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Executive summary 
 
 

This report documents the work that has been carried out from June 2016 to December 2017 by 

MIGRATE WP5 (Power Quality in Transmission Networks with high PE Penetration) under task 5.3. 

This report constitutes the deliverable D5.3 – “Propagation of PQ disturbances through the power 

networks”, in fulfilment of the requirements defined by the grant agreement No 691800.   

 

Work Package 5 focuses on the evaluation of power quality (PQ) issues expected in future 

transmission networks due to high penetration of power electronic (PE) devices. Critical aspects of 

power quality in today transmission networks have been analysed and presented in the deliverable 

D5.1 [1] published in January 2017. As the report suggests, the main concerns arising from the 

increasing penetration of PE devices in power systems are in the areas of harmonic distortion and 

power fluctuations causing voltage and frequency variations in the grid. In the context of Power 

Quality, adequate models are required in order to investigate the potential adverse effects of PE-

based devices in future transmission networks. Development of these models has been the focus of 

Task 5.2. and are presented in the deliverable D5.2 [2] published in July 2017.  

 

The focus of this task, Task 5.3, is development of methodologies for studying propagation of 

power quality disturbances (e.g. harmonics) through the network. The main goals of this document 

therefore are to describe developed probabilistic methodology for harmonic propagation studies 

and to illustrate its application on examples of large transmission power networks; to describe the 

methodology for the analysis of active and reactive power variations in the network; to describe 

developed tool for visualisation and graphical representation of disturbance propagation using 

“harmonics impedance maps” and “heat maps” which will facilitate user friendly and information-

rich presentation of results; to evaluate the accuracy of PMU data (“measurement errors”) when 

applied in harmonic rich environments and to investigate the possibility of using PMUs for PQ 

assessment.  

 

The report describes in detail developed probabilistic methodology for harmonic propagation 

studies in transmission networks and illustrates various aspects of its application on numerous case 

studies using several test networks including, widely available and frequently used 68 bus IEEE test 

network and suitably modified multi-hundred bus Irish transmission network. It demonstrates 

robustness and flexibility of the methodology and its applicability even in cases when very limited 

measurement data are available. Developed methodology can be applied to identify and rank both, 

critical harmonic sources and most affected buses in the network and inform system operators of 

potential harmonic problems and areas where further detailed investigations (both, simulation 

studies and harmonic measurements) need to be carried out. 

 

Furthermore, active and reactive power variations due to volatile wind power generation are 

analysed. Selected scenarios with different shares of wind power generation are applied to a grid 

model based on the present day Irish transmission network. As indicators for active power 
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variation, frequency and rate of change of frequency (ROCOF) are studied for these scenarios. With 

regard to reactive power variation, voltage deviations are analysed. The results are compared to 

the existing specifications of the EirGrid grid code.  

 

The use of PMUs for PQ assessment and indication of potential PQ issues in the network is 

presented in this report. It is shown that measurement errors of all tested PMUs are comfortably 

below the defined values set by standard C37.118. However, due to high impact of real life 

performance it is not recommended to use most of the PMUs on the market to assess the PQ issues 

in the power system. Only PMUs with special modules and algorithms for PQ indices evaluation are 

suited for mapping of PQ issues in the power system.  

 

Geographical presentation of time-dependent disturbance propagation and visualization of PQ 

parameters (4D visualization) helps to better understand the PQ situation in the network. 

Developed ODIN-PQ tool allows fast and exquisite comparison of values at multiple points in the 

network. The tool facilitates better network observability which is very important for the network 

operation as well as network planning. ODIN-PQ can visualize on a geographical basis, present, 

past or future simulated scenarios in the network in a user-friendly way. Different PQ parameters 

can be visualized at the same time for a given scenario which helps in detection of the one which is 

potentially most critical. 4D visualization is also possible, where consecutive frames (snapshots) 

are displayed in parallel in all the opened windows as a movie. This allows easy view of the 

propagation of different PQ phenomena through the network.  
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1 Introduction 
 

Integration of power electronic devices at all power network voltage levels requires an integral and 

detailed approach in performing the PQ system analysis.  

 

Harmonic studies are becoming an important component of PQ system analysis and design 

especially in terms of modernization of power systems. In terms of PQ assessment of the current 

network it is very important to provide system operators with the adequate tools thus enabling 

them to assess the potential impact of PE devices and to perform adequate measures for normal 

power system operation. 

 

Probabilistic harmonic propagation analysis in power system is one of the tools that will enable the 

TSO to make a “quick-scan” for identification of potential harmonic issues in current and future 

power systems considering different operational uncertainties. The report describes in detail 

developed probabilistic methodology for harmonic propagation studies in transmission networks 

and illustrates various aspects of its application on numerous case studies (including ones used in 

WP1) using several test networks including, widely available and frequently used 68 bus IEEE test 

network and multi-hundred bus real Irish transmission network. The methodology is implemented 

in PowerFactory DIgSILENT software environment to facilitate easy adoption by TSOs. By using the 

appropriate models identified in [2] a set of numerical simulation tools is developed for selected 

test networks and simulation studies of harmonic propagations performed. Robustness and 

flexibility of the methodology and its applicability even in cases when very limited measurement 

data are available are clearly demonstrated. Developed methodology can be applied to identify and 

rank both, critical harmonic sources and most affected buses in the network and inform system 

operators of potential harmonic problems and areas where further detailed investigations (both, 

simulation studies and harmonic measurements) need to be carried out.  

 

As part of the power quality analysis, numerical studies of active and reactive power variations are 

performed in a test system based on the Irish transmission grid. Simulations are conducted with 

the software tool DIgSILENT PowerFactory for selected cases introduced in WP1. These cases 

include different levels of PE due to wind power penetration. Here, the focus of the analysis is set 

on frequency and voltage variations as these are indicators for the behaviour of active and reactive 

power in the system.   

 

The possibilities to use phasor measurement units (PMUs) for PQ assessment is evaluated for the 

purpose of mapping PQ issues. In order to present and assess PMU performance three most 

commonly used PMU units were tested in an laboratory environment and their performance with 

respect to following PQ characteristics (i.e. frequency, steady-state voltage, voltage unbalance and 

harmonics) is shown. Based on PMUs architecture and relatively high sampling rate it is 

theoretically possible to monitor frequency, voltage variations and voltage unbalance. However, 

regarding the algorithms of PMUs estimation calculation the harmonic assessment becomes in 

some cases impossible. However, there are some PMUs in the market that are capable of harmonic 

assessment but only through special built in modules. 
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Finally, the report also describes the ODIN-PQ tool for the 4D graphical representation of 

disturbance propagation which was developed on the top of the Odin platform, which is an 

advanced power system visualization application developed by EIMV. It uses data input from the 

user (measurement results or simulations) to calculate and visualize the state of PQ in the network 

for any given PQ parameter and window of time for the purpose of power system monitoring 

performed by TSO. 
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2 Harmonic propagation analysis in transmission 

networks with high penetration of power 
electronic devices 

 

2.1 Power system harmonic analysis – general aspects 
 

Broad division of electrical power systems can be made into generation, transmission, sub-

transmission, distribution systems and linear and nonlinear loads. Main goal of power system 

harmonic analysis is to determine the impact of harmonic occurrences on a power system.  

Critical aspects of power quality in today transmission networks have been analysed and presented 

in the deliverable D5.1 [1] published in January 2017. As the report suggests, the main concerns 

arising from the increasing penetration of PE devices in power systems are in the areas of 

harmonic distortion and power fluctuations causing voltage and frequency variations in the grid.  

Harmonic analysis has been widely used for system planning, operation criteria development, 

equipment design, troubleshooting, verification of standard compliance, and so on. Proper insight 

in power system operation in terms of harmonic propagation in power system would provide 

different benefits for power system operators.  

Over the past two decades, significant efforts and progresses have been made in the area of power 

system harmonic analysis. Component models, simulation methods and analysis procedures for 

conducting harmonic studies have been established [3], [4], [5], [6]. Harmonic studies are 

becoming an important component of power system analysis and design. For the purpose of 

harmonic power flow analysis, the most frequently used approach for the system level harmonic 

analysis, power system components need to be adequately modelled [7].  

Approaches to calculations of power system harmonic voltages or currents and performing 

harmonic analysis can be classified into frequency- and time-domain methods.  

Frequency-domain techniques are widely used for harmonic problem formulation. They are a 

reformulation of the fundamental load flow problem in the presence of nonlinear loads and/or 

distorted utility voltages. This complex, nonlinear problem has been solved in several ways in order 

to reach a compromise between simplicity and reliability of the formulation.  

Time-domain techniques, on the other hand, can accurately model system nonlinearities and they 

are mostly used for power quality problems such as transient and stability issues under non-

sinusoidal operating conditions. They require significantly longer computation time than frequency-

domain approaches, hence somewhat limited application in large system studies, but can 

accurately model associated system nonlinearities and transients. There are also hybrid harmonic 

analysis methods based on a combination of frequency- and time-domain approaches [6] - [8]. In 

the frequency domain, the power system is linearly modelled while nonlinear simulation of 

components and loads can be accurately performed in the time domain. Hybrid time- and 

frequency-domain techniques result in moderate computational speed and accuracy. Further details 

on specific modelling technique can be widely found in literature [6]. Many publications dealing 

with power system modelling requirements can be found [7], [8].  
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2.2 Transmission networks with high penetration of power electronic devices 
 

Transmission networks in case of high penetration of power electronic devices will be significantly 

different compared to their current status. They are already and will be even more so in the future 

characterised by an unprecedented mix of a wide range of electricity generating technologies, (e.g., 

fossil fuel, gas, nuclear, hydro, wind, solar, tidal), efficient electrical power transmission enabling 

technologies, e.g., HVDC and Flexible AC Transmission System (FACTS) devices, as well as 

responsive and highly flexible demand, e.g., power electronics interfaced “intelligent” appliances, 

electric vehicles (EV) and storage technologies (e.g., batteries, supercapacitors, flywheels, 

hydrogen, superconducting magnetic energy storage) with significant temporal and spatial 

uncertainty. These „modern“ power systems will be principally characterised by following: 

 Evolving and new market structures and operation with liberalised energy market and 

requirements to facilitate the effectiveness of market mechanisms. 

 Integration of new renewable energy sources (RES) generation (e.g. on-shore and off-

shore wind farms, photovoltaics) and storage technologies, mostly power electronics (PE) 

interfaced and often not visible to system operator (<100MW typically invisible to system 

operator) including small scale widely dispersed technologies in distribution networks 

(mostly PVs).  

 Proliferation of PE based “efficient transmission facilitating” technologies including 

increased use of HVDC lines of both, Line Current Converter (LCC) and predominantly 

Voltage Source Converter (VSC) technology with increasing use of Multi Modal Converters 

(MCC) in both meshed AC networks and as a DC super grid. Furthermore, there will be 

increased presence of static and active (PE based) shunt and series compensation of long 

and short AC transmission lines, as well as increased deployment of FACTS devices to 

improve controllability and flexibility of the existing transmission network. 

 New types and different operational patterns of load with typically greater flexibility 

connected at customer premises including heat pumps, PE interfaced loads, efficient 

lighting as well as growing use of Electric Vehicles (EV) characterised by spatial and 

temporal uncertainty. 

 Increased monitoring at all voltage levels and acquisition of large amount of data. The data 

are typically multidimensional, multiscale, spatially distributed, and in the form of either 

time series (with sampling rates ranging from milliseconds to hours) or event triggered, 

often incomplete or noisy due to sensing and/or communication problems. 

 Tendency towards and requirement for increased energy supply and information security 

(Cyber security) due to wide range of diverse integrated “intelligent” PE devices, integrated 

Information and Communication Technologies (ICT) and increased consideration of 

different energy carriers. 

 

One of the main attributes of the above systems is increased uncertainties associated with system 

operation and modelling. There are generally two forms of uncertainty associated with any system 

modelling and analysis: i) Aleatory uncertainty (irreducible uncertainty and variability) which 

represents the inherent random behaviour of a system commonly modelled by probabilistic 

distribution functions and propagated by probability based approaches (sampling, analytical 

methods, probabilistic chaos expansion); ii) Epistemic uncertainty (reducible uncertainty and state 
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of knowledge uncertainty) which models the uncertainty in parameter estimation due to data 

shortages or model simplification.  

The major sources of uncertainties in power systems are grouped based on the system 

components that they originate from, and identified as follows: 

• Network based uncertainties 

- Network topology 

- Network parameters and settings (e.g., settings of tap changing transformers, 

temperature dependent line ratings, line and cable parameters)  

- Network observability and controllability  

• Generation based uncertainties 

- Generation pattern and mix (size, output of generators, types and location of 

generators, i.e., conventional, renewable, storage, PV generation at distribution level) 

- Modes and parameters (conventional and renewable generation and storage 

technologies, individual and aggregate models of wind farms and distributed PV 

generation) 

• Load based uncertainties 

- Time and spatial variation in load (e.g., location of EVs in particular) 

- Load composition (mix) 

- Load models and parameters, both frequency and voltage dependence of load, 

including conventional types of loads and rising number of new PE interfaced loads and 

efficient lighting 

- Load forecasting  

• System controls based uncertainties 

- Parameters of generator controllers (excitation and voltage controllers, governors, 

damping controllers, PE interface controllers) 

- Parameters of network controllers (secondary voltage controllers, controllers of FACTS 

devices and HVDC controllers) 

• Operating condition related uncertainties 

- Contractual power flows as consequence of different market mechanisms and price 

- System faults (type, location, duration, frequency, distribution, impedance of system 

faults and disturbances) 

• ICT related uncertainties  

- Noise, measurement errors, time delays, loss of signals, bandwidth, missing data 

• Weather/climate related uncertainties  

- Wind speed, wind direction, temperature, humidity, solar irradiation, tidal/wave 

conditions 

 

Each form of the uncertainty listed above has its representation and quantification methods. 

Therefore, the selection of the appropriate method comes after the identification of the uncertainty 

type. For some of these, it may be possible to produce an accurate model for the uncertainty based 

on historical values or data tolerance values from manufacturers. However, for some parameters, 

the level of uncertainty may be unquantifiable without additional monitoring, measurement, or 

analytical effort. More importantly, it may not even be necessary to model all uncertainties 

accurately as many may have little impact on the system phenomena of interest, despite adding 

considerable computational burden. 
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The power electronic interfaced loads and generators involve high level of uncertainties in both 

general performance and harmonic emission.  

2.3 Probabilistic power system harmonic studies  
 

Generally, power system harmonic studies can also be divided, based on the applied approach, into 

deterministic and probabilistic. Deterministic approaches using time domain analysis [9], frequency 

domain linear methods [3], [10], frequency domain non-linear analysis, considering both balanced 

[11] and unbalanced networks [12] and many others have been discussed in the past. 

The application of probabilistic methods to assess harmonic levels in power systems has also been 

considered by several authors. The probabilistic approach typically represents a compromise 

between the simplicity of application, computational effort and the accuracy of the results [13]. 

In deterministic methods, system configuration and parameters are considered to be constant, 

while in actual power systems they may vary. Uncertainty of system parameters cannot be studied 

thoroughly by deterministic methods and probabilistic methods are more suitable for this purpose. 

Various techniques such as Monte Carlo simulation (MCS) method [14], [15], [16], analytical 

methods [17], [18], and approximate methods [19] have been proposed to deal with these 

uncertainties based on probability theory [15].  

The approaches based on Monte Carlo simulations (MCS) have shown to be by far the simplest, 

most intuitive and most effective ways to study the stochastic characteristics of harmonic voltages 

and currents in electrical networks [20]. 

Probabilistic methodology for harmonic propagation analysis proposed in this document is building 

on simulation framework originally reported in [21]. It is developed within PowerFactory 

DIgSILENT software, a standard industry grade commercial software [22], to facilitate its 

application by large number of potential users.  

The general structure of the modules as given in Figure 2-1 comprising the simulation methodology 

and implemented in the PowerFactory DigSILENT is represented in [21]. 

 

 

 

 

 

 

 

 

 

Figure 2-1: General structure of modules for probabilistic harmonic analysis 

 

2.3.1 Modelling of the system components for harmonic studies  

 

When running harmonic studies, the correct modelling of system components is the crucial factor in 

ensuring accurate and reliable harmonic distortion results. The methodology described in this 

report is developed around commercially available software PowerFactory DigSILENT to facilitate 

easy adoption by practitioners. Within this simulation environment a range of models of various 

network components are available and could be used without the need to develop individual 

Network model 

Identification and modelling of harmonic sources 

Harmonic load flow analysis 

Results of the analysis 
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network component models. Nevertheless, a very brief description of modelling of relevant network 

components supported by adequate references, is provided in the following subsections for a 

completeness of discussion. 

 

Transmission line modelling for harmonic studies: The transmission lines and cables 

are commonly modelled by a multiphase coupled equivalent pi-circuit [8]. For harmonic analysis in 

three phase balanced networks (as the transmission network is typically assumed to be) with 

relatively short transmission lines and with a focus on low order harmonics, the model can be 

further simplified into a single-phase pi-circuit determined from the positive sequence impedance 

data of the component as illustrated in Figure 2-2a). For modelling higher harmonics and longer 

transmission lines  pi-circuit with distributed line parameters should be used as shown in Figure 2-

2b).  
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Figure 2-2: Equivalent pi-model of a transmission line (overhead or cable)  

a) nominal pi-circuit, b) exact pi circuit, adopted from [6], [8] 

Modelling of transmission lines is extensively reported in the literature [6], [8].  

In PowerFactory DigSILENT software, used in this study, there are available models for 

representation of transmission lines (TypTow, TypGeo and TypLne) and constant and frequency 

dependent models can be distinguished. Models based on tower geometry types (TypTow or 

TypGeo) use frequency dependent parameters. This means that the electrical parameters of the 

line per unit length are calculated from the mechanical characteristics of the tower and the 

conductors accounting for skin effect, the frequency dependent earth-return path of the line, etc. 

These types should be selected for use in simulations where a wide range of frequencies is involved 

or frequencies other than the nominal system frequency. The use of distributed line parameters is 

particularly advisable for the long transmission lines in case of performing analysis for frequencies 

higher than nominal system frequency. The effective length of the line at which the distributed 

parameters should be used in harmonic analyses is dependent on the frequency of the harmonic in 

question and it reduces with harmonic order. The higher the harmonic is, the length of the line 

when distributed parameters should be used is becoming shorter. As rule of thumb, for overhead 

transmission lines distributed line parameters should be used for lines longer than 240/h km and 

cables longer than 144/h km, where h is harmonic order.  
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PowerFactory DigSILENT software also enables this modelling of frequency dependant parameters 

by associating a “frequency characteristic” with adequate quantities. Two types of characteristic 

may be used: either a Frequency Polynomial Characteristic (ChaPol), or a user-defined frequency 

table (TriFreq and ChaVec). These types of characteristics can be assigned via the 

Harmonics/Power Quality page of the corresponding element’s dialogue.  

 

According to [6] taking the skin effect (for higher harmonics in particular) into account, 

transmission line impedance in the presence of harmonics can be expressed as dependency of the 

resistance:  

 

Rh = R0√h (2.1) 

 
where h denotes the number of harmonic.  
 

Other characteristics related to frequency dependence  of transmission line parameters proposed in 
literature include [23]: 
 
 

R(h) = g(h)Rdc 
g(h) = 0.035x2 + 0.938 > 2.4 

= 0.35x + 0.3 ≤ 2.4 

 

 

(2.2) 

 

where x = 0.3884√
fh

𝑓
√

h

𝑅𝑑𝑐
, 𝑓ℎ is the harmonics frequency and 𝑓 is the system frequency. 

 
Or [23]:  
 

R = Re(
𝑗𝜇𝜔

2𝜋𝑎

𝐽𝑧(𝑟)

𝜕𝐽𝑧(𝑟)
𝜕𝑟

|
𝑟=𝑎

  

(2.3) 

 
where 𝐽𝑧(𝑟) is the current density, and 𝑎 is the outside radius of the conductor. 

 
 
  

This frequency dependence characteristic of transmission line resistance is used in some of the 

studies performed on the test network in order to illustrate the relevance of explicit modelling of 

resistance dependency on frequency for harmonic propagation in the network.  

 

Power transformer modelling: In harmonic analysis studies, power transformers can be either 

modelled as linear power system components, or using more sophisticated models that take into 

account the iron core nonlinearity and its property of distorting currents resulting in an “injection” 

of harmonic currents into the network. A transformer affects harmonic flows through its series 

impedance, winding connection, and magnetizing branch of a transformer. The magnetizing branch 

of a transformer is principal source of transformer non-linearity hence a harmonic source. Inclusion 

of the saturation characteristic of the magnetising branch is important only when the harmonics 

generated by a transformer are of primary concern. In reality, the inductance, capacitance and 

resistance of the transformer are frequency-dependent and there are various formulae proposed to 

describe this dependency [3], [6], [8], [24].  
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For most harmonic studies, however, a transformer’s short circuit impedance is sufficient to model 

the series impedance of the transformer [25]. Similarly, considering that the effect of the 

capacitance becomes significant only at frequencies above 4 kHz (80th harmonic) the simple short-

circuit based model is generally sufficient [25]. Whether a transformer is modelled as a harmonic 

source or not it is very important though to model transformer winding connections due to 

resulting phase-shift effect that influences harmonic flows and could lead to significant harmonic 

cancellations. 

 

Rotating Machines: It is generally accepted that for most network harmonic studies a 

conventional rotating machine can be represented using its short-circuit impedance for most 

harmonic analysis tasks, although more complex models are available for advanced applications 

[4], [7].   

 

Aggregate Loads: Aggregate loads refer to a group of loads that are typically treated as one 

component in harmonic analysis. The aggregate loads at transmission network level are either 

distribution feeders seen from a HV substation bus or a customer plant (very large customer in 

case of transmission network) seen at the point of common coupling. Both these types of loads 

may contain distributed harmonic sources; hence a part of them at least should be modelled as an 

equivalent harmonic source. 

Modelling of equivalent, aggregate loads as a single harmonic source is an area which still requires 

significant research [4], [26], [27], [28]. For the purpose of probabilistic harmonic studies in 

transmission network, the aggregate loads can be modelled as a combination of linear and non-

linear loads where non-linear loads are represented as a harmonic source in the same way as any 

other harmonic source. 

2.3.2 Modelling of harmonic sources  

 

Transformers, rotating machines, power converters, fluorescent lamps and arcing devices are the 

main source of harmonics in power system. More recent types of non-linear loads are the electronic 

devices supplied by switched-mode power supplies and the fluorescent lighting. However, the 

strongest impact on the distribution network harmonic performance can be expected from the 

increasing number of power electronics (PE) interfaced loads and generators [6].  

The combined effect of the low voltage connected harmonic sources, i.e., sources connected at 

distribution network voltage level, can be seen at the transmission level as the equivalent 

“background harmonic distortion” at buses where the distribution network is connected to 

transmission network. The main harmonic contribution at transmission level voltages is expected 

from inverter connected large renewable generation plants (wind or solar), HVDC converters, grid 

connected power electronics interfaced energy storage technologies and FACTS devices.  

When evaluating voltage and current harmonics in the network the uncertainties associated with 

harmonic injections by different devices, network and device model uncertainties, system operating 

conditions etc., have to be taken into account [29] and this can only be done in a probabilistic way 

[30]. 

A commonly used procedure [5] to establish the current source model is as follows: 

1. The harmonic-producing load is treated as a constant power load at the fundamental 

frequency, and the fundamental frequency power flow of the system is solved. 

2. The current injected from the load to the system is then calculated and is denoted as 𝐼1∠𝜗1. 
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3. The magnitude and phase angle of the harmonic current source representing the load are 

determined as follows: 

 

 

Iℎ = 𝐼1
𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚

ℎ

𝐼𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚
1          𝜗ℎ = 𝜗ℎ

𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 + ℎ(𝜗1 − 𝜗𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚
1 ) 

 

(2.4) 

 

where: 

the subscript spectrum stands for the typical harmonic current spectrum of the load.  

 

In the probabilistic methodology developed here, the input data (harmonic magnitudes and angles) 

and output variables (total harmonic distortions and individual harmonic magnitudes at system 

buses) are random variables and therefore have to be characterized by probabilistic distribution 

functions (PDFs), hence the importance of selecting appropriate ranges of relevant parameters of 

the model.  

For the purpose of probabilistic harmonic propagation studies harmonic sources are represented as 

the Norton equivalent of the source (i.e. independent harmonic current source in parallel with the 

admittance matrix) [31], see Figure 2-3. The parameters of the model are harmonic current 

injections, that vary in magnitude and phase angle depending on considered harmonic and the 

impedance of the source which also depends on harmonic order.  

 

Yprim(h) Ih

 

Figure 2-3: Norton equivalent for harmonic source modelling 

 

For the purpose of evaluation of the importance of different parameters of the equivalent harmonic 

source (the impedance of Norton equivalent and magnitudes and angles of harmonic injections) 

simple test network as given in Figure 2-4 is used initially. In this small test network, there are 

three harmonic sources, namely converter connected generator and two non-linear loads 

connected at 110 kV and 10 kV buses (see Appendix A.1). 

