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SPECIAL REPORT FOR SC 4 
(System Technical Performance) 

 
Marta Val Escudero, Special Reporter Preferential Subject 1 

Ivo Uglesic, Special Reporter Preferential Subject 2 
Jeroen van Waes, Special Reporter Preferential Subject 3 

 
General Introduction: 
CIGRE Study Committee C4 is responsible for methods and tools for analysis related to 
power systems, with particular reference to dynamic and transient conditions and to the 
interaction between the power system and its apparatus/sub-systems, between the power 
system and external causes of stress and between the power system and other installations. 
Specific issues related to the design and manufacturing of components and apparatus are not 
in the scopes of SC C4, as well as those specifically related to planning, operation and 
control, apart from those cases in which a component, apparatus, or subsystem behaviour 
depends on, or significantly interacts with, the performance of the nearby power system.  

Study Committee C4 has selected three Preferential Subjects for the CIGRE Session 2016 in 
Paris, which represents the wide scope of the group and take into account the technical 
progress in different fields such as power quality, electromagnetic compatibility and 
interference, insulation coordination, lightning and power system performance models and 
numerical methods.  

 Preferential Subject 1: Impact of inverter based generation and Energy Storage 
 Preferential Subject 2: Challenges with modelling and evaluation of lightning 

performance and insulation coordination in the power system of the future 
 Preferential Subject 3: Bridging the gap between EMT , FEM and positive sequence 

grid simulation 
Preferential Subject (PS) 1 has attracted 17 papers, PS2 has attracted 12 papers and PS3 has 
attracted 6 papers, for a total of 35 papers. In the following pages each PS is dealt with 
separately in detail. 

 

CIGRE 2016 

 
 

Study Committee C4 
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1.0 Preferential Subject 1 

The theme for Preferential Subject 1 is “Impact of inverter based generation and energy 
storage”, including: 

• Potential improvement of power system dynamic performance from new functionalities  
• Challenges for system dynamic performance caused by high penetration levels (especially in 

island systems) 
• Modelling, measurement and assessment of PQ and EMC related issues 

Papers for PS1 

17 papers were accepted in response to this preferential subject. The papers originated from 12 
countries reflecting a wide and international interest in this topic. The papers present concepts and 
results that may be categorized into 3 subgroups: 

- Potential improvement of power system dynamic performance from new functionalities 
o Papers 103, 107, 109, 110, 115 and 116  

- Challenges for system dynamic performance caused by high penetration levels (especially in 
island systems) 

o Papers 102, 104, 118, and 119 
- Modelling, measurement and assessment of PQ and EMC related issues 

o Papers 101, 108, 111, 112, 113, 114 and 117  

Subgroup 1 - - Potential improvement of power system dynamic performance from new 
functionalities  

C4-103: Utility Connected Smart Inverters – Lessons Learned from Demonstration of Open Standards 
and Protocols  

This paper describes a multi-year research project, sponsored by the U.S. Department of Energy 
(DOE), aiming to demonstrate the capabilities of inverters equipped with grid support functionality 
and governed by an open standard protocol. Three sites with different utility operating practices and 
implementations of utility-scale PV inverters were selected for the tests. The authors describe some 
challenges experienced during the tests, mainly related to inverter response and communications. The 
results demonstrate a very effective voltage regulation achieved at the PV sites (smoother and flatter 
voltage profile throughout the day) and as well as a positive contribution to the control of power factor 
at the feeder head (substation). The authors indicate that the primary objective of the paper is to raise 
awareness regarding the advanced grid-supportive functionalities that can be made available to 
distribution system operators through grid-connected PV and storage smart inverters. However, to 
achieve their full potential, standard communication and control protocols are essential. Also, 
coordination with existing distribution equipment is critical for their reliable operation.  

