation (24) calculates the distance of zero crossing
of the harmonic component and the modified peak of the
resultant waveform; out of two quadratic solutions, the
positive-real solution is taken as argument of inverse sine
function (sin’!), in equation (24). With Uwrms = 10 V and
Uirmus =230 V, ‘A’ becomes 23; the x = 5 for supply harmonic
order 5. The quadratic solutions here are 0.442 and —2.36. As
the argument of inverse sine can be {—1...1} one value of a
solution remains

26.3°
—26.3°

It has to be noted that ¢ is x-times smaller on the
fundamental harmonic scale i.e. 5.25°. Furthermore, ¢ refers
to the exact instant where u,(f) and uzy4(f) waveforms cross
each other (see Fig.7). Similarly, the ¢yeau can be calculated
using the inverse cosine (cos”) function to the solution of
quadratic equation mention in (22). For the above-mentioned
values of harmonic amplitudes and included voltage harmonic
order, the calculated cos” argument value is 1.1025 and
0.9808. Similar to the inverse sine function, the argument of
cos” also cannot exceed the range {-1...1}, SO @pea is
calculated as

0, =sin"1(0.4417) = {

Ppea. = COS™1(0.9808) = 78.8°

Hereby, the peak shift for the fundamental component timing
will be

AQ g = 190° = 78.8°] = 11.2°.

These calculated values (@pear , A@pear and @ ) match the
measured values, as illustrated in Fig. 7 below and Table 1.
The value of A@yea can be converted to equivalent time
precisely i.e. fpeakav-o. Fig. 8 illustrates the measured phase
angle values of above calculated values.

Table I show the calculated values (referring to equation
(13)) of maximum shift of peak phase instant, A @eak max , peak
time instant maximum shift #yeat agmar, referred as case 1. It has
to be noted that as the amplitude level of the higher harmonics
(for example 7") increases, the resultant voltage waveform
will have multiple peak or have two equal peaks. Therefore
the calculation values can point out only one dominant value
out of multiple peak values. Table II presents the comparison
of measured and calculated values of peak instant phase values
and harmonic component zero crossing instants; under the
equations (27 & 28) mentioned under case 2. As mentioned
earlier in this paragraph, 7" harmonic starts showing equal
multiple peaks for amplitude levels higher than 15 V (aspect
not discussed in detail within context of this paper). The value
presented in table II provides considerable accuracy to
measurements. The proof of accuracy of the developed
equation can be further acquired by comparing with
measurements recorded (for a dedicated amplitude and phase
of influencer harmonic) as mentioned in table III. Figure 8
indicates the AUpearand A @pear values of the uzy4(f) containing
3 harmonic voltage, when 3™ harmonic voltage phase angle
@us 1s rotated from 0 to 360°; showing values of all above-
mentioned cases.

345
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— A@eak @Us=5V e A@rea@Us =10V == A@peak @QUs=15V
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Fig. 8. Results of peak mangitude and maximum phase instant of u;4c(?)



IV. CONCLUSIONS

Analytic expressions provided for the key waveform points
were derived as one of the most characteristic properties of
the peak voltage level and timing evaluation. The proposed
solutions to the quadratic expressions reveal the nature of the
peak voltage and peak timing phase to be sin! or cos™
functions related. With these functions having a close-to-
linear response for the small argument values, the peak
instant characteristics and timing relations might seem linear
in the empirical assessment. The linear response is easy to
disappear with harmonic order increase, where already 7™
harmonic voltage component low level can lead to nonlinear
outcome.

With the expressions provided more insight to the near-
elliptical rectifier circuit harmonic load component relation
[9] on the complex plain. Further analysis is required, as the
expressions here reveal only part of the analytical description
of the rectifier DC side behaviour, related to the expected load
current formation upon distorted supply voltage waveforms.
The idealistic case here omits all circuit characteristics of the
rectifier itself, therefore the actual capacitor peak voltage
value and timing could differ to some extent compared to the
cases presented here.
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