 



REPORT 
 

Page 26 of 155 

Terminal bus

110 kV 

10 kV 

Grid

Static 

generator

110 kV 

load

10 kV  

load  

 

Figure 2-4: Simple test network 

 

Next figure Figure 2-5 shows the PDFs of THD values for terminal bus when varying the power of 

the harmonic sources in the network. It can be seen that by increasing the value of power of 

harmonic sources no significant changes will occur, but THD values will change significantly 

depending the total value of power of harmonic devices comparing to the total power of the 

network. For stronger network (Sgrid=10xSdevice - Case A), THD values will be in general 

(excluding cases of potential harmonic resonances) lower than for weaker network (Sgrid=Sdevice 

– as in Case C)). More details are given in Appendix A.1. 
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Figure 2-5: PDFs of THD values – terminal bus 

Figure 2-6 illustrates the results of simulations with different settings of the parameters of the 

harmonic sources represented as Norton equivalent. It demonstrates the ability of probabilistic 

Norton equivalent to capture wide range of harmonic injections in relatively straightforward 

manner. The cases considered in this illustrative example are as follows:     

• Case VMVAFZ – base case, variable magnitudes (different ranges, given in the appendix 

A.1, for different harmonics considered, i.e. 5,7,11 and 13th harmonic) and angles (0-180o) 

of harmonic injections, fixed parameters of Norton impedance, R=0.1 p.u. X=1 p.u.   

• Case 1VMVAFZ - base case, variable magnitudes and angles of harmonic injections, fixed 

parameters of Norton impedance, R=9999 p.u. X=9999 p.u.   

• Case FMVAFZ – fixed magnitudes and variable angles of harmonic injections, fixed 

parameters of Norton impedance, R=0.1 p.u. X=1 p.u.  

• Case FMVAVZ – fixed magnitudes and variable angles of harmonic injection and variable  

parameters of Norton impedance, R=0.1 p.u., Xrandom 0-9999 p.u. 

• Case VMVAVZ - variable magnitudes and angles of harmonic injections and variable 

parameters of Norton impedance, R=0.1 p.u., Xrandom 0-9999 p.u. 
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Figure 2-6: PDFs of THD values on observed system bus (simple test network) 

From the Figure 2-6 it can be seen that depending on the value of the impedance the observed 

mean values of THD  can vary in reasonably large range, i.e., an increase of up to 70%                                    

(∆=
1.0811−1.8098

1.0811
x100 = 67.4%) in mean value is seen. The nature of the distribution of the injected 

harmonics, i.e., normal pdf remains the same. This highlights the importance of the harmonic 

source impedance for establishing the exact injection by the source, however, the nature of the 

behaviour of the source remains the same and the source can be represented as a single pdf of 

harmonic injections at the point of the connection of the source. When comparing the effect of the 

size  of harmonic source with respect to short circuit capacity of the connecting bus it can be seen 

that the harmonic source can be represented as a single pdf of harmonic injections, however, the 

THD values might  change significantly depending the size/rating of the harmonic source  

compared to the short circuit capacity of the connecting bus, i.e., whether the source is connected 

to strong or weak network. The stronger the network is, the lower THD values will be.  

Similar analysis was performed with the IEEE test 68 bus network (see Appendix A.2) for selected 

case studies and the results are shown in Figure 2-7. The cases considered were:   

 Case 1VMVAFZ - base case, variable magnitudes (different ranges, given in the appendix 

A.2, for different harmonics considered, i.e. 5,7,11 and 13th harmonic) and angles (0-180o) 

of harmonic injections, fixed parameters of Norton impedance, R=9999 p.u. X=9999 p.u.   

 Case VMVAFZ - base case, variable magnitudes and angles of harmonic injections, fixed 

parameters of Norton impedance, R=0.1 p.u. X=1 p.u.   

Case VMVAVZ - variable magnitudes and angles of harmonic injections and variable   parameters of 

Norton impedance, R=0.1 p.u. Xrandom 0-9999 p.u. 

 

 

 

 

 



REPORT 
 

Page 29 of 155 

 

Figure 2-7: PDFs of THD values on observed system bus (68 bus network) 

From the Figure 2-7 it can be seen that in large networks, with multiple sources and 

interconnections the variation in source parameters has smaller influence on THD at network buses, 

i.e., the mean value of THD varies only up to 20% (∆=
1.10811−1.332

1.108
x100 = 20.2%) compared to 70% in 

a small test network.  

In these cases harmonic injections (magnitudes and angles) and source impedance are varied for 

each harmonic source in the network.  

Thus, for the purpose of probabilistic harmonic analysis and with assumption of capturing possible 

worst-case scenario of harmonic injection (very large value of impedance resulting in the largest 

harmonic injections in the network) by the source the values of source reactance X in the Norton 

equivalent model should be sampled randomly with the completely available range. Limiting the 

range of variation of X would lead to smaller values of injected harmonics.    

PDFs of individual harmonics at most affected bus, bus 48, are given in the Appendix A.2. The only 

notable difference of PDFs parameters is observed in case of 11th harmonic (see Figure A.2-2).  

The effect of modelling the angles of injected harmonics by the source is illustrated in Figure 2-8: 

with the appropriate parameters given in Table 2-1. The simple test network of Figure 2-4 was 

used in these studies. The observed variation in mean value of the THD for different combinations 

of the ranges of harmonic angles was up to 40% (∆=
0.8995−1.2370

0.8995
x 100 = 37.52%).     

   

 

Figure 2-8: PDFs of THD values on system bus – comparison in case of varying the angles of 

harmonic sources (simple test network) 
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Table 2-1: PDFs parameters (simple test network) 

Data all:  
0-180 

all:  
0-90 

all:        
0-360 

all:            
90-270 

all:          
-90-90 

L:  
0-180, 
PE: 
0-360 

L:  
0-180, 
PE: 
180-360 

L:  
0-180, 
PE: 
90-270 

L:  
0-360, 
PE: 
0-180 

average 

Μ 1.0811 1.2370 0.9440 1.0785 1.0714 1.0138 0.8995 0.9495 0.9313 1.04589 

Ϭ 0.3466 0.3351 0.3351 0.3614 0.3417 0.3467 0.2786 0.3345 0.3156 0.36396 

 

The same analysis was repeated on a IEEE 68 bus network as before to investigate the importance 

of selecting the range of harmonic angles in more realistic scenario. As before, the THD at bus 48 

(the most affected bus in the network in terms of THD) was observed. In these simulation cases, 

angles of harmonic injections of harmonic sources are varied with different combinations for non-

linear loads and for all DGs (PV and wind generators) which are considered to be sources of 

harmonics in this network.  

As can be seen from Figure 2-9 and Table 2-2 there is very small variation in mean value of THD 

as a consequence of variation in harmonic angles of injected harmonics. Therefore, probability 

distribution function which corresponds to the case with harmonic angles varying randomly from 0 

to 180 degrees or any other reasonable range (e.g., a span of about 180 degrees), to that matter, 

can be used in these types of studies.   

 

Figure 2-9: PDFs of THD values on observed bus 48 (the worst bus in terms of 95th percentile THD) 

– comparison in case of varying the angles of harmonic sources (68 bus network) 

    

Table 2-2: PDFs parameters (68 bus network)  

Data all:  
0-180 

all:  
0-90 

L:  
0-180, 
PE: 
0-360 

L:  
0-180, 
PE: 
90-270 

L:  
0-360, 
PE: 
0-180 

Μ 1.1124 1.0511 1.0936 1.1197 1.1669 

Ϭ 0.4589 0.3979 0.4482 0.4503 0.4999 
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The analysis described above confirmed that for the purpose of global assessment of the effect of 

large penetration of power electronic connected devices (generation, loads, FACTS devices) i.e. 

harmonic sources, on harmonic performance of the transmission network the harmonic source can 

be modelled with Norton equivalent having randomly sampled normally distributed values of 

impedance of the source and harmonic current injections with normally distributed magnitudes and 

angles. Harmonic injection ranges and associated probability distributions for different harmonic 

sources can be best determined from long term measurements involving different operating 

conditions of the device or alternatively from simulation studies using appropriate device models 

[20], [27]. For the purpose of this study, harmonic ranges for different devices are used. These are 

also included in the Appendix A.2 for the completeness of the discussion.    

 

2.3.3 Methodology  

 

The first step is the selection of power system model with definition of scenario analysis and 

definition of harmonic sources in the observed power system. Aggregation of certain network 

elements such as loads has to be documented along with the description of scenario analysis.  

2.3.3.1 Probabilistic modelling of input parameters  

 

For the harmonic sources modelling, each harmonic current injection (magnitude and angle) and 

source impedance are varied randomly by sampling the appropriate, typically uniform or normal, 

distribution within given ranges using MCS technique. The ranges of these harmonic distributions, 

as stated previously, are most accurately determined by long-term measurements. In the absence 

of these measurements, however, the ranges can be determined based on documented (reported 

in the literature) harmonic performance of selected PE devices, available measurement data and 

from simulation of operation of these devices using appropriate detailed EMTP simulation data (e.g., 

those obtained as a part of task T5.2 and given in [2]).   

The essential input for harmonic propagation studies is the information about the phase angles of 

different harmonics as they strongly influence harmonic cancellation. These however are very 

seldom, if ever, measured, in particular at higher voltage levels. The range of harmonic angles can 

be from 0-360 degrees in general. Some recently reported measurements at low voltage 

distribution networks though showed clustering of harmonic angles from different harmonic sources 

in a more narrow range, typically within 180 degrees or slightly less [32], [33], [34].  

Harmonic angles measurements at transmission level were not available at the time of writing this 

report. The analysis described in previous section illustrated that the random variation of harmonic 

angles of multiple sources within different ranges does not yield significantly different results in 

terms of THD at network buses.  

The studies therefore will consider harmonic angle variation within the range from 0-180 degrees. 

Thus at a certain operating point of the network, a single harmonic simulation is performed by 

injecting random values, from the predefined ranges, of harmonic currents from fixed locations in 

the network (where harmonic sources are) and then a harmonic load flow is run.  

Similarly, the full available range from 0 to a very large value of harmonic impedance should be 

sampled randomly with uniform distribution to model uncertainty in harmonic impedance of the 

source. 

In order to get a representative and credible results from MCS an appropriate number of Monte 
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Carlo simulations should be run. The number of simulations that should be performed is 

determined based on the pre-set confidence level that is wished to be achieved, e.g. 95% or 99% 

[31], [35], with respect to the average of the output samples (THD and selected harmonic 

voltages) and the expected value at some validation buses (i.e., buses for which long term 

harmonic measurements are available). The number of simulations will depend on the size of the 

system, number of uncertainties modelled and the number of buses where the match in results is 

to be achieved.    

The number of simulations Ns is chosen by keeping the error of the sample mean (which is the 

mean of the pdf of calculated THD) up to 5%, for 95% confidence interval, considering the 

harmonic injection as the random variable. The error of the sample mean is calculated using (2.5), 

where Φ-1 is the inverse Gaussian cumulative distribution function CDF with a mean of zero and 

standard deviation one, σ2 is the variance of the sampled random variable, δ is the confidence level 

(i.e. 0.05 for this study) and XN is the sampled random variable with N samples [36]. The number 

of required Monte Carlo simulations might be affected by the shape of probability distributions used 

to represent the system uncertainties and is strictly valid for normal distribution only [14]. Within 

this proposed study, normal probability distributions are used. Using the error threshold to define 

the number of required simulations ensures there is an appropriate coverage of the search space 

for the pre-defined confidence level. 

eX̅N
=

Φ-1(1-
δ
2 )√σ2(XN)

N
XN

 

 

(2.5) 

 

The probabilistic load flow study i.e. harmonic simulation procedure, will be carried out for each 

operating point of the network considered (new generation/load level, new topology, switching 

status of capacitors,…). 

Flowchart of the methodology for each specific operating scenario is given in Figure 2-10.   

The simulations are performed for pre-selected range of operating scenarios of the network which 

can be defined based on hourly, daily, monthly, yearly or longer time periods to capture 

appropriate variation in the system operating conditions. Prior to performing harmonic load flow 

calculations a standard load flow needs to be performed to establish the feasibility of operating 

condition.    

Since the aim of developing this methodology is to make it applicable for practical large system 

harmonic studies by system operators, all models and procedures are implemented in 

PowerFactory DIgSILENT environment. DigSILENT Programming Language (DPL) is used to 

implement the algorithm as external scripts in the DIgSILENT software. Developed DPL scripts are 

available at http://researchdata.4tu.nl/home/ Centre for Research Data of TUDelft. Main DPL script 

consists of several subroutines which are calculated subsequently on a selected network topology: 
1. THD subroutine first initializes the output result matrices that will contain THD values and 

harmonic voltage samples (for the selected harmonics that will be analysed). These 

matrices are the basis for the determination of performance indices with pre-set time 

resolution (e.g., hourly). Result matrices need to be set either for balanced or unbalanced 

(per phase) load flow calculations.   

2. For the selected simulation period (e.g. week or year) series of load flow calculations are 

performed within external loop (OP) where OP denotes operating point of the power system. 

Operating point of a system considers probabilistic distributions for the value of the loading 

of each bus to account for the forecasting error and the power output of each WG and PV in 

the system to account for variability of wind and PV generation. Simulation step size (e.g. 

http://researchdata.4tu.nl/home/%20Centre%20for%20Research%20Data%20of%20TUDelft
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hour) is selected. The load flows are performed at every simulation step (here, every hour), 

giving, for example 168 (7*24=168) output sets for a time period of one week. The results 

of OPF performed in MATLAB are imported in PowerFactory DigSILENT and set  as the input 

values for each network element. This is the precondition for the subsequent harmonic load 

flow analysis. All these  simulations are performed within the DPL script.  

3. The harmonic models for the selected harmonic sources in the network and the sub-

function are then executed, by random sampling (selected number of iterations, e.g. 10, 

100, 500) of values from the probabilistic distributions - this gives a random harmonic 

current magnitude and angle injection for the selected harmonic sources considering 

appropriate probability distributions of harmonic injections. The harmonic injections are 

modelled considering 3 confidence within predefined range (i.e. approximately 99.7% of 

the points from probability distribution within specified range are captured in simulations). 

MCS are performed as a subroutine in DPL script and are marked with a dashed line in the 

flowchart.  

4. Finally, the harmonic load flow analysis is performed to obtain the THD result matrices for 

all power system buses. Output matrices data are set within this subroutine and are used 

for further processing (e.g. displaying individual harmonics results).  
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Figure 2-10: Flowchart of the probabilistic harmonic propagation methodology 

2.3.3.2 Processing and presentation of results  

 

Output results of harmonic load flow analysis will enable observation of harmonic performance of 

the network. Main performance indicator, as suggested by international standards, will be 95th 

percentile of calculated THD at each bus. (Note: The 95th percentile is the value below which 95 % 

of the measurements within pre-defined time period of harmonics lie. It is one of the location 

statistical measures which also includes the information on observation frequency [37], [5]).   

Results of the harmonic propagation analysis (total THD value and HD values of individual 

harmonics) can be presented using tables, diagrams and heat maps. Additionally, a separate 

analysis can be performed for each specific harmonic of interest to identify network sensitivity to a 

specific harmonic injection, the location and magnitude of injection as well as vulnerability of 

network buses to different harmonic injections at different locations. This can facilitate future 

harmonic mitigation analysis for power system operator. An illustrative presentation of harmonic 
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performance of 95th percentile value for the 68 bus test network is given on Figure 2-11 as a 

possible way of visualization of the results. Heat-maps are used to pinpoint the most sensitive 

areas of the network to harmonic distortion. Colour scale of the heat-map varies from grey to red 

depending on the value of 95th percentile value of THD of the specific bus. The buses with highest 

95th percentile of THD are marked with red, while those with the lowest value are marked with grey. 

This means that the worst buses (with highest 95th percentile of THD) are buses 48, 47 and 40.   

 

 

Figure 2-11: Illustrative presentation (heat maps) of THD 95th percentile based on proposed 
probabilistic harmonic propagation analysis 

 

Input data for the modified IEEE 68 bus network are given in Appendix A.2 together with 

corresponding loading curves and power output curves for WGs and PVs (see figures Figure A.2-3 - 

Figure A.2-7). These curves are used  as input data for obtaining the OPF results. 

A set of Optimum Power Flow (OPF) results are produced for the selected period (e.g. week) with 

the probabilistic distribution of loading of the network (accounting for uncertainty in load forecast) 

and probabilistic wind and PV power outputs (considering variation in wind speed and sun 

irradiation). So, for the selected period of time (e.g. one week or 168 hours) and a desired number 

of sets of output data (e.g. 10 in case of illustrative results with modified IEEE 68 bus test 

network) with normal distribution of each loading factor (+/- 10% around mean value) there are 

1680 load flow input data that are the base for further harmonic analysis.  

For example, at each hour point the value of the loading of each bus is sampled to account for the 

forecasting error (normal distributions with three sigma with +/- 10% variation about the mean 

value) and the power output of each WG and PV in the system to account for variability of wind 

and PV generation considering relevant distributions depending either on historical or forecasted 

data (normal distribution for wind and beta for PV). Similarly as far as loading, +/- 10% variation 

about the mean forecasted value is considered.   

Examples of daily curves for system loading and generation are given on Figure 2-12.  
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Load profiles 

 

Wind generation profiles 1 

 

PV generation profiles 1 

 

Conventional generation profiles 

 

Wind generation profiles 2 

 

PV generation profiles 2 

 

Figure 2-12: Illustrative presentation of daily loading characteristics 
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Then OPF is run to determine the output of synchronous generators and obtain the load flow 

results. Note: Due to the limitations of PowerFactory DigSILENT software at the time of 

development the OPF was performed in MATLAB and the results are exported to PowerFactory 

DigSILENT for further processing. The main processes of the OPF is shown in Figure 2-13: 

 

Start

Generate the loading curve for 168 hours for each 

load, sampling 10 times for each hour based on 

normal distribution

Generate the PV curve for 168 hours for each PV 

generating unit, sampling 10 times for each hour 

based on beta distribution

Generate the wind curve for 168 hours for each 

wind generation unit, sampling 10 times for each 

hour based on normal distribution

Definition of the study cases 

(penetration level of RES selection)

Run the OPF code in Matpower

Write the results into text files

End

 

 

Figure 2-13: Main structure of the MATLAB OPF code 

These data are imported automatically by using the DPL scripting option as input data for further 

analysis in PowerFactory DIgSILENT 15.2.  

Probabilistic harmonic load flow simulations are performed in PowerFactory DIgSILENT 15.2 also 

with DPL scripts.  

Additionally, as input data for the harmonic analysis in particular the selection of harmonic sources 

is considered with the determination of the harmonic injection ranges and proper distributions 
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definition (also given in corresponding appendix). The structure of the main function made as DPL 

script is given in Figure 2-14.  

Start

Input of the 

OPF results

Update all parameters

Random selection of harmonic magnitude 

and angle for each harmonic source based 

on predefined distribution

Random selection of non-linear ratio for each 

load (20%-40%)

Run the harmonic load flow study

Iteration_no=10

Record the harmonic results for each bus 

Resetting the execution

1680 iterations

Bus error checking

End

No

No

 

 

Figure 2-14: Flowchart structure of the main PowerFactory DIgSILENT function code 

All injected harmonics are randomly selected based on uniform or normal distribution (for 

magnitudes and angles) and sampling is done within given ranges using MCS technique (e.g. 10 

sets of data for each period), so at the end there are 16800 values in total in the final THD outputs 

for each bus of the network.  

Results of probabilistic harmonic analysis are structured in corresponding matrices and for the 

further analysis, the matrix BTHDA is taken. Structure of BTHDA matrix is 16800 x number of 
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buses. Number of rows corresponds to the total number of values obtained for the selected period 

of time. Letter “B” denotes “bus” - meaning that for each bus there is a set of THD values (number 

of columns). Letter “A” denotes the corresponding phase A in case of unbalanced load flow analysis. 

Within the same DPL script, as a sub-function, the results of voltage distortions of specific 

harmonics are obtained in corresponding matrices for the observed harmonic injections (e.g. V5, 

V7, V11, V13, etc.). DPL scripts can be fully modified and adjusted depending on the case studies 

and results can be easily exported (e.g. as .csv or .txt files) to any adequate data processing 

software (e.g. MS Excel or Matlab). 

 

The following table Table 2-3 summarizes input and output data for the purpose of application of 

the probabilistic harmonic methodology for a given network:  

 

Table 2-3: Input and output data for methodology 

Input data Output data 

Selected period for the analysis (e.g., fixed 

point in time, day, week, month, year) 

Probability density functions (pdf) of Total 

harmonic distortion (THD) and individual 

harmonic voltage distortions (V5, V7, V11, V13, 

etc.) at all buses in the network  

Single line diagram of the network with 

corresponding parameters of all network 

components. 

 

 

The output of renewable and conventional 

generators during given time period (e.g. hourly 

P and Q values at each generation bus). If this 

is not available, the output of renewable 

generation is determined using appropriate 

probability density functions (pdf) for wind 

speed and solar irradiation and the output of 

conventional generators is determined from the 

subsequent OPF analysis.   

 

Network loading data (hourly P and Q values for 

each load bus in the network) for the selected 

period of analysis.  

Probability density functions (pdf) of magnitude 

and angle for each harmonic of interest at the 

point of connection to transmission network for 

each harmonic source/nonlinear load including 

renewable generation, load buses (in this case 

information on linear/nonlinear load proportion 

is required), FACTS devices, HVDC converters, 

etc.   
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2.4 Description of test networks 
 

In order to illustrate full potential and different application aspects of the methodology described in 

the previous section two large test networks are used as described hereinafter. 

2.4.1 Modified IEEE 68-bus test network  

 

The network model adopted for the studies is the modified IEEE 68-bus test network representing 

combined New England and New York Power System [38]. It is a 230 kV transmission system, 

which consists of 68 buses, 16 synchronous generators, and 35 loads with different ratio of 

nonlinearity considered for different loads. Penetration level of RES connected to 10 buses in the 

network varies from 0-70%. Harmonic sources in the majority of the case studies presented in this 

report were 10 wind farms & PV plants and 35 non-linear loads (non-linear component of the load 

is randomly allocated between 20-40% of the total bus load at 35 out of 70 load buses). In some 

cases studies, FACTS devices and Power electronic connected electrical energy storage (EES) 

systems were added as well to diversify the PE connected devices in the network and to reflect 

more accurately the future proliferation of PE devices in transmission networks. All harmonic 

sources are modelled as the harmonic current injection sources using Norton equivalent, with 

different harmonic injection spectra for each type of harmonic source.  

Magnitude and angle values of harmonic sources are randomly sampled with normal distribution 

from pre-defined ranges selected based on the values reported in literature. For example, for a 100 

A fundamental current load, if the sampled ratio of nonlinearity was 25%, and the sampled 5th 

harmonic injection was 1%, that will yield a 5th harmonic current injected at the connection bus of 

the value of 100x0.25x0.01 = 0.25 A. Thus, for any given operating point, i.e., every hour during 

the week, a single harmonic simulation is performed by injecting random values of harmonic 

currents (from the predefined ranges) at fixed locations in the network and then a harmonic load 

flow is run. Study period selected for the illustration of the methodology is one week. 

Corresponding load characteristics and test system components data are given in Appendix A.2. 

 

2.4.2 Transmission network in Ireland 

 

A representative model of the Irish transmission network is prepared and provided by transmission 

system operator EIRGRID in PowerFactory DIgSILENT software. This network model is used only to 

illustrate developed methodology on selected operation points of the network. It is important to 

emphasize that the results provided in this report are for the illustrative purposes of the 

methodology only and they do not reflect in any way actual or measured harmonic performance of 

the Irish transmission network. 

More detailed description of the transmission network model in Ireland with required input data is 

given in [1] and in [39] and in [40].    

 

For the purpose of harmonic load modelling standard library components from PowerFactory 

DigSILENT are used.  

Simulation scenarios that are analysed for transmission network in Ireland are winter and summer 

maximum demand cases with different generation mix of conventional and wind power plants.   
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For the purpose of illustration of probabilistic harmonic methodology, a single operating point 

simulations were performed in order to comply with the case studies prepared for the purpose of 

WP1 scenarios.   

 

Harmonic sources modelled in the transmission network in Ireland are wind farms, SVCs, HVDC 

and loads, either non-linear distribution (DSO loads) or industrial load types as defined in EIRGRID 

model. Non-linear share of loads are modelled as harmonic sources with the same injection ranges 

as in case of the IEEE68-bus network. For all PE interface connected devices (RES, FACTS and 

HVDC) modelled as harmonic sources, corresponding magnitude injection ranges are taken from 

Deliverable 5.2. while harmonic angles of all injections were sampled from the range 0-180o .   

 

For the purpose of evaluation of the results of harmonic studies to a lesser extent and more 

importantly tuning the model (i.e., selecting the number of nonlinear loads in the network and 

percentage of nonlinear component of each load) long term monitoring data obtained from seven 

network locations are used as presented in the Appendix A.3. Harmonic measurement data cover 

period 01/05/2012 – 30/12/2015 as given in figures Figure A.3-1 and Figure A.3-2 in Appendix A.3.  

Monitoring data are processed and specific data ranges are taken in order to get a benchmark data 

for the winter (measurement data from December and January) and summer period (measurement 

data from July and August). 

 

All loads in the network, industrial and DN type load, are modelled as non-linear. The percentage 

of nonlinear component of industrial loads was adopted to be 50% and the percentage of nonlinear 

component of DN type loads was adopted to be 20% based on preliminary studies to broadly 

match recorded harmonic performance at several characteristic locations in the network. Non-

linear share of loads are modelled as harmonic sources with the same injection ranges as in case of 

the IEEE 68-bus network.  

PE connected devices (WF, SVC and HVDC) are modelled using Norton equivalent with independent 

sampling of harmonic impedance and current injections (within ranges specified in D5.2) while the 

loads are modelled as the ideal current sources.  