C4-107: Voltage Swell Mitigation in Practical EHV Network Using Flexible AC Transmission 
Systems Based on Evolutionary Computing Method  

This paper describes a study aimed to mitigate voltage swell phenomena using Advanced Flexible AC 
Transmission System (AFACTS) devices. A technique based on Particle Swarm Optimisation (PSO) 
and Adaptive Acceleration Coefficient PSO (AACPSO) is proposed. The methodology is applied to a 
model of the Egyptian transmission network for a 2020 planning scenario to determine: (i) the optimal 
location for the devices and (ii) the optimum control parameter settings. The proposed technique is 
tested with a few scenarios and the results are presented.   

C4-109: STORE: A Comprehensive Research and Demonstration Project on the Application of 
Energy Storage Systems in Island Power Systems  

This paper describes a research and demonstration project in Spain aimed at testing the state of the art 
of Energy Storage Systems (ESS) in small island power systems. Three technologies, with different 
application and capabilities, were assessed in small isolated systems in the Canary Islands: (i) ultra-
capacitors, (ii) flywheels and (iii) Li-Ion batteries. The scope of the project included (a) power system 
studies and detailed model development, (b) commissioning tests and (c) performance monitoring. The 
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project results demonstrate a positive contribution of the ultra-capacitors and flywheel to improve 
frequency stability and regulation as well as effective peak-shaving services provided by the Li-Ion 
battery, assisting in grid congestion alleviation. 

C4-110: Power Intensive Energy Storage and Multilevel STATCOM for Frequency and Voltage Grid 
Support  

This paper describes a MMC based STATCOM device equipped with an additional frequency 
stabilizer as a combined solution to mitigate voltage and frequency stability issues. The device 
emulates synthetic inertia using energy stored in supercapacitors. Dynamic studies of voltage and 
frequency disturbances are performed in a model of the Irish transmission Network. The simulation 
results suggest improvements in frequency stability and rate of change of frequency. 

C4-115: Large Scale Italian Energy Intensive Storage Installation: Safety Issues and Environmental 
Compatibility 

This paper gives an overview of the analysis and studies which have supported the first Italian “energy 
intensive” storage installations using Na-S batteries. These studies have covered chemistry, 
electrotechnics, fire behaviour and risk assessment. The paper presents the risk assessments and 
specific safety enhancements that have been implemented in three Italian pilot installations. 

C4-116: Electrochemical Energy Storage Systems and Ancillary Services: The Italian TSO’s 
experience. 

This paper presents the Italian experience with five pilot Electromechanical Energy Storage Systems 
(EESS) projects and the provision of ancillary services from those plants.  The different technology 
and capabilities of each pilot project are discussed. Furthermore, each of the EESSs ancillary services 
and their integration into SCADA systems are also covered in the paper. Examples of field operational 
experience illustrating the performance of the ESSSs during system disturbances are included. It is 
concluded that the experience with the EESSs has demonstrated complete adequacy for 
implementation of ancillary services as prescribed by the Italian Grid Code.    

Question 1.1: Papers C4-103, C4-109 and C4-116 report on demonstration projects of PV smart 
inverters and Energy Storage Systems (ESS) in real systems. 

(a) Are there similar demonstration projects in other countries? Can others share their experience? 
(b) What are the challenges and experiences for the autonomous or co-ordinated control of multiple 

distributed inverters to provide reliable ancillary services? 
(c) Is there any experience or plans for using new functionalities of inverters or ESS to defer or offset 

a need for investment in transmission or distribution networks (i.e. voltage support, thermal 
capacity, etc)?   

Question 1.2 The introduction of new functionalities in Power Electronics (PE) based generation and 
Energy Storage Systems (ESS) seems to offer significant improvements in power system performance. 
However, adequate models are needed for System Operators to assess the impact of such devices and, 
therefore, plan and operate the power systems in the most cost-effective way.   

(a) What is the status of development, standardisation and availability of models for power system 
planning purposes?  

(b) Are traditional planning studies, tools and assumptions (i.e. rms positive sequence) adequate to 
assess the impact and interactions of these new devices? 

(c) How are the models validated? 
(d) What is the experience of System Operators to integrate these models in traditional power system 

models and simulation tools? 