A single operating point is simulated for each of the six operating scenarios (corresponding to 

those identified in WP1 and representing winter maximum loading with three levels of RES 

penetration, i.e., 0%, 30% and 60% and summer minimum loading with the same three levels of 

RES penetration) and harmonic injections simulated 500 times in each case. 

2.5 Illustrative results of probabilistic harmonic studies 
 

2.5.1 Examples of studies with modified IEEE 68-bus test network  

 

In case of evaluating the impact of increased penetration of RES in the networks with assumed 

ratio of non-linearity (20%–40%) of loads as harmonic sources two cases are compared (without 

and with RES operating and the results of harmonic parameters for 5 worst buses in terms of 95th 

THD are presented in Table 2-4 and Table 2-5:. 
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Table 2-4: THD results for 5 worst buses in terms of 95th THD in case of non-linear loads as 
harmonic sources and without RES operating 

Bus Name Bus no. Max THD Min THD Average THD 95
th

 percentile THD 

Worst bus 48 4.29% 0.62% 2.27% 3.84% 

Second worst bus 40 3.98% 0.56% 2.08% 3.56% 

Third worst bus 47 3.82% 0.55% 2.06% 3.42% 

Fourth worst bus 27 3.04% 0.45% 1.54% 2.67% 

Fifth worst bus 26 2.96% 0.40% 1.51% 2.66% 

 

Table 2-5: THD results for 5 worst buses in terms of 95th THD in case of non-linear loads as 
harmonic sources and with RES operating (selected penetration level) 

Bus Name Bus no. Max THD Min THD Average THD 95
th

 percentile THD 

Worst bus 48 5.01% 0.67% 2.31% 4.08% 

Second worst bus 40 4.65% 0.61% 2.11% 3.72% 

Third worst bus 47 4.78% 0.62% 2.10% 3.66% 

Fourth worst bus 27 3.69% 0.48% 1.53% 2.79% 

Fifth worst bus 26 3.61% 0.45% 1.46% 2.69% 

 

In order to analyse the harmonic propagation depending on the penetration level of DGs and 

different level of non-linearity of loads several different cases are observed.  

 Case 1: SMs and nonlinear loads in original network (selected penetration level of RES) 

 Case 2: Renewable generators, SMs and linear loads in original network. 

 Case 3: Renewable generators, SMs and nonlinear loads in original network. 

 Case 4: Renewable generators, SMs and linear loads in maximum wind penetration 

network. 

 Case 5: Renewable generators, SMs and nonlinear loads in the maximum wind penetration 

network. 

 Case 6: Renewable generators, SMs and linear loads in maximum PV penetration network. 

 Case 7: Renewable generators, SMs and nonlinear loads in maximum PV penetration 

network. 

Some results and finding of the harmonic propagation analysis are given further with additional 

more detailed results in Appendix A.2.  
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a) Case 3 

 

b) Case 5 

 

c) Case 7 

Figure 2-15: Illustrative presentation of location of the observed buses (best, worst, max and min 
THD change rate) in terms of THD values 

 

As can be seen from Figure 2-15, locations for the five best buses and the five worst buses in 

terms of THD values (not the values itself) are the same in Case 1 and Case 3. In Case 2, the 

locations of the five worst buses have changed slightly, but the locations of the five best buses are 

still the same as those in Case 1 and Case 3.  

In conclusion, the connection of renewable generators or nonlinear loads has a slight impact on the 

locations of the worst and the best buses. With the increase in renewable penetration, the locations 

of the five best performance buses do not change at all, while the locations of the five worst 

performance buses change slightly. Furthermore, the locations of the five buses with the largest 

THD change rate also changed a little, and they are close to the SMs. 

In terms of the locations of the five buses with the smallest change rate, in Figure 2-15, when the 

renewable penetration increased, the locations of those five buses are not very centralized. 

However, from figures b) and c) it can be seen that, when the renewable penetration increased to 

70% or 63%, the locations of the five smallest change rate buses are very centralized. The area 

with the buses with the smallest change rate does not change whether the wind generation ratio 

increases faster or the PV ratio increases faster. 
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Table 2-6: Comparison of THD results for cases 2, 4 and 6  

 Bus Name Max THD Min THD Average THD 95
th

 percentile THD 

Case 2: Renewable SM and linear loads in original network 

Worst bus 48 1.60% 0.03% 0.76% 1.49% 

Second worst bus 47 1.55% 0.03% 0.74% 1.44% 

Third worst bus 27 1.48% 0.03% 0.72% 1.38% 

Fourth worst bus 64 1.43% 0.03% 0.70% 1.34% 

Fifth worst bus 66 1.43% 0.03% 0.70% 1.33% 

Case 4: Renewable SM and linear loads in maximum wind network 

Worst bus 48 3.44% 0.06% 1.52% 2.85% 

Second worst bus 27 3.38% 0.07% 1.48% 2.83% 

Third worst bus 47 3.35% 0.07% 1.49% 2.78% 

Fourth worst bus 64 3.21% 0.07% 1.45% 2.78% 

Fifth worst bus 56 3.19% 0.07% 1.44% 2.76% 

Case 6: Renewable SM and linear loads in maximum PV network 

Worst bus 48 3.25% 0.05% 1.39% 2.77% 

Second worst bus 47 3.12% 0.05% 1.36% 2.68% 

Third worst bus 27 3.06% 0.06% 1.33% 2.63% 

Fourth worst bus 64 2.89% 0.06% 1.29% 2.54% 

Fifth worst bus 26 2.94% 0.06% 1.29% 2.53% 

For the network that consists of only linear loads (as in Case 2, Case 4 and Case 6), the influence 

from the increasing renewable penetration on THD performance is almost linear. It can be seen 

from Table 2-6: that the worst THD performance buses for all cases is bus 48. 

 

As an illustration of uncertainties comprised in analysis, one day generation type mix in which the 

maximum penetration of RES occurred is shown in Figure 2-16 corresponding to Case 7.   
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Figure 2-16: One day generation mix and RES penetration level 

The main findings of these illustrative studies can be summarized as follows: With the increase in 

RES penetration the locations of the five buses with the highest THD change only slightly, the 

locations of the five buses with the lowest THD do not change at all and the locations of five buses 

with the largest THD change rate also changed a little. 

 

To study the effect of integration of other PE connected devices in the system, several additional 

case studies were performed with connection of battery energy storage system (BESS) and static 

VAr compensator (SVCs) in the network: 

Case 8: Original network with penetration level of 21.88%. 

Case 9: Original network with penetration level of 31.04%. 

Case 10: Original network with penetration level of 40.31%. 

Case 11: Original network with penetration level of 45.70%. 

Case 12: Original network with 10 BESS added, penetration level is 45.70%. 

Case 13: Original network with 1 SVC added, penetration level is 45.70%. 

Case 14: Original network with 10 BESS and 1 SVC added, penetration level is 45.70%.  

 

One of the key aspects of developed methodology is presenting the results of the analysis in terms 

of the risk of exceedance of harmonic limits an such benefiting fully from probabilistic studies 

performed. Harmonic performance in the above cases is therefore evaluated in terms of potential 

risk of exceeding the harmonic limits, which is equal to the area of the corresponding probabilistic 

density function (PDF) that is beyond the standard specified limit.  

Figure 2-17 shows the PDF and cumulative distribution function (CDF) as well as the method to 

calculate the risk. Taking bus 48 as an example, the probability of THD being less than 3% is 

0.7947; the risk of exceeding the limit of 3% therefore is 20.54% (this corresponds to red shaded 

area below pdf curve and to the right of 3% harmonic limit). 

 

 

Figure 2-17: Illustrative presentation of determination of potential risk of over-limited THD value 
on Bus 48 

Illustrative results are presented are compared in Table 2-7. It can be seen that the risk of 

exceedance of specified threshold of individual buses changes depending on type of devices in the 

network and that the presence of different devices my result in both improved and deteriorated 

THD performance of the network. Mere addition of more harmonic sources in the network does not 
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necessarily meant that the network harmonic performance will be worse. The risk of exceeding 

harmonic threshold for critical buses is the lowest even though the number of PE devices in the 

network in the highest, i.e., both BESS and SVC are connected in addition to all nonlinear loads 

and RES.  

Table 2-7: Comparison of THD results for cases 11, 12, 13 and 14 

 Bus 

THD (%) Risk of 

Exceeding 

(Limit: 3.0%) 95 Percentile Average 

Case 11 

(Penet=45.70%) 

48 4.18 2.28 20.54% 

40 3.80 2.06 14.30% 

47 3.75 2.07 13.95% 

Case 12 

(Penet=45.70% with 

BESS only) 

47 4.33 2.36 23.08% 

48 3.93 2.13 15.82% 

53 3.91 2.15 16.51% 

Case 13 

(Penet=45.70% with 

SVC only) 

48 4.74 2.34 23.39% 

60 4.62 1.60 8.36% 

59 4.37 1.54 7.57% 

Case 14 

(Penet=45.70% with 

BESS and SVC) 

60 4.59 1.52 7.21% 

59 4.33 1.46 6.57% 

57 3.76 1.34 5.32% 

 

When presenting the results as heat maps, as in Figure 2-18, due to installation of SVC, THD 

values are worsen on neighbouring buses. Besides, bus 48, 47 and 40 also have higher 95th 

percentile THD when SVC is installed. In Case 14 which considers the installation of both SVC and 

10 BESS it can be observed that SVC still influences a lot of buses nearby; however the worst 

buses (bus 48, 47 and 40) in Case 11 are actually mitigated.  

 

 

a) Case 13 
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b) Case 14 

Figure 2-18: Illustrative presentation of THD values in form of heat-maps for Case 13 and Case 14 

Considering the importance of modelling higher harmonics (f>1kHz) in the network and the 

dependence of network parameters, e.g., resistance, on frequency additional illustrative case 

studies are performed. These are particularly important as in all previous case the transmission 

lines were modelled with standard lumped parameter model. For the same IEEE 68-bus test 

network without RES, SVCs and BESS several simulation studies were performed to analyse the 

impact of modelling of the frequency dependency of the resistances and higher harmonic 

injections:  

Case 15: R(f) NOT modelled and NO high frequency harmonics in the network 

Case 16: R(f) modelled and NO high frequency harmonics in the network  

Case 17: R(f) NOT modelled and high frequency harmonics injected in the network 

Case 18: R(f) modelled and high frequency harmonics injected in the network 

The injections at each frequency were sampled from predefined ranges for magnitude and angles. 

The low frequency harmonics were up to 1~1.5% based on recorded measurement, the 49th 

harmonic was modelled with a maximum of 0.15% (which is the IEEE standard limit of the allowed 

injections of large loads (25 < Isc/IL < 50 connected at voltages > 161 kV) as can be found in [31], 

[27]. The injections at the 199th are up to 0.8% of fundamental current this is based on the results 

shown in [41] for the super-harmonic range of injections of a multi-level converter. The angle of 

injection range was always 0-180 degrees.  

 

 

0

1

2

3

4

5

6

B 17 B 26 B 27 B 40 B 47 B 48 B 64

TH
D

 (
%

) 

THD Case 15

THD Case 16

THD Case 17

THD Case 18



REPORT 
 

Page 48 of 155 

 

 

 

Figure 2-19: THD performance of the worst buses for the four cases analysed 

 

As it is shown in Table A.2-17 given in the Appendix A.2, the modelling of R frequency dependency 

has no impact on the harmonic performance when considering low frequency harmonics only (Case 

15 vs Case 16). When modelling injections at high frequencies, although very low injections, the 

THD increases notably with new buses appearing in the worst 5 buses list (Figure 2-19). This is 

mainly due to resonance frequencies excited. Modelling R dependency can be ignored safely when 

studying low frequency harmonics only. However, in the range of high frequencies modelling 

Resistance dependence on frequency becomes much more important and neglecting it could be 

misleading. The results shown in Figure 2-19 also demonstrate that new critical buses, i.e., buses 

with largest THD in the network appear (e.g., in the top five critical buses) when higher harmonics 

are modelled.   
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2.5.2 Examples of studies with transmission network in Ireland  

 

A single operating point is simulated for each of the six operating scenarios (corresponding to 

those identified in WP1 and representing winter maximum loading with three levels of RES 

penetration, i.e., 0%, 30% and 60% and summer minimum loading with the same three levels of 

RES penetration) and harmonic injections simulated 500 times in each case. The network model 

used for illustration of this methodology was developed in WP1 which was based on the Irish 

transmission network which is operated by EirGrid. 

All loads in the network, industrial and DN type load (DSO loads), are modelled as non-linear. The 

percentage of nonlinear component of industrial loads was adopted to be 50% and the percentage 

of nonlinear component of DN type loads (DSO loads) was adopted to be 20% based on 

preliminary studies. Non-linear share of loads are modelled as harmonic sources with the same 

injection ranges as in case of the IEEE 68-bus network. PE connected devices (WF, SVC and HVDC) 

are modelled using Norton equivalent with independent sampling of harmonic impedance and 

current injections (within ranges specified in D5.2) while the loads are modelled as the ideal 

current sources.  

 

It is important to emphasize that the results presented below are for illustrative 

purposes of the methodology only and they do not reflect in any way the actual or 

measured harmonic performance of the Irish transmission network. The Irish Grid 

network model is used only to illustrate the application of the developed methodology in 

a realistic transmission network topology. 

 

Table 2-8: 400 kV 95th THD values (%) –  Simulation results for illustration purposes only 

 
400 kV 
substations 

Winter        

0% wind 

Winter         

30% wind 

Winter  

60% wind 

Summer 

0% wind 

Summer 

30% wind 

Summer 

60% wind 

95th THD (%) 

400_S1 1.41392 1.12893 1.52256 1.03684 0.94854 1.32650 

400_S2 1.36581 0.90825 1.33918 0.99075 0.76733 1.05023 

400_S3 0.72138 0.53183 0.92886 0.52962 0.51189 0.93846 

400_S4 0.57411 0.48804 0.60638 0.49900 0.43475 0.54087 

400_S5 0.57402 0.48787 0.60605 0.49868 0.43438 0.54082 

Table 2-9: 220 kV 95th THD values (%) – top 5 buses - Simulation results for illustration purposes 

only 

Winter 0% wind  Winter 30% wind Winter 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

220_1 1.38895 220_1 1.71123 220_4 2.40768 

220_10 1.23039 220_4 1.67581 220_13 2.35094 

220_15 1.16678 220_6 1.39555 220_19 2.23858 

220_17 1.14579 220_10 1.29094 220_1 2.14888 

220_21 1.13004 220_13 1.23683 220_6 2.06357 

Summer 0% wind Summer 30% wind Summer 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 
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220_1 1.13944 220_1 1.65820 220_13 2.34174 

220_10 0.95642 220_4 1.53454 220_19 2.14633 

220_15 0.87598 220_13 1.36906 220_4 2.05825 

220_17 0.86272 220_6 1.30637 220_1 1.86059 

220_21 0.85067 220_19 1.21133 220_6 1.78403 

 

Table 2-10: 110 kV 95th THD values (%) – top 10 buses – Simulation results for illustration 
purposes only 

Winter 0% wind  Winter 30% wind Winter 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

110_1 6.75739 110_1 6.05437 110_1 6.02372 

110_3 6.26930 110_4 5.60594 110_3 5.57780 

110_5 5.81557 110_5 5.23438 110_5 5.21173 

110_7 5.50188 110_7 4.96066 110_7 4.94082 

110_8 5.28331 110_8 4.63065 110_8 4.66381 

Summer 0% wind Summer 30% wind Summer 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

110_1 5.07836 110_1 4.80895 110_1 3.93996 

110_3 4.71008 110_3 4.44555 110_63 3.80300 

110_5 4.37613 110_5 4.17389 110_68 3.75848 

110_7 4.14031 110_7 3.95612 110_3 3.64849 

110_8 4.02887 110_8 3.65361 110_18 3.58948 

 

As can be seen from the tables above (Table 2-8, Table 2-9 and Table 2-10), the ranking of HV 

buses in terms of values of 95th THD (%) are almost always the same which points that regardless 

the penetration level of RES, buses with the highest risk of exceeding (highlighted red values in the 

tables) the allowed limit of THD values remains the same in the power system.  

 

Example of illustrative calculation of the risk of exceeding the limit of 3% on 110 kV bus with the 

highest 95th THD value in case of Winter 30% is given in Figure 2-20. 
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Figure 2-20: Risk of over-limited harmonic on bus with the highest 95th THD value – Winter 30% 
case - Simulation results for illustration purposes only 

 

Although it would be expected to have an increase of THD values along with the increase of 

penetration rate of RES it is not the case for the all voltage levels and this does not occur on all 

buses as can be seen from figures Figure 2-21, Figure 2-22 and Figure 2-23.  

The increase of THD value in case of increase of penetration rate of RES is influenced by the 

network topology and also the type of RES connected in terms of harmonic injections in particular, 

so more detail analysis would be required to determine the potential locations on each network 

voltage level that are highly influenced by connection of RES.    

 

 

Figure 2-21: THD performance of 400 kV buses in analysed model of transmission network in 
Ireland - Simulation results for illustration purposes only 
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Figure 2-22: THD performance of 220 kV buses in analysed model of transmission network in 
Ireland  - Simulation results for illustration purposes only 

 

 

Figure 2-23: THD performance of ten 110 kV buses with the highest 95th THD in analysed model of 
transmission network in Ireland - Simulation results for illustration purposes only 

 

Additional cases are also considered in order to analyse the impact of spatial distribution of 
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on the northern part and on the southern part of the analysed model of transmission network in 

Ireland or increasing the number of operating wind turbines in that WPPs. By comparing these four 

cases with the case Winter 30% wind it can be seen from the obtained values for THD and for 

individual harmonics that highest values will occur on the same buses (highlighted values in tables 

given in the Appendix A.3) which indicates that those locations are potential locations for further 

analysis and monitoring.  

 

If the 95th THD values at 400 kV buses and 220 and 110 kV buses are inspected, it could be seen 

that there is no influence of changing the harmonic injections on 400 kV network (Figure 2-24) 

while at lower voltage levels  different values of THD at some buses are obtained for different cases 

(as can be seen marked with dashed lines on Figure 2-25 and Figure 2-26).  

 

 

 

Figure 2-24: 95th THD performance of 400 kV buses in analysed model of transmission network in 

Ireland – comparison cases - Simulation results for illustration purposes only 
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Figure 2-25: 95th THD performance of 220 kV buses in analysed model of transmission network in 
Ireland – comparison cases - Simulation results for illustration purposes only 
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Figure 2-26: 95th THD performance of some 110 kV buses in analysed model of transmission 
network in Ireland – comparison cases - Simulation results for illustration purposes only 

 

2.6 Summary   
 

By applying the probabilistic harmonic propagation methodology on the selected test networks, as 

described in detail in this document, the harmonic propagation can be studied and potentially weak 

points in the network easily identified considering very wide range of operating conditions. The 

methodology can be used by TSOs for the purpose of comprehensive harmonic studies in the 

network with limited data availability in order to identify potential impact of PE devices on power 

system harmonic performance. 

The accuracy of the results will critically depend on the network model used, both in terms of 

operating conditions of the network and component models as well as on assumed harmonic 

injection spectra of harmonic sources. These aspects will be further analysed in the future.    

 

The analysis performed using different test networks and numerous case studies to illustrate the 

methodology highlighted that the harmonic performance of a power system is an individual 

characteristic influenced by different uncertainties. It seems though that there are busses in the 

network which are typically more sensitive to harmonics than the others irrespectively of the level 

of harmonic injection and operating condition of the network.  

 

By testing the harmonic performance in the same network with different connection conditions, it 

has been found that non-linear loads have more effect than RES on harmonic performance. If all 
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loads can be assumed to be linear loads, then renewable generation penetration has an almost 

linear effect on harmonic performance as shown in modified IEEE 68 bus network. In other words, 

the 95th percentile THD level for the network increases almost linearly with the renewable 

penetration for the network. The increasing RES penetration level will not have a significant impact 

on the locations of the worst and best performance buses. It will make the locations of the buses 

with a small THD change rate much more centralized and the buses with the highest risk of 

exceeding the allowed limit of THD values will remain the same. Similarly, spatial distribution of 

harmonic injections in power system will have similar effect, i.e., impact will be more visible on 

some buses depending on the network topology, but it can be said that potentially critical locations 

will remain the same which could help with applying mitigation solutions. 
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3 Analysis of active and reactive power 

variations  
 

3.1 Introduction 
 

As already described in chapter 2.2 Transmission networks with high penetration of power 

electronic devices modern power systems face the challenge of integrating a rising number of 

power electronic (PE) devices. 

One reason for the increase of PE devices is the installation of wind turbines. Since these power 

sources usually have a volatile feed-in, the purpose of this chapter is the study and valuation of 

frequency and voltage variations caused by active and reactive power variations in grids with 

different shares of wind power. 

3.2 Methodology 
 

The purpose is to investigate the variation of active and reactive power in a power system. The 

study object is a nonlinear dynamic grid model with 6840 nodes based on the transmission system 

of Ireland. Its voltage levels include 110 kV, 220 kV and 400 kV. 

The installed capacity of synchronous generators is 8.49 GW. The 35 wind farms in the system 

account for an installed wind power capacity of 2.83 GW. A number of 27 of these wind farms, i.e. 

81% of the installed capacity, are directly connected to the transmission grid and regulate the 

voltage at their point of common coupling (PCC). The resulting eight wind farms, i.e. 19% of the 

installed capacity, are connected at distribution system operator (DSO) level and do not participate 

in voltage regulation. None of the wind farms enables frequency regulation. 

During the simulations, the volatile feed-in of the wind farms due to a changing wind speed leads 

to variations in active and reactive power in the system. On a system level there are different 

indicators describing these quantities, namely frequency and rate of frequency (ROCOF) for active 

power variation and voltage deviation for reactive power variation. These are described in the 

following sections. 

3.2.1 Frequency  

 

The electrical frequency measured at the PCC of all active synchronous generators in the system is 

displayed over the simulation time and checked for frequency limit violations valid for normal 

operation. According to the Irish Grid Code, the lower and the upper limits of the normal operating 

range are 49.8 Hz and 50.2 Hz, respectively [42]. 

3.2.2 ROCOF 

 

In compliance with [43], the values of ROCOF are calculated over a 500 ms time frame and 

displayed over the simulation time. Today’s Irish Grid Code requires all power plants connected to 

the grid to remain synchronised to the system during ROCOF of up to 0.5 Hz/s [42].  
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Thus, the ROCOF curve is compared to these limits. 

 

3.2.3 Voltage deviation 

 

Voltage is measured and analysed at the PCC of the wind farms at a voltage level of 110 kV. The 

allowed ranges for normal operation are listed in Table 3-1 [42]. 

 

Table 3-1: Voltage deviation 

Nominal voltage 

[kV] 

Lower limit  

[kV] 

Upper limit  

[kV] 

Lower limit  

[p.u.] 

Upper limit  

[p.u.] 

110 105 120 0.955 1.091 

 

3.3 Modelling 
 

3.3.1 Overview 

 

The study object is a dynamic system model based on the transmission system of Ireland, which is 

provided by the Irish transmission system operator (TSO) EirGrid and implemented in the 

simulation software PowerFactory DIgSILENT.  

 

3.3.2 Modelling of wind power generation 

 

In total, there are 35 onshore wind farms and no offshore wind farms in the system. The number 

of turbines per wind farm ranges from 7 to 65 with an average of 27.  

 

For representing the behaviour of the wind farms, wind turbines are subjected to individual wind 

speed profiles. The turbine model used for this purpose is described in [44] and has been 

introduced in the previous MIGRATE report D5.2, chapter 4.2 [2]. It represents a nonlinear model 

of a type 4 wind turbine with a rated power of 3 MW that is reached at a wind speed of 12 m/s. 

In order to allow for individual wind speed profiles for each turbine, the active power outputs of the 

wind turbines in a wind farm are simulated separately and then aggregated and stored in a lookup 

table. The lookup table serves as the input signal for the power output of the static generator 

representing a wind farm in the grid model. 

 

The Q control system for the wind farms is based on [45]. If the wind farm is connected at TSO 

level, it regulates the voltage at PCC or the desired feed-in of Q in case of a DSO-connected wind 

farm.  
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3.3.3 Modelling of wind speed input 

 

Wind is the power source for wind turbines. For the simulations only the average wind speed can 

be determined from the given power output of a wind farm. The wind speed turbulences, however, 

have to be considered as well. 

 

In the following sections, the applied methodology for the representation of wind speed behaviour 

in the dynamic system studies will be described. 

 

 
Wind Speed Calculation 
 

Wind speed 𝑣𝑤 is a volatile quantity and can be formulated by the superposition of two components 

[46], [47]: 

 

𝑣w(𝑡) = 𝑣s(𝑡) + 𝑣t(𝑡) (3.1) 

 

where 𝑣𝑠 is the low-frequency component and 𝑣𝑡 represents the turbulence component. In the van 

der Hoven spectral model shown in Figure 3-1, the low-frequency component vs describes long-

term variations that are found on the left hand side of the spectral gap. For a study period of up to 

10 minutes, 𝑣𝑠 is considered constant. 

The turbulence component 𝑣𝑡 on the other hand characterises fast variations and is described by 

the part of the curve on the right hand side of the spectral gap. It can be modelled as a zero 

average random process [46]. 

 
 
 

 

 
 

Figure 3-1: Van der Hoven's spectral model of wind speed [48] 

 
 

The wind speed 𝑣𝑤(𝑡) can be obtained using the block diagram illustrated in Figure 3-2 [46]. It 

shows the superposition of the components 𝑣𝑠(𝑡) and 𝑣𝑡(𝑡). The low-frequency component 𝑣𝑠(𝑡) is 

given as an input and the turbulence component 𝑣𝑡 is determined as follows: the low-frequency 

component 𝑣𝑠 is amplified by the turbulence intensity 𝐼𝑡. This product is then multiplied by a white 
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noise signal 𝑆𝑤𝑛 that has been filtered by the transfer function 𝐻𝑡(𝑠). The resulting signal 𝑣𝑡(𝑡) can 

then be added to 𝑣𝑠(𝑡) and gives 𝑣𝑤(𝑡). 

 

Figure 3-2: Nonstationary wind speed generation 

 
According to the Danish standard [49], turbulence intensity 𝐼t is calculated by: 

 

𝐼t =
1

ln (
𝑧
𝑧0

)
 

(3.2) 

where 𝑧 stands for the height from ground and 𝑧0 states the surface roughness length.  

 

The filter 𝐻t(𝑠) is represented by the following transfer function [49]: 

 

𝐻t(𝑠) = 𝐾F ⋅
𝑚1𝑇F𝑠 + 1

(𝑇F𝑠 + 1)(𝑚2𝑇F𝑠 + 1)
 

(3.3) 

with 𝑚1 = 0.4 and 𝑚2 = 0.25. The time constant 𝑇F is calculated as a function of 𝑣𝑠(𝑡) by [46]: 

 

𝑇F(𝑡) =
𝐿𝑡

𝑣s(𝑡)
 

(3.4) 

with the turbulence length 𝐿t expressed by [50]: 

 

𝐿t = {
8.1 ⋅ 0.7 ⋅ 𝑧, 𝑧 < 60 m
8.1 ⋅ 42,     𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (3.5) 

Static gain 𝐾F is given by [46]: 

 

𝐾F = √
2𝜋

B(1/2,1/3)
⋅

𝑇F

𝑇st
        

(3.6) 

Here, B is the beta function. The turbulence component of the wind speed is simulated at sampling 

time 𝑇𝑠𝑡. For this case 𝑇𝑠𝑡 equals 1 s. 

 
 
Data for Wind Speed Calculation 
 

The power curve of the wind turbine used in this study is presented in Figure 3-3. With the given 

power outputs of wind farms, the corresponding values for wind speed 𝑣𝑊 can be read from the 

power curve and thus gives 𝑣𝑠. 
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As the power curve is a surjective function above nominal wind speed, it is not possible to calculate 

the exact wind speed if the given power output is at the turbine’s nominal power. 

 

 

Figure 3-3: Power curve of wind turbine  

 

The surface roughness length z0 has been obtained from the Modern Era Retrospective-analysis for 

Research and Applications (MERRA) dataset provided by the National Aeronautics and Space 

Administration (NASA) [51] The MERRA products are publicly available and include meteorological 

data covering both atmosphere and surface. The time resolution is one hour. As for the 

geographical dimension, the data is provided in 1/2 x 2/3 degrees resolution. 

The roughness lengths were averaged over the period of two years (2014 and 2015). Afterwards, 

the mean over these values was calculated for the respective geographical clusters. 

 
 

 

Figure 3-4: Surface roughness length z0 in [m]  
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3.4 Study cases 
 

For the analysis, the six cases introduced in the previous chapters of this document will be 

investigated. The cases differ based on the percentage of wind power generation in the system and 

the total load. The latter is characterised as summer peak (SP) load and winter peak (WP) load. For 

the summer peak, the load sums up to 4.04 GW, whereas for the winter peak the total load is  

5.05 GW. Table 3-2 summarizes the resulting cases. 

 

Table 3-2: Study case description 

Category Case Load 

scenario 

Load 

[MW] 

Import 

[MW] 

Synchronous 

generation 

[MW] 

Equivalent 

system inertia 

constant Heq 

[Ws/VA] 

Wind 

[MW] 

Share of 

wind 

power 

[%] 

A 
1 SP 4042 -350 4507 5.53 0 0 

2 WP 5052 350 4853 5.57 0 0 

B 
3 SP 4042 -350 3029 3.93 1500 33 

4 WP 5052 350 3341 4.02 1500 31 

C 
5 SP 4042 -350 1843 3.93 2745 60 

6 WP 5052 350 2156 3.93 2745 56 

 

3.5 Simulation and analysis 

3.5.1 Overview 

 

In the following section, the cases described in the previous chapter 3.4 Study cases will be 

simulated and analysed. The simulations are conducted with PowerFactory DIgSILENT. 

 

All wind turbines within a wind farm are assumed to be active. During the simulations the wind 

turbines are fed with a variable wind speed, which has been generated according to the 

methodology described in section 3.3.3 Modelling of wind speed input. 

 

3.5.2 Category A: 0 percent of wind share 

 

Without active wind turbines in the system, there is no other source for volatile active or reactive 

power input. Consequently, there are no frequency or voltage variations visible in the resulting 

figures for frequency, ROCOF, and voltage deviation. Therefore, the results are not further 

discussed. 

3.5.3 Category B: 30 percent of wind share 

 

Active and reactive power 

For the summer peak scenario the aggregated output of active power by the wind farms and by the 

synchronous generators are depicted in Figure 3-5 and Figure 3-6, respectively. It can be seen that 

the synchronous generators act in the opposite direction of the varying wind power in order to 
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keep the power balance. Consequently, the frequency shown in Figure 3-9 drops with increasing 

active power input by the synchronous generators and rises with a decrease in active power. 

 

As can be seen from Figure 3-7 displaying the aggregated reactive power from wind farms and 

Figure 3-8 showing the reactive power from synchronous generators both wind farms and 

synchronous generators adapt their reactive power output to keep the voltage. 

 

The plots for the winter peak can be found in the Appendix A.4.  

 

 

Figure 3-5: Aggregated active power output of wind farms for summer peak and 33% share of 
wind power 
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Figure 3-6: Aggregated active power output of synchronous generators for summer peak and 33% 
share of wind power 

 

 

Figure 3-7: Aggregated reactive power output of wind farms for summer peak and 33% share of 
wind power 
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Figure 3-8: Aggregated reactive power output of synchronous generators for summer peak and 
33% share of wind power 

 

 

Frequency 

In Figure 3-9 the frequency measured at the synchronous generator terminals is shown for the 

case of summer peak. It is visible that the frequency is subject to variations over time. The 

maximum deviation reaches 50.05 Hz, whereas the lower limit lies at 49.99 Hz. The deviations are 

thus within the accepted boundaries of 49.8 Hz and 50.2 Hz. 

 

The winter peak scenario is covered in Figure 3-10. For a better comparability of the results, the 

same wind speed profiles have been used, as the wind power dispatch is the same for both 

summer peak and winter peak.  

As an indicator for the frequency variation, the variance can be determined. In comparison to 

summer peak, the variance is slightly lower because of the higher system inertia due to a larger 

share of synchronous generation (149 µHz2 for the summer peak, 93.6 µHz2 for the winter peak). 

In addition, the maximum and the minimum value of 50.04 Hz and 49.99 Hz are less severe and 

also do not violate the boundaries. 
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Figure 3-9: Frequency for summer peak and 33% share of wind power 

 

 

Figure 3-10: Frequency for winter peak and 31% share of wind power 
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ROCOF 

The results for ROCOF can be seen in Figure 3-11 and Figure 3-12 for the summer peak and winter 

peak, respectively. The curves of both cases are close to zero and lie within the allowed range 

between +-0.5 Hz/s. Because of the slightly higher inertia for winter peak, the variance is lower for 

this constellation (3.8 µHz2/s2 for the summer peak and 2.4 µHz2/s2 for the winter peak). 

 

Figure 3-11: ROCOF for summer peak and 33% share of wind power 

 

Figure 3-12: ROCOF for winter peak and 31% share of wind power 

 



REPORT 
 

Page 68 of 155 

 

Voltage deviation 

Figure 3-13 and Figure 3-14 depict the voltage deviations from their nominal value in p.u. 

measured at the wind farm terminals for the summer peak and winter peak. The deviations are 

close to zero and, therefore, neither of the limits are violated for the summer peak or winter peak. 

 

Figure 3-13: Voltage deviation for summer peak and 33% share of wind power 

 

Figure 3-14: Voltage deviation for winter peak and 31% share of wind power 
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Comparison with measurements 

For a comparison of the simulation results with measurements, a similar share of wind power in the 

combined transmission systems of Ireland and Northern Ireland is considered. At 29/11/2017 from 

6:05 am to 6:15 am there was on average a 30% share of wind power in the system with 4.36 GW 

total generation (1.30 GW wind power generation and 3.06 GW synchronous generation [52]. The 

corresponding frequency with a resolution of 5 seconds is shown in Figure 3-15. The frequency has 

a variance of 123 µHz2. Thus, it lies within the range of the values calculated for the simulated 

frequency results for Figure 3-9 and Figure 3-10.  

 

Figure 3-15: Frequency in EirGrid with 30% share of wind power 

 

3.5.4 Category C: 60 percent of wind share 

 

In the case of 60% wind power, all wind farms except for one are at nominal power output. As 

described in section 3.3.3 Modelling of wind speed input, the corresponding wind speed for 

nominal power cannot be clearly identified since the power curve is surjective above nominal wind 

speed. Furthermore, turbulences above the rated wind speed cause no power variations because 

the wind turbine’s pitch control limits the power output to its nominal value. 

 

In order to simulate a case with the maximum possible power variation, the rated wind speed is 

chosen for the average wind speed for wind farms at nominal power output. This option ensures 

that all turbulences below the chosen wind speed have an impact on the power output of the wind 

turbine. 
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Frequency 

Figure 3-16 describes the frequency behaviour for the summer peak scenario. The minimum and 

the maximum is at 49.94 Hz and at 50.04 Hz, respectively, leaving the frequency within the 

accepted limits. This is also the case for the winter peak scenario shown in Figure 3-17 with the 

same values for minimum and maximum. The variance is also similar for both cases (0.34 mHz2 for 

the summer peak and 0.35 mHz2 for the winter peak). 

 

Even though these two cases have the same system inertia constant of 3.93 Ws/VA as the summer 

peak scenario with 33% share of wind power, the variance is higher. This is because the changes in 

active power in the system are higher for the cases with 60% share of wind power. According to 

the following formula the change in frequency is both dependent on the inertia constant and the 

change in active power [53]: 

 

d𝑓

d𝑡
= 𝑓base ⋅

Δ𝑃

2𝐻eq
 

 

(3.7) 

 

 

Figure 3-16: Frequency for summer peak and 60% share of wind power 
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Figure 3-17: Frequency for winter peak and 56% share of wind power 

 

 

ROCOF 

The results for ROCOF are illustrated in Figure 3-18 for the summer peak and Figure 3-19 for the 

winter peak. As explained above, the higher changes in active power due to the wind farms cause 

higher rates of change of frequency compared with the case of the summer peak and 33% share of 

wind power. The variance is 36 µHz2/s2 for the summer peak and 31 µHz2/s2 for the winter peak. 

However, both curves are still well within the accepted limits. 
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Figure 3-18: ROCOF for summer peak and 60% share of wind power 

 

 

Figure 3-19: ROCOF for winter peak and 56% share of wind power 
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Voltage deviation 

In Figure 3-20 and Figure 3-21 one can see the deviation of voltage at the wind farm terminals for 

the summer peak and the winter peak, respectively. The voltage varies more than in the cases 

with 30% share of wind power and has a maximum deviation of 0.013 p.u. and a minimum 

deviation of -0.012 p.u. However, the wind farm control together with the control system of the 

synchronous generators are able to keep the voltage well within the acceptable borders.  

 

Figure 3-20: Voltage deviation for summer peak and 60% share of wind power 

 

Figure 3-21: Voltage deviation for winter peak and 56% share of wind power 
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3.6 Summary  
 

Since wind speed is a volatile quantity, wind farms can cause active and reactive power variations 

in the grid. In accordance with the studies conducted in the other chapters of this deliverable, 

several use cases have thus been analysed with regard to frequency and voltage variations as 

indicators for active and reactive power behaviour in the system. The use cases correspond to 

situations in a present-day grid and comprise different levels of wind power penetration.  

 

For the study object, a nonlinear dynamic grid model based on the transmission system of Ireland 

was used. In this model, wind farms connected at high voltage level participate in voltage 

regulation, whereas none of the wind farms participates in frequency regulation. A dynamic model 

of a wind farm was created allowing to consider heterogeneous wind speed profiles within the wind 

farm. Heterogeneous wind speed profiles lead to heterogeneous power output profiles of the 

turbines in a wind farm. The power output profiles of each single turbine were determined based on 

a non-linear turbine model. Those profiles were aggregated to form the wind farm power injection 

into the grid. This approach enables the modelling of the wind farm power variations in the 

considered time range of seconds till several minutes.  

    

As the results show, the volatile power output of wind farms does have an influence on frequency 

and voltage in the system for normal operation. A share of 30 % of wind power already reveals 

small variations in frequency and voltage, whereas the use cases with 60% share of wind power 

generally show larger variations. Thus, it can be noted that the frequency and voltage variations as 

well as ROCOF tend to increase with a rising share of wind power. However, for the presented use 

cases the quantities are well within the limits for normal operation. 
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4 Validation of the use of PMUs and other WAMS 
to assist in the mapping of PQ issues 

4.1 Overview 
 

The objective of this Chapter is to assess the possibilities to use phasor measurement units (PMUs) 

for PQ assessment. For this three of the most commonly used PMU units in the networks were 

tested in an laboratory environment and their performance with respect to following PQ 

characteristics was tested: 

 Frequency; 

 Steady-state voltage; 

 Voltage unbalance; 

 Harmonics. 

 

Based on PMUs architecture and relatively high sampling rate it is theoretically possible to monitor 

frequency, voltage variations and voltage unbalance. Regarding the algorithms of PMUs estimation 

calculation the harmonic assessment becomes in some cases impossible. Nevertheless, there are 

some PMUs in the market that are capable of harmonic assessment but only through special built in 

modules. 

 

 

Frequency 

 

Frequency is one of the most important parameters in the assessment of a power system’s 

operational characteristics. Frequency deviation means small variations with respect to the 

fundamental frequency. The mean value of the fundamental frequency measured over 10 s must 

under normal operating conditions stay within the following ranges: [54]  

 for systems with synchronous connection to another interconnected system 

o 49.5-50.5 Hz for 99.5% of the year 

o 47-52 Hz for 100% of the time 

 for systems with no synchronous connection to another interconnected system 

o 49-51 Hz for 95% of the week 

o 42.5-57.5 Hz for 100% of the time 

 

PMUs are designed to measure around the fundamental system frequency [55]. This means that 

theoretically the variation from fundamental frequency affects the PMUs measurement accuracy. In 

the standard IEEE C37.118.1-2011 „IEEE Standard for Synchrophasor Measurements for Power 

Systems“ [56] the frequency measurement error is given as the absolute value of the difference 

between theoretical values and the estimated values given in Hz for the same instant of time: 

 

𝐹𝐸 = |𝑓𝑡𝑟𝑢𝑒 − 𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑| = |∆𝑓𝑡𝑟𝑢𝑒 − ∆𝑓𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑| (4.1) 
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Standard states that the maximum error of FE for M class PMUs can be up to 0.005 Hz. With 

harmonic distortion of <0.2% THD and with 50 fps frequency of data reporting, the acceptable 

error is 0.025 Hz.  

 

Steady-state voltage variation 

 

Voltage stability is the ability of a power system to maintain steady acceptable voltages at all 

busses in the system under normal operational conditions and after being subjected to a 

disturbance [57]. Voltage ranges for reference voltages can be found in Table 4-1 and Table 4-2.  

PMUs are designed to work in steady-state conditions and should track voltage variation in those 

conditions [55]. 

 

Table 4-1: Voltage ranges for reference voltages at 110-300 kV [58] 

Synchronous area  Voltage range  

Continental Europe 0,90 pu-1,118 p.u. 

Nordic 0,90 pu-1,05 p.u. 

Great Britain 0,90 pu-1,10 p.u. 

Ireland and Northern Ireland 0,90 pu-1,118 p.u. 

Baltic 0,90 pu-1,118 p.u. 

Table 4-2: Voltage ranges for reference voltages at 300-400 kV [58] 

Synchronous area  Voltage range  

Continental Europe 0,90 pu-1,05 p.u. 

Nordic 0,90 pu-1,05 p.u. 

Great Britain 0,90 pu-1,05 p.u. 

Ireland and Northern Ireland 0,90 pu-1,05 p.u. 

Baltic 0,90 pu-1,097 p.u. 

 

To assess the voltage variations with PMUs the specific evaluation criterions for PMU performance 

assessment have been defined. The synchrophasor measurements are evaluated using the Total 

Vector Error (TVE) criterion, which combines amplitude and phase differences for values obtained 

from a PMU and theoretical values of a synchrophasor representation. TVE calculation determinates 

the differences between the ideal value of the theoretical synchrophasor and the estimate given by 

the PMU [56]. TVE is defined by the following Equation (4.2). 

 

𝑇𝑉𝐸(𝑛) = √
(𝑋𝑟́ (𝑛)−𝑋𝑟(𝑛))

2
+(𝑋𝑖́ (𝑛)−𝑋𝑖(𝑛))

2

(𝑋𝑟(𝑛))
2

+(𝑋𝑖(𝑛))
2      (4.2) 

 

Here 𝑋𝑟
́ (𝑛) and 𝑋𝑖

́ (𝑛) are the sequences of estimates given by PMU, and 𝑋𝑟(𝑛) and 𝑋𝑖(𝑛) are the 

sequences of theoretical values of the input signal at the instant of time n assigned by the unit to 

those values. 
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Voltage unbalance  

 

Voltage unbalance is defined in three-phase systems as a condition on which the three phase 

voltages are not equal in magnitude and/or the displacement angles between them are different 

form 120°. Unbalance in transmission networks is mainly caused by the operation of unbalanced 

loads, e.g. .g. high-speed trains, or some other specific type of load, and by untransposed 

overhead lines. There are several papers [59], [60], [61], [62] about detecting voltage unbalance 

from PMU outputs. To assess voltage unbalance with PMUs the assessment criteria of TVE can also 

be used. However to analyse the voltage unbalance indices for PQ, as stated in the MIGRATE report 

D.1 [1], the ratio between the positive-and negative sequence, known as voltage unbalance factor 

(VUF) needs to be calculated. 

 

Harmonics  

 

Harmonics are defined as components with a frequency that is an integer multiple of the 

fundamental frequency. Harmonic disturbances come generally from equipment with non-linear 

voltage/current characteristics. Harmonic distortion is measured by using THD (total harmonic 

distortion factor) [54]. PMUs are designed to operate in a way that harmonics are filtered out, 

because they are considered as disturbances that occur in the input band of the PMU and introduce 

distortions that can affect the synchrophasor estimation [55]. This means that traditional PMU 

devices should not be capable of harmonic analyses. However, there are some manufacturers that 

add a PQ or harmonic analysis module to their device that enable harmonic assessment. 

 

4.2 Testing 
 

Testing of PMUs possibilities for PQ monitoring and assessment was made with respect to four main 

PQ characteristics stated above. For this purpose a testing scheme (Figure 4-1) that included a 

signal generator, GPS clock, PMUs and Phasor Data Concentrator (PDC) was composed. Voltage 

and current signal outputs were synchronized using external GPS with IRIG-B protocol. In the 

study, class M PMUs from three different manufacturers were used.  

 

The signal generator used is able to generate voltages 3x300 V (85 VA) and currents 3x12.5 A (70 

VA at 7.5 A) with accuracy of ±0.1 % for both magnitude and phase. This is sufficient to guarantee 

the required accuracy as stated in [56]. According to the IEEE Standard C37.242-2014 [63] the 

general testing equipment should be four to ten times more accurate than the test tolerance and 

test uncertainty ratio (TUR) should be at least 4:1. Given the testing equipment typical errors in 

this testing, the TUR is in the acquired range for current measurements and exceeds the required 

value in voltage measurements.  

 

The testing for different above mentioned PQ characteristics were done with separate tests and 

with different evaluation indices. More information about the tests are brought separately below. 
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Figure 4-1: Test scheme for testing PMUs 

 

Frequency 

 

Primary focus of the frequency tests were to analyse steady-state frequency estimations of 

different PMUs. The main three tests for frequency assessment and their parameters are shown 

below in Table 4-3. The frequency range may be a wide variation from fundamental (47 Hz … 51.5 

Hz [64]) frequency. However, as derived from [65], [66], [67], [68]  the main deviation from the 

fundamental frequency for the most of the year in steady-state conditions do not exceed the 

deviations as stated in the tests below. In the literature [69], some additional results for PMU 

performance testing can be found.  

Table 4-3: Frequency test parameters for steady-state frequency assessment 

Test Set 1 2 3 

Frequency range; (Hz) 49.00-51.00 49.55-50.50 49.90-50.09 

Frequency step; (Hz) 0.10 0.05 0.01 

Signal time; (s) 20 10 10 
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For dynamic frequency response study two test sets are done. Their parameters are shown in the 

Table 4-4 below. 

Table 4-4: Frequency test parameters for dynamic frequency 

Test 1 Test 2 

Frequency; (Hz) Time, (s) Frequency; (Hz) Time, (s) Frequency; (Hz) Time, (s) 

50.00 1.00 50.00 10.0 50.00 50.00 

49.99 0.01 49.87 1.0 50.20 49.99 

49.98 0.01 49.52 0.5 50.50 49.98 

49.97 0.01 49.70 0.2 50.70 49.97 

49.96 0.01 49.98 0.1 50.60 49.96 

49.95 0.01 49.82 10.0 50.00 49.95 

50.00 1.00 49.70 0.3  50.00 

50.01 0.01 49.59 1.0  50.01 

50.02 0.01 49.50 5.0  50.02 

50.03 0.01 49.60 0.5  50.03 

50.04 0.01 49.80 0.1  50.04 

50.05 0.01 49.87 0.2  50.05 

 

Furthermore, a study to assess the harmonic influence to frequency estimation of the PMUs is 

carried out. In this test, the test signal consisted of a combination of fundamental harmonic 

component together with a single higher harmonic, the magnitude of which was 10 % of the main 

harmonic magnitude. The test is similar to what was done for D5.1 [1] however with a focus to the 

frequency error. 

 

Steady-state voltage 

 

For steady state voltage assessment a test set to determine the PMUs accuracy was carried out for 

this project. This test set included voltage increase from practically zero1 voltage to maximum 

voltage. Test was carried out in a laboratory environment where 330 kV voltage was counted as 

nominal. The parameters for this preliminary test are shown in the Table 4-5 below. The range was 

selected to confirm the PMUs ability to accurately assess the voltage phasors in different voltage 

levels. In the literature [69], some additional results for PMU performance testing can be found. 

Table 4-5: Steady-state voltage test parameters 

Test signal voltage; (V) 
Voltage regarding PMUs winding 

settings; (kV) 
Time; (s) 

5…100 16.5…33.0 10 

 

Voltage unbalance 

 

Voltage unbalance testing was carried out in five different sequences with different unbalance 

conditions (Table 4-6). To determine the possibilities of using PMUs for voltage unbalance 

assessment the TVE was analysed but also if possible the voltage unbalance factor (VUF) was 

                                                
1 As zero voltage does not give any results the signal carried minimal voltage range. 
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calculated according to measurements. Voltage in the table represents the input signal voltage to 

the PMU where it is configured to calculate the voltage according to the VT ratio. 

Table 4-6: Voltage unbalance test parameters  

Test sequence Phase Voltage, (V) Angle, (°) 

Test 1 

A 62 0.25 

B 68 -114.70 

C 57 110.03 

Test 2 

A 49 0.10 

B 45 -117.80 

C 61 114.18 

Test 3 

A 60 0.00 

B 61 -83.00 

C 59 106.00 

Test 4 

A 72 0.90 

B 70 -118.00 

C 53 115.00 

Test 5 

A 50 0.00 

B 60 -110.00 

C 70 140.00 

 

Harmonics 

 

Harmonic testing consisted of different voltage and current harmonics that were added to the input 

signal. Two types of testing (Test 1 and Test 2) were done because of the limits of the testing 

device. Firstly, the higher voltage and current harmonics from 2th to the 20th were tested. Different 

harmonic combinations for Test 1 are shown in the Table 4-7. Test C, D and E are made to assess 

the possibility of using the PMUs for harmonic analysis from the symmetrical components (as 

suggested in [70])derived from each phase phasors. 
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Table 4-7: Harmonic test parameters for Test 1 

Harmonic  

Test A Test B Test C Test D Test E 

Voltage 

(%) 

Current, 

(%) 

Voltage, 

(%) 

Current, 

(%) 

Voltage, 

(%) 

Current, 

(%) 

Voltage, 

(%) 

Current, 

(%) 

Voltage, 

(%) 

Current, 

(%) 

2 1 10 5 30 0 0 0 0 30 30 

3 2 9 10 25 30 30 0 0 0 0 

4 3 8 15 20 0 0 30 30 0 0 

5 4 7 20 15 0 0 0 0 30 30 

6 5 6 25 10 30 30 0 0 0 0 

7 6 5 30 5 0 0 30 30 0 0 

8 7 4 5 30 0 0 0 0 30 30 

9 8 3 10 25 30 30 0 0 0 0 

10 9 2 15 20 0 0 30 30 0 0 

11 10 1 20 15 0 0 0 0 30 30 

12 9 2 25 10 30 30 0 0 0 0 

13 8 3 30 2 0 0 30 30 0 0 

14 7 4 5 30 0 0 0 0 30 30 

15 6 5 10 25 30 30 0 0 0 0 

16 5 6 15 20 0 0 30 30 0 0 

17 4 7 20 15 0 0 0 0 30 30 

18 3 8 25 10 30 30 0 0 0 0 

19 2 9 30 5 0 0 30 30 0 0 

20 1 10 5 30 0 0 0 0 30 30 

 

Secondly, higher voltage harmonics up to the 50th harmonic were tested. Different harmonic 

combinations for Test 2 are shown in the Table 4-8. There are three different test (Test A, Test B 

and Test C) to assess the PMUs ability to capture higher harmonic in smaller or larger scale or in 

the areas where known converters emit harmonics into the network. 