Subgroup 2 - - Challenges for system dynamic performance caused by high penetration levels 
(especially in island systems) 

C4-102: Transient Stability Impacts of High Levels of RES on the Western US Grid  

This paper reports the results of a study designed to investigate the transient stability of the US 
Western Interconnection (WI) with high penetration of wind and solar generation. The studies 
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considered a 2020 planning scenario with annual renewable energy penetration of 33%. These 
investigations did not identify any fundamental reason why the WI cannot meet transient stability 
objectives in the presence of high penetrations of wind and solar. However, caution will be needed in 
areas of the network that are driven to zero commitment of conventional plants. New approaches to 
strengthen the grid, such as conversion of coal units to synchronous condensers, are suggested to 
enhance system stability in very weak grid areas. The Fault Ride Through (FRT) performance of 
embedded PV and the dynamic behaviour of the load are reported to be critical to system stability. 
This investigation reinforces the need for valid models and for thorough system planning studies.  

C4-104: Development of Improved Aggregated Load Models for Power System Network Planning in 
the Nordic Power System. Part 1: Method Development.  

This paper describes a new methodology for the development of improved modelling strategies of 
accurate load models for planning purposes in the Nordic power system. The scope includes (i) 
validation and improvement of static loads, (ii) introduction of frequency dependency in the static load 
models and (iii) development of simple aggregated dynamic models. The developed methodology uses 
a measurement based top-down approach to verify the results of a component-based bottom-up 
approach. Some challenges are reported in relation to both approaches, mainly around the assessment 
of true load composition of an evaluation point at a given time and the staging of events with large 
impact on the load.  

C4-118: Assessing Inverter Based Generation Exposure to Voltage Sags  

This paper presents a methodology for assessing the degree of exposure of non-conventional 
generation to voltage sags in the power system, based on Monte Carlo simulations. The primary 
purpose of the methodology is to predict the number of inverter based generation outages per year 
caused by voltage sags. A secondary purpose is to assess the expected benefit resulting from network 
improvements such as reduction in transmission line faults and improvement in protection system 
performance. An application example is presented in which the methodology is applied to a 
Portuguese Transmission Network scenario. 

C4-119: Impact of Connecting Renewable Power Plants on the Dynamic Voltage Response, Voltage 
Stability and Low Voltage Ride Through (LVRT) Capability  

This paper reviews the impact of connecting high levels of renewable generation on power system 
stability. Various types of stability phenomena and analysis tools, such as PV curves, are discussed in 
detail. The discussions are illustrated with examples of Wind Farm connections into the Jordan 
transmission system. The benefits of voltage control in wind farms and compliance with Low Voltage 
Ride Through requirements are highlighted.  

Question 1.3: Paper C4-102 suggests that the integration of large amounts of wind and solar 
generation will not have a significant detrimental effect on the transient stability of the US Western 
Interconnection system.  

(a) What is the experience in other smaller systems around the world? 
(b) What are the main technical limitations observed in smaller systems?  
(c) Have TSOs identified a limit on instantaneous penetration for non-synchronous generation?  
(d) What steps are taken to overcome the technical limitations of increased penetration? 
(e) Is there a theoretical limit of penetration of non-synchronous generation? 

Question 1.4: Paper C4-102 reports some emerging methods to enhance transient stability such as (i) 
provision of ancillary services by renewable plants, (ii) conversion of thermal plants to synchronous 
condensers and (iii) weak grid controls on wind plants. 

(a) What is the experience with these emerging methods? Are there any practical results quantifying 
their positive contribution to system stability? 

(b) Are there any other “non-traditional methods” (i.e. excluding building new transmission 
infrastructure) being considered in other countries? 

Question 1.5: Paper C4-104 describes a methodology for the development and validation of accurate 
aggregated load models for power system network planning.  
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(a) What is the approach adopted by other TSO’s to represent the general load in various type of 
planning studies (i.e. load flow, short circuit, harmonics, dynamic stability, etc). 