 

All harmonics were inserted simultaneously to the input signal but with different magnitudes from 

the fundamental harmonic. The magnitudes were selected to form a pattern for better comparison 

with the results. 
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Table 4-8: Harmonic test parameters for Test 2 

Har-

monic  

Test 

A 

Test 

B 

Test 

C 
Har-

monic  

Test 

A 

Test 

B 

Test 

C 
Har-

monic  

Test 

A 

Test 

B 

Test 

C 

V,(%) 
V, 

(%) 

V, 

(%) 

V, 

(%) 

V, 

(%) 

V, 

(%) 

V, 

(%) 

V, 

(%) 

V, 

(%) 

1 100 100 100 18 3 15 0 35 4 25 10 

2 1 10 0 19 2 20 5 36 3 5 0 

3 2 15 0 20 1 25 0 37 2 10 10 

4 3 20 0 21 2 5 0 38 1 15 0 

5 4 25 5 22 3 10 0 39 2 20 0 

6 5 5 0 23 4 15 5 40 3 25 0 

7 6 10 5 24 5 20 0 41 4 5 10 

8 7 15 0 25 6 25 5 42 5 10 0 

9 8 20 0 26 7 5 0 43 6 15 10 

10 9 25 0 27 8 10 0 44 7 20 0 

11 10 5 5 28 9 15 0 45 8 25 0 

12 9 10 0 29 10 20 5 46 9 5 0 

13 8 15 5 30 9 25 0 47 10 10 10 

14 7 20 0 31 8 5 5 48 9 15 0 

15 6 25 0 32 7 10 0 49 8 20 10 

16 5 5 0 33 6 15 0 50 7 25 0 

17 4 10 5 34 5 20 0     

 

4.3 Results 
 

Frequency  

 

Steady-state frequency results for test cases 1-3 are shown on figures below (Figure 4-2 - Figure 

4-3). Figure 4-2 shows average absolute frequency error for all of the tested PMUs in the range of 

49-51 Hz. PMUs A and B show relativity the same performance when input signal frequency is 

between 49 and 51 Hz. However, PMU A shows some increase in measurement error when the 

frequency deviates further from the nominal 50 Hz frequency. PMU C shows significantly worse 

performance with frequencies that deviate from the fundamental. The more the frequency deviates 

from 50 Hz, the bigger the measurement error is. It can be said that the frequency error of PMU C 

is larger the more the measured frequency is deviated from 50 Hz. Nevertheless, performance of 

the three PMUs is in accordance with the standard that states that the maximum error of FE for M 

class PMUs can be up to 0.005 Hz. 
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Figure 4-3 shows average absolute frequency error for all of the tested PMUs in the range of 49.5-

50.5 Hz. The graph shows that the frequency error of PMUs A and C increase as the input 

frequency deviation from 50 Hz is increased as was seen in Figure 4-2. Frequency error of PMU B 

stays relativity the same through the frequency spectrum. As with previous test, the values of 

frequency error are all in accordance with the standard (below 0,005 Hz). 

 

 

Figure 4-2: Average Absolute Frequency Error in the range of 49-51 Hz 

 

 

Figure 4-3: Average Absolute Frequency Error in the range of 49.5-50.5 Hz 
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Figure 4-4 shows average absolute frequency error for all of the tested PMUs in the range of 49.90-

50.09 Hz. The graph shows that PMUs B and C performance is similar to each other. PMU A 

performance is better than the rest. As with previous tests, the values of frequency error are all in 

accordance with the standard. 

 

Figure 4-4: Average Absolute Frequency Error in the range of 49.90-50.09 Hz 

 

It can be seen from the steady-state tests that the measurement error is small compared to the 

indices units that are used in network codes and standards, therefore they could be used to assess 

the steady-state frequency variations in networks.  

 

To assess the behavior of PMUs frequency measurements in dynamic situations two tests were 

carried out. Figure 4-5 to Figure 4-7 show the results of these tests in time domain. Figure 4-5 

shows the input signal frequency and the frequency errors of all the tested PMUs for a random set 

of frequency variation. To illustrate the dynamic measurement behavior of PMUs, Figure 4-6 shows 

the same test from 9500 ms to 14300 ms. Based on the results it can be seen that frequency 

change speed and magnitude affect the frequency error value. For example, when changing 

frequency from around 49.87 Hz to 49.52 Hz in just 100 ms then the peak frequency errors for all 

the PMUs exceed 0.3 Hz. PMU A and C stabilize fairly quickly (~100 ms) to around 0 Hz frequency 

error. PMU B on the other hand is slower to response to frequency change and it takes more than 

100 ms to stabilize. It can also be noted that frequency error is negative when the frequency is 

quickly decreased and positive when increased. PMU C has the best performance and PMU B the 

worst.  
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Figure 4-5: Frequency error with variably changing frequencies 

 

Figure 4-6: Frequency error with variably changing frequencies between 9500-14500 ms 

 

Figure 4-7 shows the input signal frequency and the frequency errors of all the tested PMUs. As 

with the previous tests it looks like the frequency error is affected by the magnitude and speed of 

the frequency change. PMU C has the best performance and PMU B the worst. There can be seen 

that with the time period of 100 ms PMU C is able to stabilize its frequency error almost to 

acceptable limits, however the others need more time. It can be said that even though steady-

state frequency measurement error is satisfactory, it is still needed to analyse each commercially 

used PMUs if they are needed for more accurate rapidly changing frequency measurements. 
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Figure 4-7: Frequency error for a 100 ms change of frequency 

 

The results of frequency error from the PMUs measurements with the input signal of harmonic 

insertion are shown in the Figure 4-8 below. The most influenced is PMU C which has the highest 

frequency error of 0.0030 Hz for the signal with 36th harmonic insertion but this does not exceed 

the allowed limit of standard (0.025 Hz). There can be seen that the harmonic distortion in the 

input signal does not significantly affect the PMUs frequency measurement accuracy.  

 

 

Figure 4-8: Frequency error of PMUs for input signals with harmonic distortion 
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Steady-state voltage 

 

Results from steady-state voltage variation tests are shown on figures below (Figure 4-9 to Figure 

4-11). Figure 4-9 shows average total vector error in comparison of the input signal voltage. 

Standard C37.118 [56] states that TVE should not exceed 1% (which is maximum angle error of 

0.57 ° or maximum 1% of module error). As it can be seen from the graph, the average TVEs for 

all voltages do not exceed 1%. TVEs are somewhat bigger in the areas of lower input signal (over 

0.1%), however this could be caused by the testing device measurement error.  

 

Figure 4-9: Average total vector error for different levels of input voltage 

 

Figure 4-10 shows the average angle error of PMUs measurements compared with the input signal. 

As the TVE is relatively small, the angle error is also small. Average angle error of PMU C looks like 

consistent through the voltage spectrum. Average angle error of PMU A and B decrease in lower 

end of voltage spectrum and then fluctuate around 0.01 – 0.02% for higher voltages. 

 

 

Figure 4-10: Average angle error of the PMUs output signal to the input signal 
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Figure 4-11: Average voltage error compared to the measured signal taken into account with the 
VT ratio 

 

Figure 4-11 shows average voltage error compared to the input voltage with the VT ratio taken into 

account. Results for different voltages are all almost the same as the average voltage error is 

under 0.1%. PMU A performs the best as voltage error is under 0.02%. In reality, there are almost 

no significant difference between the PMUs as average voltage error is comfortably below 1% 

which is the maximum allowed voltage error defined by standard C37.118.  

 

 

Voltage unbalance 

 

The results for voltage unbalance tests are shown in figures below (Figure 4-12 to Figure 4-15). 

PMUs A and C give outputs of each phase and positive sequence, therefore these are compared 

separately. However PMU B only gives out positive sequence, therefore it can only be compared to 

the positive sequence of the tests. V1 in figures show the positive sequence estimations from PMUs 

A, B and C. Other values are total vector error of each phase estimates compared to the input 

signal. From the Figure 4-12 it can be seen that even in case of voltage unbalance conditions the 

TVE of all PMUs is relatively small and below the defined compliance criteria of 1 %. The least 

affected PMU is PMU A which has the smallest TVE of all three PMUs. There is some increase of TVE 

for PMU C compared to a symmetrical system input in previous test (Figure 4-9). 
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Figure 4-12: Average total vector error for PMU phase phasors and positive sequence phasors 

 

 
Figure 4-13 and Figure 4-14 present the results of the testing separately for the average angle and 

module error, respectively. Based on the results it can be stated that PMU B has the smallest 

average angle error but the highest average module error. 

 

Figure 4-13: Average angle error in an unbalanced network 
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Figure 4-14: Average module error for PMUs in an unbalanced network 

 

In Figure 4-15 the Voltage Unbalance Factor (VUF) plotted from the measurement of PMU A and 

PMU C compared to the reference value. As it is calculated from symmetrical components derived 

from phasors only PMU A and PMU C output measurements could be compared. Measurement 

errors are relatively small in comparison with the reference values calculated from PMUs therefore, 

they are applicable to be used as evaluation of voltage unbalance in the system. However, it should 

be noted that the evaluation should be based on steady-state conditions and if the voltage 

unbalance in the system changes rapidly the error of PMU measurements grow so that their 

assessment needs to be critically overseen. 
 

 

Figure 4-15: Average voltage unbalance factor (VUF) from PMU phasor data 
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Harmonics 

 

In this particular testing case only one PMU can assess harmonic data of the input signal. It has the 

capability to analyse 1 second aggregated harmonic data up to 13th harmonic and 1 minute of 

aggregated data up to 50th higher harmonic. Because of that the results are shown separately. The 

other PMUs have no harmonic estimation algorithms and these only stream phasor signals up to 50 

times per second. For the first test case the harmonic data for all scenarios (A, B, C, D and E) in 

terms of Total Harmonic Distortion and its error from reference is shown on Figure 4-16 and Figure 

4-17. Figure 4-16 shows the data analysis of the 1 second aggregated data up to the 13th harmonic. 

It can be seen that the error for harmonic estimation is relatively low (below 0.05 % from 

reference). 

 

Figure 4-16: THD of voltage and current harmonics for test 1a-1e with 1 s aggregated data 

 

Figure 4-17 shows the data analysis of the 1 minute aggregated data up to the 20th harmonic. 

There also can be seen that the error for harmonic estimation is relatively low, however it is a bit 

larger than for the first case for the current harmonics. This change can however come from signal 

generator error and there cannot be seen specific correlation between the aggregation interval of 

harmonic data to its accuracy. 

 

 

 

 

 

 

 



REPORT 
 

Page 92 of 155 

 

Figure 4-17: THD of voltage and current harmonics for tests 1a-1e with 1 min aggregated data 

 

Results for Test case 2, where higher voltage harmonics up to the 50th can be seen in the Figure 

4-18 to Figure 4-23. Figure 4-18 and Figure 4-19 show the voltage harmonic magnitude from the 

main harmonic in percentage and their errors as compared to the reference values for harmonics 

that are 1-10% from the fundamental harmonic.  

 

 

Figure 4-18: Magnitudes of inserted voltage harmonics 
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Figure 4-19: Magnitude error of voltage harmonics 

 

Figure 4-20 and Figure 4-21 show the voltage harmonic magnitude from the main harmonic in 

percentage and their errors as compared to the reference values for harmonics that are 5-25% 

from the fundamental harmonic. It can be seen that the harmonic estimation error rises near the 

50th harmonic in both cases near the 0.5%. 

 

 

Figure 4-20: Magnitudes of inserted voltage harmonics 
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Figure 4-21: Magnitude errors of voltage harmonics 

 

Figure 4-22 and Figure 4-23 show the voltage harmonic magnitude from the main harmonic in 

percentage and their errors as compared to the reference values for harmonics that are near the 

converters harmonic emission range. Here also the estimation error rises near the 50th harmonic. 

 

 

Figure 4-22: Magnitudes of voltage harmonics 
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Figure 4-23: Magnitude errors of voltage harmonics 

 

As mentioned before there were 3 test scenarios in Test case 1 where the possibilities of harmonic 

estimation based on symmetrical components is initially studied. This was done for the PMUs that 

do not have the harmonic estimation algorithms. However, only one of the PMUs had the possibility 

to estimate each phase phasors separately, therefore the results are based only to that PMU. For 

reference, the correlation between higher harmonics and symmetrical components are shown in 

the Table 4-9. 

 

Table 4-9: Symmetrical components and their relations with higher harmonics and test cases 

Test Harmonics Sequence 

Test 1c 3,6,9,12,15,18 zero 

Test 1d 4,7,10,13,16,19 pos 

Test 1e 2,5,8,11,14,17,20 neg 

 

Initial results show that it may be possible to analytically have some higher harmonic estimation 

from symmetrical components. For example, Figure 4-24 shows the zero sequence components for 

each test case. There can be seen that for Test 1c the zero sequence values are the highest and 

that they may indicate the higher proportion of 3rd harmonic and its derivates in the input signal. 

However, for more conclusive results more elaborated study needs to be carried out. 
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Figure 4-24: Calculated zero sequence voltage components for tests 1c-1e 

 

4.4 Visualisation of PMU data 
 

Real time measurements can be an effective way to assess the condition and some PQ issues of a 

power system to a certain point. These can be used as a localization of the PQ problems and to 

make mitigation or counter-measuring actions. The visualisation of the PQ data that derives 

directly from PMU measurement (such as steady-state voltage, frequency etc.) is applicable with 

different possibilities. However, showing PQ measurements in real-time is not effective for 

analysing the problem as most PQ indices change volatilely in short periods of time and thus one 

moment of measurement does not give an adequate answer (for example for harmonics, it is not 

effective to calculate real-time data but data for over a period of seconds or weeks as according to 

standard).  

 

For steady state voltage, frequency and voltage unbalance the visualisation of real-time data is 

acceptable over a periods of time as stated in the power quality measurements standards. The 

measurement values can be integrated over a period of seconds, days, weeks etc. to give an 

overview of network conditions. Visualisation of these PQ indices in real-time however may give a 

wrong overview, therefore it should be analysed and applied according to an individual system. 

 

One way of visualizing PMU data in real-time is to use the ODIN tool that has been developed in 

the MIGRATE project. As this tool has a simple input format, that can be derived from the PMU 

data it is possible to visualise any PQ parameters in different time periods like seconds, minutes etc. 

More of this can be read in Chapter 5 of this report. 

 

There are also already commercially available possibilities for PQ visualization with specific PMUs. 

However, it should be noted that most manufacturers PMUs are not suitable for harmonic 

assessment and PMUs capabilities need to be determined before their application. 
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4.5 Summary  
 

Based on the structure of PMUs, literature reviews and implemented Tests in this study, it is 

possible to conclude that PMU data can be used for some indicative steady-state PQ assessment in 

the networks. However, for decision-making process, contractual limit verification, and system 

benchmarking, more sophisticated PQ measurement devices are required.  

 

Frequency and voltage tests show that it is theoretically possible to use PMUs to assist in the 

mapping of PQ issues. Tests show that all the tested PMUs measurement errors are comfortably 

below the defined values set by standard C37.118 and based on their results some indication of PQ 

issues can be seen in the high voltage networks. Also for voltage unbalance it is possible to use 

some PMUs as informative source of information. Tests show that for PMUs, which are able to give 

out symmetrical components have errors that are below the standard. Considering higher 

harmonics most of the PMUs are not capable of measuring these in the networks and therefore for 

harmonic assessment PMUs with special module or estimation algorithm is needed.  

 

However, it needs to be reminded that real life performance of PQ measurements will heavily 

depend on multiple factors such as layout and operation of the electrical grid, WAMS system 

installed in the network, transducers used for PMUs etc. There are doubts that the performance of 

PMUs in lab testing would scale to real life applications as the conditions of lab testing are 

controlled and real world conditions could be more unpredictable.  

 

Considering the above, it is not recommended to use most of the PMUs on the market to assess 

the PQ issues, especially higher harmonics, in the power system. Only PMUs with special modules 

and algorithms for PQ indices evaluation are suited for general mapping of PQ issues in the power 

system. It should also be considered that PMUs are not generally IEC61000-4-30 Class A certified 

and therefore information received with respect to PQ should be considered as informative.
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5 A tool for the graphical representation of 

disturbance propagation – ODIN-PQ 
 

5.1 Problem statement  
 

Power quality (PQ) phenomena can be very hard to understand and/or imagine, especially for 

those, who are not involved in power quality issues on a daily basis. Namely, values of PQ 

parameters are often expressed in percentages (harmonics, unbalance) or per-unit or even unitless 

(flicker). There can also be different planning and compatibility limits for the same PQ parameter 

for different voltage levels of the network or even for different electromagnetic compatibility (EMC) 

environments at the same voltage level. So even for someone involved in the PQ problematics, 

imagining PQ values and comparing them against the applicable limits is not an easy task.  

 

Additionally, when monitoring and analysing PQ parameters we often use trends of PQ parameters 

to be able to predict when they will breach allowed limits and be prepared to act before that 

happens. 

 

Geographical presentation of time-dependent disturbance propagation and visualization of PQ 

parameters (4D visualization) helps to better understand the PQ situation in the network. It allows 

fast and exquisite comparison of values at multiple points in the network. Comparison can be made 

for one PQ parameter at different times or seasons or at different network states. One can also 

easily visualize simulation results of the “what-if” analysis before a switching action in the network 

is made or of future network development and the impact of network users on the grid.  

 

This allows for better network observability which is very important for the network operation as 

well as network planning. 

5.2 Description of the tool  
 

Tool for the 4D graphical representation of disturbance propagation ODIN-PQ was developed on the 

top of the Odin platform, which is an advanced power system visualization application developed 

by EIMV [71]. It uses data input from the user (measurement results or simulations) to calculate 

and visualize the state of PQ in the network for any given PQ parameter and window of time. 

Results are visualized geographically using the 3D shape of the area to be visualized. 

 

There are two versions of ODIN-PQ available: 

 ODIN-PQ standalone application which enables visualization of data in files stored 

locally on a computer and 

 ODIN-PQ server application which enables visualization of real time data streams as 

well and server-based archived data.  

ODIN-PQ standalone application enables visualization of various PQ parameters (harmonics, flicker, 

unbalance, etc.) on a single client (computer). Visualization is performed using a set of data stored 

locally in a file (an archive) and visualized as a time series (4D). Visualization can also be 
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performed as a real-time display of PQ data, read from a file containing the last gathered data, 

always on a file change.  

 

ODIN-PQ server application enables 4D visualization of various PQ parameters (harmonics, flicker, 

unbalance, etc.) on multiple clients (computers) as can be seen on Figure 5-1. The input data to 

ODIN-PQ server are data streams of measurement data from power quality meters, PMUs or any 

other devices able to measure and provide PQ data. ODIN-PQ server expects data in NMEA format 

using a TCP/IP connection.  

Various data formats/protocols can be used by using an appropriate data/protocol converter, e.q.: 

 IEEE Std. C37.118.2 – Synchrophasor data; 

 IEEE Std. 1159.3 – PQDIF; 

 XML over SOAP Web Services. 

 

 

 

Figure 5-1: Block diagram of ODIN-PQ server application structure 

 
 

PQ meter

PQS / PDC 

data server

PQ standard

format

NMEA

Data converter

ODIN-PQ

server

C
IM

 p
a

rs
e

r

Historian

ODIN-PQ client

CIM

XML

Historical

dataCIM data

NMEA

PQ standard format

ODIN-PQ client ODIN-PQ client

. . .

TCP/IP 

(SSL)

PQ meterPQ meter

TCP/IP 

(SSL)

TCP/IP 

(SSL)

TCP/IP 

(SSL)

PMU

PMU

PMU

C
o

n
fi
g



REPORT 
 

Page 100 of 155 

ODIN-PQ server needs the following data for visualization: 

 input data stream of measurements (sent over NMEA TCP/IP protocol); 

 configuration data - geographical locations of PQ meters (acquired from CIM or entered 

manually to the configuration file). 

 

Calculations for visualization are done either at the ODIN-PQ server and are sent over secured 

TCP/IP (SSL) protocol to ODIN-PQ clients for visualization or at the ODIN-PQ client in case of a 

local files input. There can be many instances of ODIN-PQ clients connected to ODIN-PQ server at 

the same time and from different networks. ODIN-PQ server also stores real-time measurements 

and GEO locations of PQ meters to the historian database. These historical data can be retrieved 

and visualized in ODIN-PQ client upon request at any time. 

 

ODIN-PQ client itself also enables visualization of PQ data from measurements stored in CSV files. 

In performance this is similar to ODIN-PQ standalone application. In this case files are uploaded to 

the local computer and calculations needed for visualization are done at the ODIN-PQ client, so no 

connection to ODIN-PQ server is required in such a case. 

 

For the purpose of the presentation, the shape of Ireland and data for the transmission network in 

Ireland (EIRGRID model) is used in the Migrate project. That is why all the figures shown in this 

document as well as the standalone application of the ODIN-PQ visualization tool use the 

transmission network in Ireland and datasets applicable to this network. 

 

Most important features of the ODIN-PQ visualization tool are the following: 

 

Canvas defines the area inside which calculations for visualization are performed. Canvas is always 

of rectangular shape: Longitude (min, max) and Latitude (min, max). Borders of the canvas are 

“grounded” through the grounding points. At the grounding point value of the visualized object is 

always zero. 

 

Shape defines borders of the object visualized (e.g. shape of a country). Inside these borders the 

visualization is displayed. Shape is stored in a .CSV file format as pairs of longitude and latitude 

data. There can be several different closed contours on one visualization plane. If there are several 

non-touching contours on the same visualization plane, they must be defined as such in the shape 

file. Thus islands are also allowed and displayed. If there is the need for them to be isolated and 

independent from the values on the mainland, grounding points are to be inserted between the 

islands’ and the mainland’s points. If grounding points are used, they should be defined or called 

from the configuration file of a particular channel. 

 

Visualization is made graphically by plotting the values of PQ parameters at the defined nodes. 

Their value is depicted on the z axis of the display. After that all the values between those nodes 

are calculated in such a way that they form a sheet which is stretched over those nodes and the 

nodes that are supporting it. See Figure 5-2 for details. Since computation of all the points inside 

the canvas takes some non-zero time, values can also be pre-calculated and stored in order to 

allow visualization of consecutive frames to be as smooth as possible. Parameters for those 

calculations (tension of the sheet and calculation resolution) are also user defined and can be set in 

order to accommodate viewer’s preferences. 
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Read modes. Data can be read as a series of archived values for the nodes in the shape or as a 

single value for the same nodes. If archived data are displayed (the off-line mode), they can be 

visualized (a playback) in 4D as a sequence of frames with the defined pause between them. 

Playback can also run in an infinite loop. Data can also be displayed as single (last) values for the 

nodes (the on-line mode). In any of those cases “read on file change” mode can be enabled to read 

and recalculate the values for visualization whenever data file is changed (updated) by the service 

which is providing the data for the visualization. If multiple visualization windows are displayed a 

so called “group play” function can be enabled to simultaneously visualize all windows at the same 

time. 

 

 

 

Figure 5-2: Principle of PQ parameters’ visualization using the ODIN-PQ visualization tool 

 
Display is completely user defined. Number of visualization windows, their layout and type of 

visualized data can be selected according to one’s preferences. There are window auto-tiling 

(horizontal and vertical) functions available as well as saving and fast copying/applying of colour 

schemes, viewpoints and other view-related parameters. When exiting the ODIN-PQ application, 

user’s windows can be saved and later, upon restarting the application, restored.  

 

Viewpoint (rotation and zoom) is set using the mouse controls and/or keyboard.  

Colour scheme of background and visualized area is totally user defined as well as the legend and 

scale colours.  
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Colours of nodes in the display are set in the configuration file. If no specific colour is set for the 

node, the pre-set colour is applied. 

 

One can make a screen capture of a window in any given moment and see selected or all visualized 

values for the nodes of a window displayed in a table. If 2D view of an area is preferred over the 

3D view, that can also be selected in the properties of the window. 

 

All other features, information and instructions on ODIN-PQ standalone application installation, 

configuration and use are described in detail in the ODIN-PS User Manual, which is included in the 

ODIN-PQ standalone application package. 

 

5.3 Illustrative results  
 

Figure 5-3 is showing the ODIN-PQ client window with three different PQ parameters for the 

scenario of 60 % wind-power integration in the transmission network in Ireland. On Figure 5-4 

three different snapshots of visualization of PQ parameters using the ODIN-PQ visualization tool 

are presented. Voltage THD 95 % is shown on top for the three scenarios (0%, 30% and 60%) of 

wind-power integration in case of winter maximum loading into the transmission network in Ireland 

according to the results obtained by applying probabilistic harmonic methodology as given in 

chapter 2.5.2. As it is said already, Irish transmission network model is used only to illustrate 

developed methodology on selected operation points of the network. It is important to emphasize 

that the results provided in this report are for the illustrative purposes of the methodology only and 

they do not reflect in any way the actual or measured harmonic performance of the Irish 

transmission network. Visualisation of the results is performed with ODIN-PQ for demonstration 

purpose only. In the middle part of the Figure the 7th harmonic voltage is presented. The bottom 

part of the Figure depicts the 13th harmonic voltage in the same way. 
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Figure 5-3: Snapshots of visualization of the 60% scenario of wind power integration into the 
transmission network in Ireland for PQ parameters THD 95%, 7th harmonic and 13th harmonic 

voltage 
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Figure 5-4: Snapshots of visualization of the 0%, 30% and 60% scenarios of wind power 
integration into the transmission network in Ireland for PQ parameters THD 95%, 7th harmonic and 

13th harmonic voltage  

5.4 Visualization of real-time PQ measurement data from the PMUs 
 

Some PMU units are able to export certain set of real-time PQ data. In agreement with the 

Slovenian TSO ELES real-time PQ data is provided from four PMUs in their network at the same 

time. Values for the fifth harmonic voltages were chosen to be visualized. Therefore 5th harmonic 

voltages from the four PMUs in the ELES’s network are sent along with all other PMU data in a data 

stream every second and then visualized using the ODIN-PQ visualization tool. Object of this 

visualization is to show that visualization of real-time PQ data from the PMU units is possible. 

Figure 5-5 shows block diagram of visualization of the real-time PQ data from the PMUs. Figure 5-6 

shows an example of visualization of the real-time PQ data from the PMU units. 

 

Figure 5-5: Block diagram of visualization of the real-time PQ data from the PMUs 
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Figure 5-6: Example of visualization of the real-time PQ data from the PMU units 

 

5.5 Summary  
 

Understanding PQ parameters and disturbance propagation through the network can be a 

challenging task even for those, who are dealing with these issues on a daily basis. Therefore, good 

visualization of those phenomena is of utmost importance in order to get a quick and clear view of 

the current situation in the network or simulated future one. Upon that decisions can be made 

regarding the current issues or planning of possible future mitigation of critical PQ parameters.  

 

The ODIN-PQ visualization tools enables that kind of visualization. It can visualize current, past or 

future simulated situations in the network in a user-friendly way on a geographical basis. Different 

scenarios for the same PQ parameters can be visualized simultaneously and easy comparison can 

be made among them. Visualisation tool could be used for future prediction of PQ disturbances, 

based on the simulation results of the forecasts and schedules like hour in advance or D-1 

scenarios. Even different PQ parameters can be visualized at the same time for a given scenario, 

enabling the insight into which is the most critical one. 4D visualization is also possible, where 

consecutive frames (snapshots) are displayed in parallel in all the opened windows as a movie. This 

allows easy view of the propagation of different PQ phenomena through the network. 

 

It is also shown that real-time PQ measurement data from the PMU units (in our case 5th harmonic 

voltage) can be visualized using the ODIN-PQ visualization tool. With data aqusition runnnig in 

real-time, PQ data visualisation in ELES grid is shown as an example and with this task MIGRATE 

Milestone 5.3 (Real-Time data retrieval from PMUs is operational) has been achieved.  
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6 Appendices 
 

Appendix A.1 Simple test network  
 

For the purpose of evaluation of different parameters of harmonic sources (in terms of impedance 

of Norton equivalent and magnitudes and angles of injections) simple test network as given in 

Figure 2-4. Static generator (SG) and loads connected to buses 110 kV and 10 kV are harmonic 

sources.  

As far as harmonic sources, the current injections of only four harmonic orders are considered, 

these harmonic orders and their values are shown in following tables, where Ih is the harmonic 

injection current and If is the fundamental current. The angles range is (0-180) degrees for all 

harmonic sources. 

Table A.1-1: Harmonic orders and values for SG 

Harmonic order Ih/If (%) 

5 0~0.1 

7 0~0.1 

11 0~0.15 

13 0~0.2 

Table A.1-2: Harmonic orders and values for non-linear loads  

Harmonic order Magnitude range (%) 

5 0.01~1 

7 0.01~1.5 

11 0.05~1 

13 0.03~1 

 
Following simulation cases were observed to analyse the impact of the size of harmonic sources in 
terms of size of the grid:  
Case A: Sgrid=2200 MVA, Pload=2x50 MW, PSG=120 MW  
Case B: Sgrid=1100 MVA, Pload=2x50 MW, PSG=120 MW  
Case C: Sgrid=220 MVA, Pload=2x50 MW, PSG=120 MW  
Case D: P of SG and loads increased all for 10% in active power (Sgrid=2200 MVA, Pload=2x55 MW, 

PSG=132 MW) 
Case E: P of SG increased 10% in active power (Sgrid=2200 MVA, Pload=2x50 MW, PSG=132 MW) 
 
Next figure Figure A.1-1 shows the PDFs of THD values for terminal bus when varying the power of 
the harmonic sources in the network. It can be seen that by increasing the value of power of 
harmonic sources no significant changes will occur, but THD values will change significantly 

depending the total value of power of harmonic devices comparing to the total power of the 

network. For stronger network (Sgrid=10xSdevice- Case A), THD values will be lower than for 
weaker network (Sgrid=Sdevice – as in Case C)) 
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Figure A.1-1: PDFs of THD values – terminal bus 

 

The Figure A.1-2 illustrates the results of simulations with different settings of the parameters of 

the harmonic sources represented as Norton equivalent. It demonstrates the ability of probabilistic 

Norton equivalent to capture wide range of harmonic injections in relatively straightforward 

manner. The cases considered in this illustrative example are as follows:     

• Case VMVAFZ – basic case, changing magnitudes and angles, fixed R=0.1 p.u. X=1 p.u. in 

Norton equivalent 

• Case 1VMVAFZ - basic case, changing magnitudes and angles, fixed R=9999 p.u. X=9999 

p.u. in Norton equivalent 

• Case FMVAFZ – changing angles only with fixed harmonic magnitudes, fixed R=0.1 p.u. 

X=1 p.u. in Norton equivalent 

• Case FMVAVZ – changing angles with fixed harmonic magnitudes and changes in Norton 

equivalent, R=0.1 p.u. Xrandom 0-9999 p.u. 

• Case VMVAVZ - changing magnitudes and angles and R=0.1 p.u. Xrandom 0-9999 p.u. 

 

Figure A.1-2 shows the PDFs of THD values on one observed system bus when we changed 

harmonic injections and values of impedance of PE device.  

 

Figure A.1-2: PDFs of THD values on observed system bus 
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From the Figure A.1-2 it can be seen that depending on the value of the impedance the observed 

THD values can vary in reasonably large range, i.e., an increase of up to 70% 

(∆=
1.0811−1.8098

1.0811
x100 = 67.4%) is seen. The nature of the distribution of the injected harmonics, i.e., 

normal pdf remains the same. This highlights the importance of the harmonic source impedance for 

establishing the exact injection by the source, however the nature of the behaviour of the source 

remains the same and could be represented as a single pdf at the point of the connection of the 

source. 

The effect of modelling the angles of injected harmonics by the source is illustrated in Figure A.1-3. 

Characteristic parameters of the obtained PDFs are given in Table A.1-3. 

Observed variation in mean value of the THD for different combinations of the harmonic angles was 

up to 40% (∆=
0.8995−1.2370

0.8995
x 100 = 37.52%).     

 

Figure A.1-3: PDFs of THD values on observed system bus – comparison in case of varying the 
angles of harmonic sources 

Table A.1-3: PDFs parameters (simple test network simulation cases) 

Data all:  
0-180 

all:  
0-90 

all:        
0-360 

all:            
90-270 

all:          
-90-90 

L:  
0-180, 
PE: 
0-360 

L:  
0-180, 
PE: 
180-360 

L:  
0-180, 
PE: 
90-270 

L:  
0-360, 
PE: 
0-180 

average 

μ 1.0811 1.2370 0.9440 1.0785 1.0714 1.0138 0.8995 0.9495 0.9313 1.04589 

Ϭ 0.3466 0.3351 0.3351 0.3614 0.3417 0.3467 0.2786 0.3345 0.3156 0.36396 

 

On this simple test network we also evaluated the effect of the modelling of frequency dependency 

parameters and following cases were analysed:  

Case 0: reference case – no frequency dependency on network parameters 

Case a: Frequency dependency of the line is modelled as in [72]:  

𝑅ℎ = 𝑅1[1 + 0.05(ℎ𝑓1)0.5] 

𝑋ℎ = ℎ𝑋1[2(ℎ𝑓1)0.15] 

Case b: Frequency dependency of the line according to [6] is modelled as: 

𝑅ℎ = 𝑅1√ℎ  

Case c: Case with considered frequency dependency of the line capacitance:  

𝑅ℎ = 𝑅1[1 + 0.05(ℎ𝑓1)0.5] 

𝑋ℎ = ℎ𝑋1[2(ℎ𝑓1)0.15] 
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𝐶ℎ = 𝐶1√ℎ  

Case d: Network parameters are same as in reference case, while PE device is modelled as Norton 

equivalent with R=0.1 p.u. and X=1 p.u., with frequency dependence of R and X  

𝑅ℎ𝑁𝐸 = 𝑅1[1 + 0.05(ℎ𝑓1)0.5] 

𝑋ℎ𝑁𝐸 = ℎ𝑋1[2(ℎ𝑓1)0.15] 

 

Next figures shows the PDFs of THD values for all buses when we changed the way of modelling of 

network elements, i.e. lines and frequency dependency characteristic of PE device.  

In general, it can be said that significant impact on harmonic propagation can have the modelling 

of the line parameters because THD increases on buses where there are harmonic injections. While 

in terms of observing the propagation of harmonics on the other buses it can be said that there are 

no impact and that the modelling of the frequency dependence characteristic of lines will help to 

reduce the harmonic propagation (mean values of pdfs THD terminal bus are low).  

 

Figure A.1-4: PDFs of THD values –terminal bus, comparison in case of changing the network 

parameters 

 

Figure A.1-5: PDFs of THD values –110kV bus, comparison in case of changing the network 
parameters  
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Figure A.1-6: PDFs of THD values –10kV bus, comparison in case of changing the network 
parameters 
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Appendix A.2 Modified IEEE 68-bus test network  
 

The same analysis was repeated on a 68 bus network as in case of simple test network described 

before to investigate the importance of selecting the range of harmonic angles in more realistic 

scenario. As before, the THD at bus 48 (the most affected bus in the network in terms of THD) was 

observed. In these simulation cases, angles of harmonic injections of harmonic sources are varied 

with different combinations for non-linear loads and for all DGs (PV and wind generators) which are 

considered to be sources of harmonics in this network.  

As can be seen from Figure A.2-1 and Table A.2-1 there is very small variation in mean value of 

THD as a consequence of variation in harmonic angles of injected harmonics. Therefore, probability 

distribution function which corresponds to the case with harmonic angles varying randomly from 0 

to 180 degrees or any other reasonable range (e.g., a span of about 180 degrees), to that matter, 

can be used in these types of studies.  

 

Figure A.2-1: PDFs of THD values on observed bus 48 (the worst bus in terms of 95th percentile 
THD) – comparison in case of varying the angles of harmonic sources (68 bus network) 

Table A.2-1: PDFs parameters (68 bus network)  

Data all:  
0-180 

all:  
0-90 

L:  
0-180, 
PE: 
0-360 

L:  
0-180, 
PE: 
90-270 

L:  
0-360, 
PE: 
0-180 

μ 1.1124 1.0511 1.0936 1.1197 1.1669 

Ϭ 0.4589 0.3979 0.4482 0.4503 0.4999 

 
PDFs of individual harmonics on observed bus 48 are given in Figure A.2-2. As can be seen from 
Figure A.2-2 no significant difference in terms of PDF of individual harmonic distortion can be 
notices, except in case for 11th harmonic 
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Figure A.2-2: PDFs of individual harmonic distortions on observed system bus (68 bus network)  

 

All components and their rating values of IEEE 68 bus network used in simulations are shown in 

the Table A.2-2. 
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Table A.2-2 Components and rating values in the 68 bus test network  

Components Rating values Components Rating values Components Rating values 

PV 1 to 10 2MW, 0MVar 

0MVar 

N 17&L 17 6000MW, 
300Mvar 

300Mvar 

N 45&L 45 208MW, 21Mvar 

 

21Mvar 

WPP 1 to 10 2MW, 0.25Mvar N 18&L 18 2470MW, 
123Mvar 

123MVar 

N 46&L 46 150MW, 
28.5MVar 

28.5MVar 

SM 1 200MW, 
100MVar 

100MVar 

N 20&L 20 680MW, 
103MVar 

103MVar 

N 47&L 47 203MW, 32MVar 

32MVar SM 2 436MW, 
50MVar 

50MVar 

N 21&L 21 274MW, 
115MVar 

115MVar 

N 48&L 48 241MW, 2MVar 

2MVar SM 3 520MW, 
100MVar 

100MVar 

N 23&L 23 248MW, 85MVar 

85MVar 

N 49&L 49 164MW, 29MVar 

29MVar SM 4 504MW, 
50MVar 

50MVar 

N 24&L 24 309MW, -
92MVar 

-92MVar 

N 50&L 50 100MW, -
147MVar 

-147MVar 

SM 5 404MW, 
100MVar 

100MVar 

N 25&L 25 224MW, 47MVar 

47MVar 

N 51&L 51 337MW, -
122MVar 

-122MVar 

SM 6 560MW, 
150MVar 

150MVar 

N 26&L 26 139MW, 17MVar 

17MVar 

N 52&L 52 158MW, 30MVar 

30MVar SM 7 448MW, 
200MVar 

200MVar 

N 27&L 27 281MW, 76MVar 

76MVar 

N 53&L 53 252MW, 
118MVar 

118MVar 

SM 8 432MW, 
220MVar 

220MVar 

N 28&L 28 206MW, 28MVar 

28MVar 

N 55&L 55 322MW, 2MVar 

2MVar SM 9 640MW, 
100MVar 

100MVar 

N 29&L 29 284MW, 27MVar 

27MVar 

N 56&L 56 200MW, 
73.6MVar 

73.6MVar 

SM 10 400MW, 
200MVar 

200MVar 

N 33&L 33 112MW, 0MVar 

0MVar 

N 59&L 59 234MW, 84MVar 

84MVar SM 11 800MW, 
200MVar 

200MVar 

N 36&L 36 104MW, -
19.4MVar 

-19.4MVar 

N 60&L 60 208MW, 70MVar 

70MVar SM 12 

 

1080MW, 
200MVar 

200MVar 

N 39&L 39 267MW, 
12.6MVar 

12.6MVar 

N 61&L 61 104MW, 
125MVar 

125MVar 

SM 13 

 

0MW, 0MVar 

0MVar 

N 40&L 40 65MW, 23MVar 

23MVar 

N 64&L 64 9MW, 88MVar 

88MVar SM 14 1428MW, 
200MVar 

200MVar 

N 41&L 41 1000MW, 
250MVar 

250MVar 

N 67&L 67 320MW, 
153MVar 

153MVar 

SM 15 800MW, 
200MVar 

100MVar 

N 42&L 42 1150MW, 
250MVar 

250MVar 

N 68&L 68 329MW, 32MVar 

32MVar SM 16 3200MW, 
200MVar 

200MVar 

N 44&L 44 267MW, 
4.84MVar 

4.84Mvar 

  

The power output curves for DFIGs can be seen in Figure A.2-3 and Figure A.2-4. Power output 

curves on different days are shown in different colours and different curve types. 
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Figure A.2-3: DFIG 1 to DFIG 5 power output curves 

 

 

Figure A.2-4: DFIG 6 to DFIG 10 power output curves 

 
The power output curves for PVs are shown in Figure A.2-5:  and Figure A.2-6.  

 

Figure A.2-5: PV 1 to PV 5 power output curves 
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Figure A.2-6: PV 6 to PV 10 power output curves 

 

An hourly operation for one week was adopted for the studies. The load demand curve is based on 

an hourly demand for a week period extracted from the UK demand curve. The DG units were 

assumed uncurtailable and the disconnection of the conventional generation was calculated from 

the optimal power flow (OPF) results. 

All loads follow the same loading curve during a week; the actual load demand is equal to the 

rating value of the load multiplied by the loading curve ratio. The loading curve is shown in  

Figure A.2-7:  

 

 

Figure A.2-7: Loading curve – one week 

 
As far as harmonic sources, the current injections of only four harmonic orders are considered, 

these harmonic orders and their values are shown in following tables, where Ih is the harmonic 

injection current and If is the fundamental current. The angles range is (0-180) degrees for all 

harmonic sources. 
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Table A.2-3: Harmonic orders and values for WPP  

Harmonic order Magnitude range (%) 

5 0~0.05 

7 0~0.1 

11 0~0.15 

13 0~0.2 

Table A.2-4: Harmonic orders and values for PVs 

Harmonic order Magnitude range (%) 

5 0~0.05 

7 0~0.1 

11 0~0.15 

13 0~0.2 

Table A.2-5: Harmonic orders and values for non-linear loads 

Harmonic order Magnitude range (%) 

5 0.01~1 

7 0.01~1.5 

11 0.05~1 

13 0.03~1 

 

Several different cases were observed in order to analyse the harmonic propagation depending on 

the penetration level of DGs and different level of non-linearity of loads.  

In case of evaluating the impact of non-linearity of loads on harmonic performance on the network, 

with assumed ratio of non-linearity (20%–40%) of loads as harmonic sources and without RES 

operating, the results of harmonic parameters for 5 worst buses in terms of 95th THD are 

presented in Table A.2-6.  

 

Table A.2-6: THD results for 5 worst buses in terms of 95th THD in case of non-linear loads as 
harmonic sources and without RES operating  

 Bus Name Max THD Min THD Average THD 95
th

 percentile THD 

Worst bus 48 4.29% 0.62% 2.27% 3.84% 

Second worst bus 40 3.98% 0.56% 2.08% 3.56% 

Third worst bus 47 3.82% 0.55% 2.06% 3.42% 

Fourth worst bus 27 3.04% 0.45% 1.54% 2.67% 

Fifth worst bus 26 2.96% 0.40% 1.51% 2.66% 

 

The following figure illustrates the effect of increase of THD value on the bus 48 (identified as the 

worst bus) in case of different rate of increase of type of RES (PV or WPP).  
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a) PV increase faster 

 

b) WPP increase faster 

Figure A.2-8: Harmonics of bus 48 with the increased penetration level of RES 

 
Generally, in these two situations, the trends for 95th percentile THD, maximum THD, minimum 

THD and average THD are similar. Although all the loads are set to contain a non-linear part, their 

increase of 95th percentile THD is almost linear. This phenomenon illustrates that the penetration 

level of renewable power is the main factor influencing harmonics. Both trends of maximum 

harmonics have a significant fluctuation; maybe this is because the proportion of the non-linear 

part of those loads is random from 20% to 40%. Therefore, the maximum harmonics obtained 

range from 6% to 9%. 

Base study cases are performed based on the original network where components’ rating values 

are shown in Table A.2-2. Besides the original network, two other networks are produced to study 

the effect of the renewable generation penetration (Table A.2-7). 

Table A.2-7: Power percentages and models names for three network models  

 Network model 1 Network model 2 Network model 3 

Name Original network Maximum wind Maximum PV 

Max PV ratio 9.39% 22.52% 28.14% 

Max DFIG ratio 24.36% 58.95% 48.63% 
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Seven case studies are observed as noted in 2.5.1. As the basic condition of the THD study, the 

results in the original network can be used to compare with the results obtained from the other two 

networks in order to determine the effect from the renewable penetrations and other factors. 

With regard to the original network, the THD results can be seen in Table A.2-8. In Table A.2-8, 

the five worst THD performance buses were selected based on the 95th percentile THD during the 

week; they were also sorted by the 95th percentile THD during the week. For each bus in the table, 

its maximum THD during the week, minimum THD during the week, average THD during the week 

and 95th percentile THD during the week have been shown. 

Table A.2-8: THD results table for the original network  

 Bus Name Max THD Min THD Average THD 95
th

 percentile THD 

Case 1: SM and nonlinear loads in original network 

Worst bus 48 5.01% 0.67% 2.31% 4.08% 

Second worst bus 40 4.65% 0.61% 2.11% 3.72% 

Third worst bus 47 4.78% 0.62% 2.10% 3.66% 

Fourth worst bus 27 3.69% 0.48% 1.53% 2.79% 

Fifth worst bus 26 3.61% 0.45% 1.46% 2.69% 

Case 2: Renewable SM and linear loads in original network 

Worst bus 48 1.60% 0.03% 0.76% 1.49% 

Second worst bus 47 1.55% 0.03% 0.74% 1.44% 

Third worst bus 27 1.48% 0.03% 0.72% 1.38% 

Fourth worst bus 64 1.43% 0.03% 0.70% 1.34% 

Fifth worst bus 66 1.43% 0.03% 0.70% 1.33% 

Case 3: Renewable SM and nonlinear loads in original network 

Worst bus 48 7.98% 0.40% 2.44% 4.94% 

Second worst bus 40 7.41% 0.36% 2.23% 4.51% 

Third worst bus 47 7.12% 0.36% 2.23% 4.39% 

Fourth worst bus 27 4.79% 0.31% 1.67% 3.34% 

Fifth worst bus 26 4.57% 0.31% 1.61% 3.32% 

 
It can be seen from Table A.2-8 that the THD performance in Case 3 are the worst and this is due 

to the harmonic injection from both DGs and NLs. By comparing the 95th percentile numbers 

highlighted in red, it can be seen that the effect that comes from the NLs is much higher than the 

effect caused by the DGs. In Case 1 and Case 3, after the connection of the renewable generators, 

the 95th percentile THD for bus 48 increases from 4.08% to 4.94%; the ∆𝑇𝐻𝐷 is 0.86%. On the 

other hand, from Case 2 and Case 3, the loads change from linear to nonlinear. The 95th percentile 

THD increases from 1.49% to 4.94%; the ∆𝑇𝐻𝐷 is 3.45%. These provide evidence for the fact that 

in the original network, NLs have a greater effect than DGs on harmonic performance. This result 

also applies to the other two networks. Further, from Table A.2-8, it can be seen that the worst bus 

for all cases is always bus 48. From the second worst bus to the fifth worst bus, the order may 

change, but they are usually bus 40, bus 47, bus 27 and bus 26. Therefore, it can be concluded 

that these five buses are the five with the worst THD performance in the original network. 

In terms of the worst performance buses and the best performance buses locations, the locations 

for the five worst performance buses and the five best performance buses for each case is shown 

in Figure A.2-9: . The five worst performance buses are marked with a red circle; the five best 

performance buses are marked with a blue circle. 
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a) Case 1 

 

b) Case 2 

 

c) Case 3 

Figure A.2-9: Illustrative presentation of location of the observed buses (best and worst) in terms 
of THD values  

From Figure A.2-9 a) to c), it can be seen that the locations for the five best buses and the five 

worst buses are the same in Case 1 and Case 3. In Case 2, the locations of the five worst buses 

have changed slightly, but the locations of the five best buses are still the same as those in Case 1 

and Case 3. In conclusion, the connection of renewable generators or nonlinear loads has a slight 

impact on the locations of the worst and the best buses. 

From the results described and discussed above, when a single network with a fixed renewable 

penetration is considered, the effect of the NLs on harmonic performance is higher than that of the 

DGs. The locations for the five worst performance buses and the locations for the five best 

performance buses are almost fixed. 
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In terms of the maximum wind and maximum PV networks, the renewable penetration has 

increased; Table A.2-9:  includes maximum THD, minimum THD, average THD and 95th percentile 

THD during the week for the two networks. 