(b) Are the load models based on components, measurements or experience? 
(c) Are the load models typically validated after a system disturbance or event? 

 

Subgroup 3 - Modelling, measurement and assessment of PQ and EMC related issues 

C4-101: Harmonic Distortion Assessment Related to the Connection of Wind Parks to the Brazilian 
Transmission Grid 

This paper deals with the process for harmonic impact assessment for the connection of new Wind 
Farms to the transmission system in Brazil. This process is detailed in the Grid Code and it involves 
two steps: (i) a harmonic assessment study and (ii) measurements campaigns. Application of the 
assessment process has shown that a large proportion of the WF connections in Brazil require filtering 
to reduce harmonic emissions below acceptable levels, which can be attributed to an over conservative 
nature of the assessments. A major area of concern for the operation of the transmission system is the 
interaction of multiple (and electrically close) customer filters between themselves and with the 
transmission system impedance, which can introduce unexpected resonances and amplify background 
harmonics.  

In order to minimise the installation of unnecessary filtering equipment, the authors propose some 
changes to the existing procedures: (i) disregard the harmonic impedance envelopes and assess only 
the calculated impedance points, (ii) consider 95th percentile of the calculated emission levels instead 
of the worst-case, (iii) consider only contingencies with high probability and (iv) exclude background 
harmonic amplification from the emission assessment.  

C4-108: Power Quality Monitoring and Assessment in the Spanish Transmission System 

This paper highlights the importance of monitoring Power Quality (PQ) at transmission level due to 
the increased penetration of Power Electronic (PE) devices. To that end REE, the Spanish TSO, has 
designed and commissioned a centralised PQ Monitoring prototype with multiple functionality 
including: (i) PQ monitoring equipment, (ii) centralised PQ database, (iii) built-in data analyser, (iv) 
automatic reporting and (v) PQ state estimator. On a first approach, the extent PQ monitoring devices 
is restricted to critical nodes with distorting loads, however a more intensive deployment campaign is 
planned to be carried out in the future. In the interim, an integrated PQ state estimator software tool is 
used to provide the missing data. This state estimator can also be used to optimise the location for 
future PQ monitoring devices. 

C4-111: Challenges in Harmonics Assessments of Non-Linear Load Connections  

This paper explains in detail the process of harmonic impact assessment for the connection of new 
distorting installations to transmission systems, with particular emphasis on the UK. The dual impact 
of these distorting installations is presented as: (i) modification of background harmonic from passive 
assets (i.e. cables, capacitor banks, filters, etc) and (ii) emission of harmonic currents from Power 
Electronic (PE) devices. Both effects are captured in the harmonic emission limits imposed on the new 
installation. It is emphasised that the Grid Code in UK (and in some other countries) requires 
assessment of harmonics at the Point of Common Coupling (PCC) but also at remote nodes, which 
introduces challenges in the provision of adequate system data to the connecting party and in the 
assessment itself. The main challenges associated with the harmonic assessment of new connections 
are grouped under three main areas and discussed in detail in the paper: (1) accuracy and format for 
the provision of information related to impedance of the transmission system, (2) availability and 
suitability of background harmonic measurement data and (3) interactions between multiple non-linear 
connections in close electrical proximity. Issues like accuracy of instrument transformers and the 
suitability of the selected period for harmonic measurements are also addressed. 

C4-112: Amplification of Harmonic Background Distortion in Wind Power Plants with Long High 
Voltage Connections 
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This paper deals with the asymmetry of long HV cable installations (flat formation) typically used for 
offshore wind farm connections. It is demonstrated that the common approach of positive sequence 
(decoupled sequence model) harmonic assessment can lead to significant errors due to inter-sequence 
coupling. Measurements from an offshore wind farm in Denmark are used to illustrate the high level 
of unbalance present in the harmonic voltages associated with the asymmetrical land cable formation. 
As an example, the ratio between phase B and phase C harmonic voltage for the 11th order is almost 
two. It is shown that there is a tendency for most of the harmonic orders to follow their natural 
sequences under balanced operation (i.e. 2nd is predominantly negative sequence, 4th is predominantly 
positive sequence, etc) however, at and near resonances the measured harmonics voltages contain 
some portion of all three sequence components. It is concluded that the common planning assumption 
that individual harmonic orders contain only one unique sequence component can lead to 
underestimation of the phase-to-ground harmonic voltages. This approach can have cost implications 
if non-compliance issues are observed at a later stage and some form of mitigation is required. A more 
sophisticated level of modelling, based on phase-domain, is recommended for this type of 
asymmetrical circuit formations.    

C4-113: CIGRE/CIRED JWG C4.24: Power Quality and EMC Issues Associated with Future 
Electricity Networks – Status Report. 

This paper summarizes major results and discussions of the JWG C4.24 “Power Quality and EMC 
issues associated with future electricity networks”. This is a joined working group of CIGRE and 
CIRED, which collaborates with IEEE working group “PQ issues with Grid Modernisation”. The 
JWG was created in 2013 aiming at addressing (i) new developments and emissions from Power 
Electronic (PE) devices and adequacy of existing instrument transformers and sensors, (ii) impact of 
new smart applications such as Volt-VAR control and feeder reconfiguration at distribution level and 
(iii) impact of these distribution PQ issues on transmission levels. The outcome of the JGW will be 
captured in a “Technical Brochure”, which is scheduled for late 2016. Some of the main findings of 
the JWG are: 

• PE converters are an important source of waveform distortion, but they can also be the key for 
mitigation. 

• The shift from non-electronic and passive power-electronic to active power-electronic interfaces 
not only results in new types of emission (“interharmonics”, “quasi-DC” and “supraharmonics”), 
but it also makes immunity of equipment against disturbances less predictable. New indices are 
required to characterise these new emissions. New type of transducers are required to monitor 
higher frequencies (up to 150 kHz). 

• PE controllers can provide an improvement of voltage quality over a range of phenomena and 
timescales. This, however, will require an overhaul of voltage control philosophies and reliance on 
equipment beyond the System Operator’s control. The issue of adverse interactions between many 
fast controllers needs to be addressed. 

• New power quality and reliability indices are required in networks with advanced automation 
capabilities. 

• When grid reinforcement solutions remove some of today’s technical limitations, such as thermal 
overloads and stability limits, PQ may become the new limitation.  

C4-114: Investigation of Harmonics Trends and Characteristics on the Irish Transmission System by 
Analysing Historical PQ Measurements and SCADA Records 

This paper describes the recent trend of increasing harmonic voltage distortion observed in some areas 
of the Irish transmission system. This trend has been attributed to the proliferation of wind farm 
connections using Power Electronic (PE) converters and the increased installation of radial HV cables. 
A PQ Monitoring and Data Processing system developed in-house by EirGrid is described and some 
of the functionalities for data processing, analysis and visualisation are illustrated. It is shown that the 
THD is mostly dominated by the 5th and 7th harmonic orders. The paper focuses on correlations 
between harmonic distortion and system variables like wind generation output, level of demand, 
installation of HV cables and circuit outages. Furthermore, the authors examine the variability of 
harmonic distortion measured on a weekly basis over a 1-month period and discuss the 
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appropriateness of 1-week measurement campaigns for compliance purposes, as recommended in 
IEC/TR 61000-3-6. This analysis shows a variation of up to 30% in critical harmonic orders (5th and 
7th) depending on the selected week of measurements and highlights the difficulty in identifying a 
representative period for monitoring.  

C4-117: Impact of Photovoltaic Systems Control on Romanian Power Quality, as Measured in the 
Connection Common Points 

This paper describes the new PQ regulations established in Romania since 2013 for the connection of 
PV. These regulations focus on voltage fluctuation and flicker at distribution and transmission levels. 
Similar regulations dealing with harmonic distortion and unbalance are in the process of being 
finalised. The paper also describes the implementation of a Power Quality Measurement System 
(PQMS), which captures data from 53 sites in the Romanian transmission system. The Romanian PQ 
compliance process includes a requirement for detailed PQ studies and certification of each inverter 
followed by a period of monitoring. Analysis of more than 300 compliance assessments has revealed 
that most non-compliance issues are related to Plt. It is reported that the highest incidence of Plt 
extreme values occur when starting or stopping generation from inverters and there is a concern that a 
sudden voltage variation during this period could lead to the disconnection of the plant due to 
excessive over-currents.  