Table A.2-9: THD results table for the maximum wind and maximum PV networks  

 Bus number Max THD Min THD Average THD 95
th

 percentile THD 

Case 4: Renewable SM and linear loads in maximum wind network 

Worst bus 48 3.44% 0.06% 1.52% 2.85% 

Second worst bus 27 3.38% 0.07% 1.48% 2.83% 

Third worst bus 47 3.35% 0.07% 1.49% 2.78% 

Fourth worst bus 64 3.21% 0.07% 1.45% 2.78% 

Fifth worst bus 56 3.19% 0.07% 1.44% 2.76% 

Case 5: Renewable SM and nonlinear loads in maximum wind network 

Worst bus 48 7.55% 0.56% 2.68% 5.21% 

Second worst bus 40 7.10% 0.50% 2.68% 5.21% 

Third worst bus 47 6.50% 0.50% 2.72% 5.06% 

Fourth worst bus 46 4.45% 0.33% 1.95% 3.71% 

Fifth worst bus 27 4.53% 0.20% 2.05% 3.65% 

Case 6: Renewable SM and linear loads in maximum PV network 

Worst bus 48 3.25% 0.05% 1.39% 2.77% 

Second worst bus 47 3.12% 0.05% 1.36% 2.68% 

Third worst bus 27 3.06% 0.06% 1.33% 2.63% 

Fourth worst bus 64 2.89% 0.06% 1.29% 2.54% 

Fifth worst bus 26 2.94% 0.06% 1.29% 2.53% 

Case 7: Renewable SM and nonlinear loads in maximum PV network 

Worst bus 48 8.57% 0.50% 3.15% 6.09% 

Second worst bus 47 7.79% 0.47% 2.90% 5.58% 

Third worst bus 40 7.85% 0.43% 2.87% 5.56% 

Fourth worst bus 25 5.50% 0.22% 2.22% 4.03% 

Fifth worst bus 27 5.19% 0.22% 2.12% 3.92% 

 
With the increase in renewable penetration, the THD also increases. For the network that consists 

of only linear loads (that is Case 2, Case 4 and Case 6), the influence from the increasing 

renewable penetration on THD performance is almost linear. It can be seen from Table A.2-9: that 

the worst THD performance buses for all cases is bus 48. When comparing the THD weekly curves 

for bus 48 under different study cases, the curve shape does not change significantly, only the 

magnitude of the THD at each hour changes based on the increasing renewable penetration. A 

comparison of the original network, the maximum wind network and the maximum PV network is 

shown in Figure A.2-10. 
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Figure A.2-10: THD weekly comparison of Case 2, Case 4 and Case 6  
 

As shown in Figure A.2-10, the THD curves in Case 2, Case 4 and Case 6 share almost the same 

shape, which leads to the conclusion that the harmonic injection contribution from DGs on a single 

bus increases almost linearly with the renewable penetration. This conclusion can be applied to 

every bus in the network. Another interesting phenomenon can be seen from Table A.2-9 the worst 

THD performance bus under each condition is still bus 48. When the wind generation ratio 

increases at a greater rate (from 24.36% to 58.95%), the 95th percentile THD for bus 48 under 

the condition that both renewable generation and NLs are connected to the network increases from 

4.94% to 5.21%; ∆THD is 0.27%. When the PV generation ratio increases at a greater rate (from 

9.39% to 28.14%), the 95th percentile THD for bus 48 under the same condition increases from 

4.94% to 6.09%; ∆THD is 1.15%. According to the above calculation, the THD increases faster 

when the PV generation ratio increases faster than the wind generation ratio.  

In order to determine the detailed effects from renewable penetration on THD performance, 

another ten buses are selected from the network: five buses with the largest THD change rate and 

another five buses with the smallest THD change rate. The change rates are calculated based on 

equation (A.1). 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒 =
𝑇𝐻𝐷95%

𝑐𝑎𝑠𝑒 𝑛−𝑇𝐻𝐷95%
𝑐𝑎𝑠𝑒 2

𝑇𝐻𝐷95%
𝑐𝑎𝑠𝑒 2 ∗ 100%  (A.1) 

 

The study cases being considered are Case 2, Case 4 and Case 6. In equation (A.1), 95% stands 

for the 95th percentile; n corresponds to case number. Because Case 2, Case 4 and Case 6 all have 

linear loads, the difference is the renewable penetration; thus, the effects of the renewable 

penetration can be found. Details of the change rates for Case 4 and Case 6 are shown in        

Table A.2-10. 

Table A.2-10: Maximum and Minimum THD change rate in Case 4 and Case 6 

 Maximum rate Minimum rate 

 Bus number Value Bus number Value 

Case 4 42 148.92% 43 80.78% 

Case 6 18 104.09% 17 72.28% 
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Case 4 is under renewable penetration of 70% and Case 6 is under renewable penetration of 63%. 

From Table A.2-10, the maximum change rate and minimum change rate in Case 4 are both higher 

than those in Case 6. In conclusion, the effect from renewable penetration can be summarized as: 

with higher renewable penetration, the THD performance of both buses will be worse than before. 

This can provide strong support for the previous findings about the effect of the renewable 

penetration. From the discussion above, the effect of the renewable penetration has been found. 

When attention is paid to the NLs, the study cases being considered are Case 1, Case 3, Case 5 

and Case 7. When comparing the results from Case 1, Case 3, Case 5 and Case 7, the change rate 

for each bus is calculated by using equation (A.2). 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑟𝑎𝑡𝑒 =
𝑇𝐻𝐷95%

𝑐𝑎𝑠𝑒 𝑛 − 𝑇𝐻𝐷95%
𝑐𝑎𝑠𝑒 1

𝑇𝐻𝐷95%
𝑐𝑎𝑠𝑒 1 ∗ 100% (A.2) 

 

Where 95% denotes the 95th percentile, and n corresponds to case number. The five buses with 

the largest change rate and the five buses with the smallest change rate are selected for Case 3, 

Case 5 and Case 7. Their locations are shown together with the locations of the five best and five 

worst buses in Figure 2-15. 

From Figure 2-15, it can been seen that, with the increase in renewable penetration, the locations 

of the five best performance buses do not change at all, while the locations of the five worst 

performance buses change slightly. Furthermore, the locations of the five buses with the largest 

THD change rate also changed a little, and they are close to the SMs. 

In terms of the locations of the five buses with the smallest change rate, in Figure 2-15 a), when 

the renewable penetration increased from 0% to 30%, the locations of those five buses are not 

very centralized (as in Figure 2-15 b)). However, from Figure 2-15 b) and c), it can be seen that, 

when the renewable penetration increased to 70% or 63%, the locations of the five smallest 

change rate buses are very centralized. The area with the buses with the smallest change rate 

does not change whether the wind generation ratio increases faster or the PV ratio increases faster. 

Details of the change rates for Case 3, Case 5 and Case 7 are shown in Table A.2-11: . From Table 

A.2-11: , the change rates (both maximum change rate and minimum change rate) increase with 

the increase in renewable generation penetration. However, in Case 3 and Case 5, the minimum 

rates are negative numbers. In other words, the THD performance for these buses with a negative 

change rate has improved. 

Table A.2-11: Maximum and Minimum THD change rate in Case 3, Case 5 and Case 7 
 Maximum rate Minimum rate 

 Bus number Value Bus number Value 

Case 3 11 29.99% 15 -13.67% 

Case 5 11 68.65% 51 -9.17% 

Case 7 11 79.89% 39 2.91% 
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As the influence from renewable penetration has been found, the effect from the NLs can be 

concluded from the above discussion. Not only can the connection of the NLs lead to a worse THD 

performance, it can also improve the THD performance at some buses. 

For the purpose of evaluation of integration of storage devices (BESS) and static VAr compensators 

(SVCs) in the observed power system and its impact on harmonic performance seven case studies 

are evaluated (Case 8 – Case 14) as given in 2.5.1. There are 1 SVC and 10 BESSs in the studied 

network. The SVC is connected at bus 60 and the BESSs are connected at the same buses as the 

PVs and wind turbines. The power flows of the BESSs are pre-defined in MATLAB (OPF) and 

controlled by the power injections of the wind turbines. When the injecting factors of the wind 

curves are larger than 0.5, the BESSs are seen as charging, and therefore as pure loads. On the 

contrary, if the wind factors are less than 0.5, then the BESSs will discharge power to the system 

and serve as generators.  

Harmonic performance in the observed cases is evaluated in terms of potential risk of exceeding 

the over-limited harmonics, which is equal to the area of the corresponding probabilistic density 

function (PDF) that is beyond the limit.  

Table A.2-12 THD study results 

The case studies in this section only show penetration level differences with 21.88% in Case 8 

increasing to 45.70% in Case 11. In terms of 95th percentile of Case 8 and 11, the worst three 

buses are always bus 48, bus 40 and bus 47. Moreover, the performance of bus 48 is very poor 

compared with the other two buses. Taking Case 11 as an example, the 95th percentile is 0.38% 

worse than bus 40 and the average difference is 0.21%, which contributes to 6.25% of the risk. 

By considering the influence of penetration level of RES, the overall performance should be 

analysed. For the general system and bus 48, the worst 95th percentile value in Case 8 is 4.12%, 

and it increased to 4.18% in Case 10 and Case 11. In terms of average and risk of exceeding the 

limit, the worst case is at bus 48 of Case 9 with an average of 2.30% and risk of 20.70%.The 

average value increases from 2.18% of Case 8 to 2.30% of Case 9, and then drops to 2.26% and 

2.28% in the following cases. The same thing happens to exceeding risk with the highest risk of 

20.70% in Case 9 and then decreases to 20.54% in Case 11. Overall, the 95th percentile value, 

 Bus 
THD (%) Risk of Exceeding 

(Limit: 3.0%) 95 Percentile Average 

Case 8  

(Penet=21.88%) 

48 4.12 2.18 19.08% 

40 3.75 1.97 13.10% 

47 3.71 1.99 12.97% 

Case 9 

(Penet=31.04%) 

48 4.13 2.30 20.70% 

40 3.76 2.08 14.04% 

47 3.71 2.09 14.11% 

Case 10 

(Penet=40.31%) 

48 4.18 2.26 20.04% 

40 3.81 2.05 14.07% 

47 3.76 2.06 13.66% 

Case 11 

(Penet=45.70%) 

48 4.18 2.28 20.54% 

40 3.80 2.06 14.30% 

47 3.75 2.07 13.95% 
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average value and risk of exceeding all increase slightly, although there are mild fluctuations of 

average and risk between cases. Bus 40 and bus 47 have the same characteristic; Table A.2-12 

indicates there is a slight and fluctuant increase occurring at all of the three parameters. Moreover, 

as can be seen from Figure A.2-11, there is not much difference between Case 8 and Case 11 in 

terms of heat map. 

 

 

a) Case 8 

 

b) Case 11 

Figure A.2-11: Illustrative presentation of THD values  

To conclude, the increase in the penetration level of RES increases the overall THD slightly, this 

indicates that as more and more RES are installed, the network suffers higher THD although the 

impact is not significant. 

When comparing following cases based on maximum RES penetration level we have the following 

results:  

 

Table A.2-13: THD study results  
 

 Bus 

THD (%) Risk of 

Exceeding 

(Limit: 3.0%) 

Total Risk 

95 Percentile Average 

Case 11 

(Penet=45.70%) 

48 4.18 2.28 20.54% 

64.29% 40 3.80 2.06 14.30% 

47 3.75 2.07 13.95% 
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Case 12 

(Penet=45.70% with 

BESS only) 

47 4.33 2.36 23.08% 

84.31% 48 3.93 2.13 15.82% 

53 3.91 2.15 16.51% 

Case 13 

(Penet=45.70% with 

SVC only) 

48 4.74 2.34 23.39% 

160.82% 60 4.62 1.60 8.36% 

59 4.37 1.54 7.57% 

Case 14 

(Penet=45.70% with 

BESS and SVC) 

60 4.59 1.52 7.21% 

100.59% 59 4.33 1.46 6.57% 

57 3.76 1.34 5.32% 

Apart from 95th percentile, average and risk of exceeding of the worst three buses, another 

parameter called total risk is calculated by simply summing up the risks of all 68 buses in the 

system.  

The results are shown in Table A.2-13. Firstly, the results of Case 12 are compared with Case 11. 

It can be noticed from Table A.2-13 that the 95th percentile value increases from 4.18% to 4.33%. 

Also the maximum risk of exceeding of individual bus increases to 23.08% in Case 12 from 20.54% 

in Case 11. Additionally, it can be observed that in Case 12, bus 47 becomes the worst bus in the 

system, and bus 48 is in fact mitigated by 0.25% THD. And bus 40 is no longer in the worst three 

buses in terms of THD; it has been replaced by bus 53 where one BESS is located. This means 

BESS truly have harmonic injections to some degree and have influenced the THD of the nearby 

buses. Therefore, it can be concluded that the installation of BESS increases the overall THD in the 

system. 

In terms of Case 13, the maximum 95th percentile value increases significantly from Case 11, 

reaching 4.74%, the following second worst and third worst values increase as well. Compared to 

the rise of 0.15% in Case 12, the difference, which is 0.66%, between Case 11 and Case 13 is 

worth noting. Moreover, the risk of exceeding the limit of the worst bus rises to 23.18% in Case 13 

from 20.54% in Case 11 and the difference is 0.1% greater than the one between Case 11 and 12. 

It is worth noticing that although bus 48 is still the worst bus, the following second and third worst 

buses are overtaken by bus 60 and bus 59 given that SVC is located at bus 60, which proves that 

SVC injects huge amount of harmonic and influence the neighbouring buses. Overall, Table A.2-13:  

indicates that inserting SVC into the system also results in higher THD existing in the system and 

the impact it brings is greater than what BESS brings. The same conclusion can also be verified by 

comparing the total risk in Case 11, 12 and 13. The total risk in Case 11 is 60.42% without either 

BESS or SVC installed; the number increases to 84.31% in Case 12 with 10 BESS involved only 

and to 160.82% with 1 SVC involved only. This indicates that in this case, SVC has greater 

influence than BESS does even though they both contribute to harmonic distortion.  What is worth 

noting is that in Case 14, which is equal to 10 BESS are installed in the system of Case 13, the 

system has better performance in terms of harmonic. As shown in Table A.2-13, the maximum 

95th percentile in Case 14 is 4.59% at bus 60 with exceeding risk of as 7.21%, while the worst 

situation in Case 13 is 4.74% at bus 48 with exceeding risk of as 23.39%. Both 95th percentile 

value and risk of exceeding drop significantly. Also, the total risk falls from 160.82% in Case 13 to 

103.32% in Case 14 which is a huge drop. To sum up, although the THD performance is still worse 

compared to the original system, the installation of BESS somehow mitigates the system compared 

to a system with only SVC installed. 

As can be seen from Figure A.2-12 a) and b), the installation of BESS shows little influence on the 

overall system. On one hand, BESS increase the 95th percentile THD at some buses where it is 
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installed, such as bus 41 and bus 53. On the other hand, they somehow mitigate some buses with 

long transmission lines connected, such as bus 40 and bus 54. Overall, the impact of installing 

BESS into the system is relatively small and it mainly contributes to the buses or nearby buses 

where BESS is located. 

 

 

a) Case 11 

 

b) Case 12 

 

c) Case 13 
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d) Case 14 

 Figure A.2-12: Illustrative presentation of THD values  

 

As can be seen from Figure A.2-12 c) that the circled area in is worse because of the installation of 

SVC, including 10 buses and buses 48, 47 and 40 also have higher 95th percentile THD when SVC 

is involved. This heat map proves that inserting SVC increase the system THD significantly, 

especially on the neighbouring buses where SVC is located. In Case 14, it can be observed that 

SVC still influences a lot of buses nearby; however the worst buses (bus 48, 47 and 40) in Case 11 

are actually mitigated. This may be because of the harmonic distortion injected from SVC and 

BESS, as well as the original harmonic existing in the system, have cancelled the others out and 

might be mitigated. Overall, the section indicates that both BESS and SVC introduce harmonic 

distortion into the system when they are installed. Also, it can be seen that SVC in this case has a 

greater effect on the power grid than BESS does and it doubles the system total risk of exceeding 

the limit. This indicates that the installation of SVC is not practical and needs to be improved. 

Moreover, it is seen that BESS actually has a mitigation effect when it is applied with SVC. This 

might be due to the fact that the harmonic introduced by BESS would cancel out those that are 

generated by SVC. However, further research is still needed to assess harmonic performance. 

When dealing with harmonic performance in terms of integration of SVC the tables (Table A.2-14 

and Table A.2-15) shown in this section are separated into two parts: general worst buses (bus 48, 

40 and 47) and SVC-influenced buses (bus 60, 59 and 57). As can be observed from Table A.2-14, 

bus 60, 59 and 57 are worsened the most when SVC is installed. This is due to their location; 

hence they are identified so that the influence of SVC can be analysed. Case 8 and Case 13 will be 

compared with Case 11 respectively; Case 14 will be compared with both Case 13 and Case 11. 

Firstly, as can be seen from Table A.2-14 and Table A.2-15, the total risks of Case 8 and Case 11 

have a difference of only 0.8%. In other words, 23.82% of penetration level difference results in 

0.8% increase of total risk. Also, the risk and 95th percentile of each individual bus show little 

difference with the increasing penetration level. For bus 60 and bus 48, the risk increase is 0.01% 

and 1.46% respectively. In terms of 95th percentile, it increases by 0.06% for bus 48 and even 

decreases by 0.07% for bus 60. All the above mentioned indicates that RES penetration level has 

little impact on THD.  
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Table A.2-14: THD study results for buses 60, 59 and 57 

 Bus 

THD (%) Risk of 

Exceeding 

(Limit: 3.0%) 

Total Risk 

95 Percentile Average 

Case 8  

(Penet=21.88%) 

60 2.13 1.20 0.31% 

64.19% 59 2.17 1.22 0.35% 

57 2.18 1.23 0.40% 

Case 11 

(Penet=45.70%) 

60 2.06 1.20 0.32% 

64.99% 59 2.08 1.22 0.34% 

57 2.10 1.22 0.34% 

Case 13 

(Penet=45.70% with 

SVC only) 

60 4.62 1.60 8.36% 

160.82% 59 4.37 1.54 7.57% 

57 3.81 1.41 6.11% 

Case 14 

(Penet=45.70% with 

BESS and SVC) 

60 4.59 1.52 7.21% 

103.31% 59 4.33 1.46 6.57% 

57 3.76 1.34 5.32% 

Table A.2-15: THD study results for buses 48, 40 and 47 

 Bus 

THD (%) Risk of 

Exceeding 

(Limit: 3.0%) 

Total Risk 

95 Percentile Average 

Case 8  

(Penet=21.88%) 

48 4.12 2.18 19.08% 

64.19% 40 3.75 1.97 13.10% 

47 3.71 1.99 12.97% 

Case 11 

(Penet=45.70%) 

48 4.18 2.28 20.54% 

64.99% 40 3.80 2.06 14.30% 

47 3.75 2.07 13.95% 

Case 13 

(Penet=45.70% with 

SVC only) 

48 4.74 2.34 23.39% 

160.82% 40 4.34 2.13 17.83% 

47 4.26 2.12 17.43% 

Case 14 

(Penet=45.70% with 

BESS and SVC) 

48 3.46 1.72 8.13% 

103.31% 40 3.14 1.55 5.80% 

47 3.16 1.59 6.08% 

As for Case 13, the system total risk increases from 64.99% to 160.82% which indicates that 

installing SVC worsens the harmonic performance significantly. In terms of individual buses, on one 

hand, the 95th percentile of bus 60 increases 2.56%, from 2.06% in Case 11 to 4.62% in Case 12; 

the risk of exceeding limit increases from 0.32% to 8.36%. On the other hand, the 95th percentile 

of bus 48 increases by 0.56% which is much smaller than the difference of bus 60. The risk 

difference of bus 48 is also small compared to bus 60, which is only 2.85%. Therefore, it can be 

concluded that SVC has greater influence on its nearby buses than on the distant buses, and it 

affects the overall THD dramatically.  
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Finally, for Case 14, the system total risk decreases 57.51% from Case 13 when BESS is inserted 

although there is still an increase of 38.32% from Case 11. This indicates that the overall THD 

performance of system, where both SVC and BESS are installed, is degraded compared with the 

original system; however, it is improved compared with the system with only SVC inserted. In 

other words, the installation of BESS has a mitigating effect on the system with SVC. This can also 

be proved by comparing the THD performance of individual buses. As can be seen from Table A.2-

14 and Table A.2-15, the results data of bus 60 and bus 48 all indicate a decrease from Case 13 to 

Case 14. Moreover, the data of bus 48, 40 and 47 even drop significantly from Case 8 and 11. 

Taking bus 48 as an example, the 95th percentile decreased to 3.46% while it was above 4% both 

for Case 8 and 11, and the risk decreased to 8.13% while it was initially around 20%. This again 

proves that the harmonics injected by BESS cancels the harmonics at some buses released by SVC 

and the original network. 

Harmonic performance in the observed cases is evaluated in terms of potential risk of exceeding 

the over-limited harmonics, which is equal to the area of the corresponding probabilistic density 

function (PDF) that is beyond the limit.  

Figure A.2-13 and Figure A.2-14 shows the PDFs value (Burr distribution is used) and calculated 

risk values in terms of over limit harmonics. 

 

Case 8 Case 14 

Figure A.2-13: PDFs of THD – bus 48  
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Case 8 Case 14 

Figure A.2-14: PDFs of THD – bus 60  

In the above paragraphs, the case study and the results of THD have been shown and analysed. 

The THD output can be described using Burr distribution and thus the risk of exceeding the limit is 

calculated and analysed. To sum up, the increasing penetration level increases the overall THD in 

the system though the influence is quite small. The installation of BESS and SVC also introduce 

harmonic distortion to the neighbouring buses by increasing THD. However, the difference is that 

SVC has greater impact than BESS does, causing 160.82% system total risk, which is double that 

when BESS is installed. Moreover, although BESS and SVC increase the overall THD when they 

work independently, the total risk of THD decreases if they are both installed. In this case, some 

buses even have a better performance than the original network. 

 

In case we observe the each specific harmonic Table A.2-16 we can observe that different 

harmonics propagate differently. For example, in the following table we can see the values of 

specific harmonics for the 3 different cases depending on penetration level of RES.    

Table A.2-16: Specific harmonics results 

  
Bus 

5th Harmonics Risk of Exceeding 
Limit: 2%   95 percentile Average 

Case 8 
(Penet=21.88%) 

39 0.30 0.15 0.00% 

44 0.28 0.14 0.00% 

43 0.28 0.14 0.00% 

Case 9 
(Penet=31.04%)  

39 0.30 0.16 0.00% 

44 0.28 0.14 0.00% 

43 0.28 0.14 0.00% 

Case 10 
(Penet=40.31%)  

39 0.30 0.16 0.00% 

44 0.28 0.15 0.00% 

43 0.28 0.15 0.00% 
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Bus 

7th Harmonics Risk of Exceeding 
Limit: 2%   95 percentile Average 

Case 8 
(Penet=21.88%) 

39 0.70 0.34 0.00% 

44 0.64 0.31 0.00% 

43 0.64 0.31 0.00% 

Case 9 
(Penet=31.04%)  

39 0.70 0.36 0.00% 

44 0.64 0.33 0.00% 

43 0.64 0.32 0.00% 

Case 10 
(Penet=40.31%)  

39 0.70 0.36 0.00% 

44 0.64 0.33 0.00% 

43 0.64 0.33 0.00% 

  Bus 11th Harmonics  Risk of Exceeding 
Limit: 1.5%     95 percentile Average 

Case 8 
(Penet=21.88%) 

48 2.38 1.20 29.11% 

27 2.26 1.12 24.74% 

47 2.25 1.13 25.11% 

Case 9 
(Penet=31.04%)  

48 2.41 1.26 33.21% 

47 2.29 1.19 28.99% 

27 2.27 1.17 28.69% 

Case 10 
(Penet=40.31%)  

48 2.30 1.15 26.50% 

47 2.17 1.09 23.39% 

27 2.14 1.06 22.62% 

  Bus 13th Harmonics Risk of Exceeding 
Limit: 1.5%     95 percentile Average 

Case 8 
(Penet=21.88%) 

48 3.69 1.67 52.72% 

40 3.39 1.54 46.24% 

47 3.26 1.48 44.37% 

Case 9 
(Penet=31.04%)  

48 3.70 1.77 57.52% 

40 3.41 1.62 49.90% 

47 3.28 1.57 48.38% 

Case 10 
(Penet=40.31%)  

48 3.82 1.80 56.96% 

40 3.52 1.65 51.16% 

47 3.38 1.59 51.00% 

 

As can be seen from the results, the 5th harmonics are almost not affected by the change of 

penetrations of the PVs and the wind turbines. Similar conclusions can also be obtained from the 

7th harmonics. That means the renewables are not the main sources of the 5th and the 7th 

harmonics, and therefore such harmonics can be less considered when adding the renewables in 

the transmission networks. It is interesting that for this network we found that the 13th harmonics 

can be much more considerable in the simulated network. According to the proposed standard, the 

13th harmonics in the HV transmission systems should be below 1.5%. However, at most cases in 

the table, the risk of exceeding the limits is beyond 50%. It means that more attentions should be 

paid to the 13th harmonics in transmission networks with high penetration levels of the renewables. 
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For the purpose of evaluation, the same simulation cases are repeated as in case for simple test 

network as described before. For the IEEE 68-bus test network without RES, SVCs and BESS 

several additional simulation studies were performed to analyse the impact of modelling of the 

frequency dependency of the resistances and higher harmonic injections:  

Case 15: R(f) NOT modelled and NO high frequency harmonics in the network 

Case 16: R(f) modelled and NO high frequency harmonics in the network  

Case 17: R(f) NOT modelled and high frequency harmonics injected in the network 

Case 18: R(f) modelled and high frequency harmonics injected in the network 

Table A.2-17: The worst five performing buses in terms of the 95th percentiles of THD for the four 
case studies 

Case 15  Case 16 

R not modelled/no Super h  R modelled no Super h 

Bus 95th THD (%)  V13(%)  Bus 95th THD (%)  V13(%) 

48 3.842779 3.538942  48 3.560429 3.020262 

40 3.563626 3.305482  40 3.289332 2.658562 

47 3.420889 3.117818  47 3.19878 2.836584 

27 2.670125 1.85767  27 2.868682 1.529258 

26 2.664217 1.742557  26 2.807578 1.41184 

 

Case 17 

R not modelled/ super h added 

Bus 95th THD (%)  V13(%) V49 (%) V199 (%) 

64 5.386505 1.330652 5.285513 0.077632 

48 4.801661 4.109744 0.432485 0.033931 

17 4.770023 0.789974 0.488189 4.655048 

40 4.447136 3.862279 0.306654 0.014901 

47 4.296851 3.613493 0.099456 0.024747 

 

Case 18 

R modelled/ super h added 

Bus 95th THD (%)  V13(%) V49 (%) V199 (%) 

17 3.589566 0.712893 0.430083 3.518208 

48 3.153097 1.897658 0.273614 0.036867 

64 3.043944 1.04259 2.270747 0.068372 

47 2.950135 1.727196 0.050401 0.03092 

40 2.870153 1.795611 0.190983 0.012349 

 

When speaking about the analysis of the impact of modelling of the frequency dependency of the 

resistances and higher harmonic injections as some results are given in section 2.4.1 (see Figure 

2-19) and Table A.2-17 for the analysed cases (Case 15, 16, 17 and 18). When modelling 

injections at high frequencies, although very low injections, the THD increases notably with new 

buses appear in the worst 5 buses list. This is mainly due to resonance frequencies excited (as 

shown in Figure A.2-15). When modelling R dependency, the damping affect clearly improve the 
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harmonic performance, the damping effect can also be noted in Figure A.2-15: in the lower peaks 

of impedance at the resonances. 

 

 

 

 

 

Figure A.2-15: Frequency scan of the poor performing buses appeared in cases 17 and 18 (with 
high frequency harmonics) 
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Appendix A.3 Transmission network in Ireland  
 

A single operating point is simulated for each of the six operating scenarios (corresponding to 

those identified in WP1, described in [40] and representing winter maximum loading with three 

levels of RES penetration, i.e., 0%, 30% and 60% and summer minimum loading with the same 

three levels of RES penetration) and harmonic injections simulated 500 times in each case.   

 

Summary of the analysed cases is given in Table A.3-1.  

Table A.3-1: Analysed cases for transmission network in Ireland 

Analysed model EIRGRID (Winter) 

Winter 

0% 

wind 

Winter 

30% 

wind 

Winter 

60% 

wind 

Total Load (MW) 5021.05 5021.05 5021.05 

Total generation (MW)= SG(MW) +WF(MW) 4824.45 4828.32 4912.99 

Wind (MW) WF 0 1500 2745 

Wind penetration level (of total generation) (%) 

(WF/WF+SG) 0.00% 31.07% 55.87% 

SG (%)  100% 68.93% 44.12% 

 

Analysed model EIRGRID (Summer) 

Summer 

0% 

wind 

Summer 

30% 

wind 

Summer 

60% 

wind 

Total Load (MW)  4016.84 4016.84 4016.84 

Total generation (MW)= SG(MW) +WF(MW) 4482.3 4263.9 4563.7 

Wind (MW) WF 0 1500 2745 

Wind penetration level (of total generation) (%) 

(WF/WF+SG) 0.00% 35.18% 60.15% 

SG (%) 100% 64.82% 39.85% 

 

Summary of all main components of transmission network in Ireland are given hereinafter: 

Table A.3-2: Synchronous generators dispatch 

Winter  

Winter 
0% wind 

Winter 

30% 
wind 

Winter 

60% 
wind 

Summer 

0% 
wind 

Summer 

30% 
wind 

Summer 

60% 
wind 

Synchronous generation units Power 
[MW] 

Power 
[MW] 

Power 
[MW] 

Power 
[MW] 

Power 
[MW] 

Power 
[MW] 

Aghada AD1 250 0 0 0 0 0 

Aghada AT1 0 0 0 0 0 0 

Aghada AT2 0 0 0 0 0 0 

Aghada AT4 0 0 0 0 0 0 

Ardnacrusha AA1 20 20 0 20 20 0 

Ardnacrusha AA2 20 20 0 20 20 0 

Ardnacrusha AA3 20 20 0 20 20 0 
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Ardnacrusha AA4 20 20 0 20 20 0 

Carrigadrohid LE3 0 0 0 0 0 0 

Cathaleens Fall ER1 0 0 0 0 0 0 

Cathaleens Fall ER2 0 0 0 0 0 0 

Cathaleens Fall ER3 20 20 15 20 20 15 

Cathaleens Fall ER4 20 20 15 20 20 15 

Cushaling ED1 120 120 0 120 120 0 

Cushaling ED3 0 0 0 0 0 0 

Cushaling ED5 0 0 0 0 0 0 

Derryiron RP1 0 0 0 0 0 0 

Derryiron RP2 0 0 0 0 0 0 

Glanagow WG1 400 400 350 400 400 275 

Great Island GI4 400 400 350 400 400 275 

Huntstown GT HNC 230 0 0 230 0 0 

Huntstown HN2 380 390 350 390 370 250 

Huntstown ST HNC 100 0 0 0 0 0 

Inniscarra LE1 0 0 0 0 0 0 

Inniscarra LE2 0 0 0 0 0 0 

Irishtown DB1 400 400 350 400 300 250 

Lanesboro LR4 90 90 0 90 90 0 

Longpoint AD2 425 425 425 425 425 425 

Marina MRT 0 0 0 0 0 0 

Moneypoint MP1 275 160 0 275 0 0 

Moneypoint MP2 275 0 0 275 0 0 

Moneypoint MP3 275 160 0 275 0 0 

North Wall NW5 0 0 0 0 0 0 

Pollaphuca LI1 14 14 10 14 14 10 

Pollaphuca LI2 14 14 10 14 14 10 

Pollaphuca LI4 3.5 3.5 3.5 3.5 3.5 3.5 

Pollaphuca LI5 3.5 3.5 3.5 3.5 3.5 3.5 

Seal Rock SK3 65 65 0 65 65 0 

Seal Rock SK4 65 65 50 65 65 50 

Shannonbridge WO4 140 140 0 140 140 0 

Shellybanks PB4 0 0 0 0 0 0 

Shellybanks PB5 140 0 0 140 0 0 

Shellybanks PB6 150 115 0 150 0 0 

Tarbert TB1 0 0 0 0 0 0 

Tarbert TB2 0 0 0 0 0 0 

Tarbert TB3 0 0 0 0 0 0 

Tarbert TB4 0 0 0 0 0 0 

Tawnaghmore TP1 0 0 0 0 0 0 
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Tawnaghmore TP3 0 0 0 0 0 0 

Turlough Hill TH1 59.45 63.32 55.99 57.3 53.9 56.7 

Turlough Hill TH2 60 60 60 60 60 60 

Turlough Hill TH3 60 60 60 60 60 60 

Turlough Hill TH4 60 60 60 60 60 60 

Tynagh CT TYC 250 0 0 250 0 0 

Tynagh ST TYC 0 0 0 0 0 0 

Total: 4878 3369 2275 4494 2781 1834 

Table A.3-3: WPPs dispatch 

Winter /Summer 0% wind 30% wind 60% wind 

Wind farm Power [MW] Power [MW] Power [MW] 

Athea Dromada  0 81 147 

Ballywater  0 24 42 

Barnadivine  0 33 60 

Boggeragh  0 57 105 

Booltiagh  0 18 33 

Castledockerel  0 24 42 

Castletownmoor  0 66 120 

Cauteen DSO 0 96 177 

Clahane  0 30 54 

Cloghboola DSO  0 18 33 

Cloghboola  0 30 57 

Coomacheo  0 33 60 

Coomagearlahy/Glanlee  0 66 120 

Coomatagart DSO  0 36 66 

Coomatagart  0 63 114 

Cordal DSO 0 33 60 

Cordal  0 54 102 

Cunghill  0 18 36 

Derrybrian  0 33 60 

Donegal  0 105 195 

Garvagh  0 27 48 

Ikerrin DSO 0 18 36 

Kill Hill  0 33 60 

Knockacummer  0 57 105 

Lisheen  0 33 60 

Mount Lucas  0 45 81 

Ratrussan  0 45 81 

Reanmore DSO 0 33 60 

Sliabh Bawn  0 33 60 

Slieve Callan  0 42 75 
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Trien DSO  0 36 66 

West Galway B  0 93 171 

West Galway A  0 54 99 

Wexford DSO  0 21 39 

Woodhouse  0 12 21 

Total: 0 1500 2745 

 

Ranges of harmonic injections that are considered for relevant case studies are given below. 

Table A.3-4: Ranges of harmonic injections considered 

SVC 

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 

5 0.62 - 5.51 2008.90 - 2083.57 1998.05 - 2100.28 

7 0.44 - 1.73 3375.17 - 3645.48 3360.70 - 3609.70 

11 0.09 - 1.68 5969.22 - 6571.55 5919.97 - 6543.14 

13 0.11 - 0.70 7276.81 - 8125.20 7333.15 - 8087.13 
 
WT Type 4 

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 

5 0.32 - 1.71 191.64 - 872.27 113.56 - 1595.31 

7 0.31 - 1.05 156.99 - 1048.65 348.35 - 1780.54 

11 0.04 - 0.28 336.6 - 1191.12 50.39 - 1555.54 

13 0.02 - 0.34 55.72 - 650.5 185.13 - 620.8 

 
HVDC 

h I range (%) |Z1| range (ohm) |Z2| range (ohm) 

5 0.08 - 0.49 123.76 - 153.95 152.11 - 290.96 

7 0.02 - 0.24 157.78 - 309.17 321.30 - 372.02 

11 0.00 - 0.08 375.65 - 450.41 507.76 - 819.68 

13 0.00 - 0.09 473.19 - 884.08 593.89 - 671.58 
 

Non-linear loads  

h I range (%) 

5 0.01 – 1.1 

7 0.01 – 2 

11 0.05 – 1.1 

13 0.03 – 1.5 

Following tables gives the top 10 highest values of 95th THD in analysed network at transmission 

level. Bus numeration differs from original EIRGRID model in order to enable publication of these 

document.   

 

 

It is important to emphasize that the results presented below are for illustrative 

purposes of the methodology only and they do not reflect in any way the actual or 

measured harmonic performance of the Irish transmission network. The Irish Grid 

network model is used only to illustrate the application of the developed methodology in 

a realistic transmission network topology. 
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Table A.3-5: 110 kV 95th THD values (%) – top 10 buses –  Simulation results for illustration 
purposes only 

Winter 0% wind  Winter 30% wind Winter 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

110_1 6.75739 110_1 6.05437 110_1 6.02372 

110_3 6.26930 110_4 5.60594 110_3 5.57780 

110_5 5.81557 110_5 5.23438 110_5 5.21173 

110_7 5.50188 110_7 4.96066 110_7 4.94082 

110_8 5.28331 110_8 4.63065 110_8 4.66381 

Summer 0% wind Summer 30% wind Summer 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

110_1 5.07836 110_1 4.80895 110_1 3.93996 

110_3 4.71008 110_3 4.44555 110_63 3.80300 

110_5 4.37613 110_5 4.17389 110_68 3.75848 

110_7 4.14031 110_7 3.95612 110_3 3.64849 

110_8 4.02887 110_8 3.65361 110_18 3.58948 

 

Table A.3-6: 400 kV 95th THD values (%)–  Simulation results for illustration purposes only 

 

400 kV 
substations 

Winter        

0% wind 

Winter         

30% wind 

Winter  

60% wind 

Summer 

0% wind 

Summer 

30% wind 

Summer 

60% wind 

95th THD (%) 

400_S1 1.41392 1.12893 1.52256 1.03684 0.94854 1.32650 

400_S2 1.36581 0.90825 1.33918 0.99075 0.76733 1.05023 

400_S3 0.72138 0.53183 0.92886 0.52962 0.51189 0.93846 

400_S4 0.57411 0.48804 0.60638 0.49900 0.43475 0.54087 

400_S5 0.57402 0.48787 0.60605 0.49868 0.43438 0.54082 

 

Table A.3-7: 220 kV 95th THD values (%) – top 10 buses –  Simulation results for illustration 
purposes only 

Winter 0% wind  Winter 30% wind Winter 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

220_1 1.38895 220_1 1.71123 220_4 2.40768 

220_10 1.23039 220_4 1.67581 220_13 2.35094 

220_15 1.16678 220_6 1.39555 220_19 2.23858 

220_17 1.14579 220_10 1.29094 220_1 2.14888 

220_21 1.13004 220_13 1.23683 220_6 2.06357 

220_25 1.12682 220_15 1.11829 220_28 1.77294 

220_26 1.03306 220_17 1.10414 220_38 1.75269 

220_48 0.99158 220_19 1.08966 220_10 1.61212 

220_41 0.96048 220_21 1.08388 220_15 1.36794 

220_42 0.95027 220_25 1.08101 220_17 1.36196 

Summer 0% wind Summer 30% wind Summer 60% wind 
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Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

220_1 1.13944 220_1 1.65820 220_13 2.34174 

220_10 0.95642 220_4 1.53454 220_19 2.14633 

220_15 0.87598 220_13 1.36906 220_4 2.05825 

220_17 0.86272 220_6 1.30637 220_1 1.86059 

220_21 0.85067 220_19 1.21133 220_6 1.78403 

220_25 0.84834 220_10 1.16276 220_28 1.65750 

220_4 0.82230 220_15 0.90602 220_38 1.63604 

220_26 0.77061 220_28 0.90051 220_102 1.32109 

220_28 0.75691 220_17 0.89670 220_10 1.31120 

220_38 0.73990 220_38 0.88777 220_48 1.19901 

 

Table A.3-8: 110 kV 95th THD values (%) – top 10 buses –  Simulation results for illustration 
purposes only 

Winter 0% wind  Winter 30% wind Winter 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

110_1 6.75739 110_1 6.05437 110_1 6.02372 

110_3 6.26930 110_3 5.60594 110_3 5.57780 

110_5 5.81557 110_5 5.23438 110_5 5.21173 

110_7 5.50188 110_7 4.96066 110_7 4.94082 

110_8 5.28331 110_8 4.63065 110_8 4.66381 

110_11 5.04259 110_11 4.48747 110_11 4.45599 

110_13 4.80574 110_13 4.35258 110_13 4.33675 

110_15 4.75571 110_15 4.20118 110_19 4.26221 

110_17 4.72569 110_17 4.05521 110_21 4.24514 

110_42 3.22821 110_19 3.23907 110_23 4.21758 

Summer 0% wind Summer 30% wind Summer 60% wind 

Bus name 95thTHD (%) Bus name 95thTHD (%) Bus name 95thTHD (%) 

110_1 5.07836 110_1 4.80895 110_1 3.93996 

110_3 4.71008 110_3 4.44555 110_63 3.80300 

110_5 4.37613 110_5 4.17389 110_68 3.75848 

110_7 4.14031 110_7 3.95612 110_3 3.64849 

110_8 4.02887 110_8 3.65361 110_18 3.58948 

110_11 3.85917 110_11 3.53308 110_21 3.57541 

110_13 3.62504 110_13 3.48447 110_23 3.55021 

110_15 3.60662 110_15 3.31628 110_76 3.47340 

110_17 3.50740 110_17 3.13716 110_80 3.46279 

110_24 2.47927 110_19 2.84216 110_81 3.43905 
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Measurement data obtained from seven PQ monitoring locations was supplied by EIRGRID 

however; it is not feasible to present them as part of this document due to the size of data.  

Monitoring data was obtained from 400 kV, 220 kV and 110 kV nodes on the network and are 

located on different nodes i.e. large conventional power plant connected at 400 kV, CCGT plant 

connected at 220 kV, wind farms connected at 110 kV, transmission nodes at 110 kV with different 

network structure, etc.  

Monitoring records were processed and specific data ranges were taken in order to get a 

benchmark data for the winter (measurement data from December and January) and summer 

period (measurement data from July and August). Monitoring locations are EIRGRID’s confidential 

data and are not publicly available.  

Harmonic measurement data cover period 01/05/2012 – 30/12/2015 as given in figures Figure 

A.3-1 and Figure A.3-2.  
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Figure A.3-1: Probability distributions of THD performance of PQ monitoring location buses for 

selected scenarios (winter) and measurement data comparison  
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Figure A.3-2: Probability distributions of THD performance of PQ monitoring location buses for 
selected scenarios (summer) and measurement data comparison  

 

As can be seen from figures Figure A.3-1 and Figure A.3-2 the most similar probability distributions 

are obtained in case of 30% wind (largest discrepancy can be seen for monitoring locations Node 5 

and Node 6). Nevertheless, considering all the uncertainties taken for the purpose of simulation, 

this might be considered as case which most closely corresponds to current situation in the 

transmission network in Ireland but still it is important to emphasize that the obtained results from 

this harmonic propagation methodology are highly influenced by different factors (i.e. ratio of non-

linearity of loads) so they do not represent real transmission network operational performance data 

in Ireland.  

 

Additional cases are also considered in order to analyse the impact of spatial distribution of 

harmonic injections on power system. This is done by analysing cases of shutting down some WPPs 

on the northern part of the transmission network in Ireland and on the southern part of the 

network or increasing the number of operating wind turbines in that WPPs (Table A.3-9). By 

comparing these four cases with the case Winter 30% wind it can be seen from the obtained values 

for THD and for individual harmonics that highest values will occur on the same buses (highlighted 

values in tables) which indicates that those locations are potential locations for further analysis and 

monitoring (Table A.3-10 and Table A.3-11).  
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Table A.3-9: Comparison cases data 

Comparison cases  
Some WTs 
off (north) 

Increased no. 
of WT (north) 

Some WTs 
off (south) 

Increased no.  
of WT (south) 

Wind penetration level (of total generation) 

(%) (WF/WF+SG) 29.76% 32.12% 29.26% 32.49% 

WFs selected 

Cunghill, Garvagh, 

Ratrussan 

Boggeragh, 

Coomagearlahy, Glanlee 

 

Table A.3-10: 95th THD values, top 15 buses, comparison cases – Simulation results for illustration 
purposes only 

Winter 30% Some WTs off (north) 
Increased no. of WT 

(north) Some WTs off (south) 
Increased no. of WT 

(south) 

110_1 6.05 110_1 6.97 110_2 6.53 110_1 6.79 110_1 6.24 

110_2 6.05 110_2 6.97 110_1 6.53 110_2 6.79 110_2 6.24 

B62 6.05 B62 6.97 B62 6.53 B62 6.78 B62 6.23 

B419 5.91 B419 6.74 B420 6.34 B419 6.58 B419 6.05 

B420 5.91 B420 6.74 B419 6.34 B420 6.58 B420 6.05 

110_3 5.61 110_3 6.45 110_4 6.04 110_3 6.28 110_3 5.77 

110_4 5.61 110_4 6.45 110_3 6.04 110_4 6.28 110_4 5.77 

B72 5.37 B72 6.12 B72 5.77 B72 5.98 B72 5.52 

110_5 5.23 110_5 6.03 110_6 5.66 110_5 5.87 110_5 5.41 

110_6 5.23 110_6 6.03 110_5 5.66 110_6 5.87 110_6 5.41 

B397 5.22 B397 6.02 B397 5.64 B397 5.85 B397 5.39 

B398 5.17 B398 5.97 B398 5.59 B398 5.80 B398 5.34 

110_7 4.96 110_7 5.71 110_7 5.36 110_7 5.56 110_7 5.12 

B401 4.63 110_8 5.30 B400 4.93 110_8 5.16 110_8 4.74 

B399 4.63 110_9 5.30 110_9 4.93 110_9 5.16 110_9 4.74 
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Table A.3-11: Individual harmonics 95th HD values, top 15 buses, comparison cases – Simulation 
results for illustration purposes only 

5th harmonic 

Winter 30% Some WTs off (north) 
Increased no. of WT 

(north) Some WTs off (south) 
Increased no. of WT 

(south) 

B267 2.06 B157 1.93 B267 2.86 B267 2.09 B267 2.03 

B283 2.00 B159 1.84 B207 2.71 B283 2.04 B286 1.93 

B286 2.00 B181 1.73 B286 2.62 B286 2.04 B285 1.93 

B285 2.00 B70 1.72 B285 2.62 B285 2.04 B284 1.93 

B284 2.00 B69 1.72 B284 2.62 B284 2.04 110_64 1.92 

110_64 1.99 B68 1.72 B283 2.61 110_64 2.03 110_63 1.92 

110_63 1.99 110_76 1.71 110_64 2.60 110_63 2.03 B283 1.91 

110_68 1.98 110_75 1.71 110_63 2.60 110_68 2.01 110_68 1.90 

B269 1.87 B158 1.70 110_68 2.58 B269 1.90 B269 1.84 

B70 1.85 110_94 1.70 B269 2.55 B70 1.88 B152 1.81 

B69 1.85 110_93 1.70 B209 2.41 B69 1.88 B207 1.81 

B68 1.85 110_95 1.69 B70 2.41 B68 1.88 B70 1.78 

110_76 1.84 B286 1.69 B69 2.41 110_76 1.86 B69 1.78 

110_75 1.84 B285 1.69 B68 2.41 110_75 1.86 B68 1.78 

B207 1.83 B284 1.69 110_76 2.37 B207 1.86 110_76 1.76 

7
th

 harmonic 

Winter 30% Some WTs off (north) 
Increased no. of WT 

(north) Some WTs off (south) 
Increased no. of WT 

(south) 

110_71 1.96 B236 2.16 B236 2.14 B236 2.36 B76 2.47 

B236 1.95 B237 2.16 B237 2.14 B237 2.36 110_71 2.46 

B237 1.95 B238 2.16 B238 2.14 B238 2.36 B37 2.44 

B238 1.95 B37 2.15 110_71 2.13 B37 2.32 B39 2.44 

B37 1.95 B38 2.15 B37 2.13 B38 2.32 B40 2.44 

B39 1.95 B40 2.15 B39 2.13 B39 2.32 B41 2.44 

B40 1.95 B41 2.15 B36 2.13 B41 2.32 B236 2.43 

B41 1.95 110_71 2.15 B41 2.13 110_71 2.30 B237 2.43 

110_72 1.91 110_72 2.10 110_72 2.08 110_72 2.23 B238 2.43 

110_73 1.91 110_73 2.10 110_73 2.08 110_73 2.23 110_72 2.40 

B76 1.79 B76 1.88 B76 1.84 B49 1.90 110_73 2.40 

110_74 1.79 B54 1.79 110_74 1.81 B50 1.90 B54 2.24 

B506 1.79 B56 1.76 B506 1.81 B51 1.90 B78 2.20 

B54 1.68 B77 1.74 B54 1.78 B48 1.88 B55 2.15 

B77 1.79 B78 1.88 B77 1.84 B49 1.90 110_73 2.40 
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11
th

 harmonic 

Winter 30% Some WTs off (north) 
Increased no. of WT 

(north) Some WTs off (south) 
Increased no. of WT 

(south) 

B295 1.37 B295 1.55 B295 1.62 B295 1.60 B295 1.71 

B296 1.36 B296 1.54 B296 1.61 B296 1.59 B296 1.69 

B171 0.97 B46 1.05 B46 1.05 B46 1.03 B46 1.04 

B46 0.96 B47 1.05 B47 1.05 B47 1.03 B47 1.04 

B47 0.96 400_3 1.00 B171 1.02 400_3 1.01 400_3 1.01 

B419 0.92 400_4 1.00 400_3 1.00 400_4 1.01 400_4 1.01 

B420 0.92 B171 1.00 400_4 1.00 B171 0.97 B171 1.00 

B243 0.87 B419 0.92 B419 0.95 B419 0.92 B419 0.97 

400_3 0.86 B420 0.92 B420 0.95 B420 0.92 B420 0.97 

400_4 0.86 B243 0.91 B243 0.92 B243 0.89 B243 0.91 

B172 0.86 B172 0.91 B172 0.91 B172 0.88 B172 0.90 

B452 0.84 110_86 0.88 110_86 0.89 110_86 0.85 B72 0.88 

B453 0.84 110_87 0.88 110_87 0.89 110_87 0.85 110_86 0.87 

110_86 0.84 110_91 0.88 110_91 0.88 110_91 0.85 110_87 0.87 

110_87 0.84 110_92 0.88 110_92 0.88 110_92 0.85 110_91 0.86 

13
th

 harmonic 

Winter 30% Some WTs off (north) 
Increased no. of WT 

(north) Some WTs off (south) 
Increased no. of WT 

(south) 

110_1 6.04 110_1 6.94 110_1 6.51 110_1 6.76 110_1 6.22 

110_2 6.04 110_2 6.94 110_2 6.51 110_2 6.76 110_2 6.22 

B62 6.03 B62 6.94 B62 6.51 B62 6.76 B62 6.22 

B419 5.88 B419 6.70 B419 6.30 B419 6.54 B419 6.01 

B420 5.88 B420 6.70 B420 6.30 B420 6.54 B420 6.01 

110_3 5.59 110_3 6.42 110_3 6.02 110_3 6.26 110_3 5.75 

110_4 5.59 110_4 6.42 110_4 6.02 110_4 6.26 110_4 5.75 

B72 5.34 B72 6.08 B72 5.73 B72 5.94 B72 5.48 

110_5 5.22 110_5 6.01 110_5 5.64 110_5 5.84 110_5 5.39 

110_6 5.22 110_6 6.01 110_6 5.64 110_6 5.84 110_6 5.39 

B397 5.20 B397 5.99 B397 5.61 B397 5.81 B397 5.37 

B398 5.14 B398 5.94 B398 5.56 B398 5.76 B398 5.32 

110_7 4.94 110_7 5.69 110_7 5.34 110_7 5.53 110_7 5.10 

110_8 4.61 110_8 5.26 110_8 4.89 110_8 5.13 110_8 4.70 

110_9 4.61 110_9 5.26 110_9 4.89 110_9 5.13 110_9 4.70 
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Appendix A.4 Analysis of active and reactive 

power variations 
 

 

 

Figure A.4-1: Aggregated active power output of wind farms for winter peak and 33% share of 
wind power 
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Figure A.4-2: Aggregated active power output of synchronous generators for winter peak and 33% 
share of wind power 

 

 

Figure A.4-3: Aggregated reactive power output of wind farms for winter peak and 33% share of 
wind power 
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Figure A.4-4: Aggregated reactive power output of synchronous generators for winter peak and 

33% share of wind power 

 

 