Question 1.6: Papers C4-101, C4-108, C4-111, C4-112 and C4-114 mainly deal with harmonics 
issues in transmission networks. Paper C4-117, on the other hand, is mostly concerned with flicker at 
transmission and distribution levels. Paper C4-113 suggests that when grid solutions remove today’s 
technical limitations (i.e. thermal and stability limits), PQ may become the new limitation.  

(a) What are the main emerging PQ issues of concern for TSOs around the world and why are they 
critical at Transmission voltage levels? 

(b) What steps are taken to mitigate those PQ issues? 
(c) What is the general view with regards to PQ setting operational limitations in future?  

Question 1.7: Paper C4-101 reports that the majority of the Wind Farm connections into the Brazilian 
Transmission Grid require filtering to reduce harmonic distortion below acceptable levels.  

(a) What is the experience in other countries?  
(b) How are the possible interactions between multiple filters and the transmission system addressed?  
(c) Is there any preference/advantage for implementing mitigation solutions at transmission level vs 

at customer level?  

Question 1.8: Papers C4-101 and C4-111 deal with harmonic assessments related to the connection of 
distorting installations to transmission networks. Both papers report challenges and shortcomings in 
the existing processes for Brazil and UK.  

(a) What is the experience with the processes adopted in other countries?  
(b) How do they deal with aspects like (i) provision of system harmonic impedance data, (ii) 

assessment based on worst-case scenario, (iii) number and probability of contingencies, (iv) 
availability and accuracy of harmonic background measurements (iv) amplification of harmonic 
background distortion and (vi) interaction between multiple distorting connections in close 
vicinity?  

(c) What are the views on the following proposals made in Paper C4-101: (i) disregard the harmonic 
impedance envelopes and assess only the calculated impedance points, (ii) consider 95th 
percentile of the calculated emission levels instead of the worst-case, (iii) consider only 
contingencies with high probability and (iv) exclude background harmonic amplification from the 
emission assessment? 

Question 1.9: Paper C4-114 reports a high variability in harmonic voltage distortion measurements 
taken in a Wind Farm during consecutive one-week periods in accordance with IEC/TR 61000-3-6.  

(a) Have other System Operators observed similar variability in harmonic distortion associated with 
wind or PV plants? 
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(b) What is the typical monitoring period after energisation required to guarantee compliance with 
the allocated emission limits? Is it dependant on the type of plant? 

(c) How is it guaranteed that the measurement period captures the most onerous transmission system 
conditions and the highest harmonic current emissions from the Power Electronic (PE) devices? 

(d) In cases where the measurements before and after energisation of the facility are distant in time 
(i.e. to capture the most onerous emission levels), how is it guaranteed that the differences are 
caused solely by the new facility and are not the result of different operating conditions in the 
transmission system? 

Question 1.10: Paper C4-108 reports the integration of a PQ state estimator as part of the PQ 
Monitoring System in Spain.   

(a) What is the experience with the state estimator in terms of speed, accuracy and reliability? 
(b) Is this information used as input for harmonic assessments of new distorting installations? 
(c) How are different operating conditions and system contingencies dealt with by the state 

estimator? 
(d) Can PMUs assists in PQ state estimation? 
(e) Do other TSOs use state estimation for PQ purposes?  

Question 1.11: Paper C4-112 reports the need for detailed phase domain modeling and simulations 
when assessing asymmetrical circuit configurations in harmonics studies.   

(a) How are the phase angles for the background voltage distortion and the new harmonic current 
injections from Power Electronic (PE) devices estimated/calculated in the phase domain studies? 

(b) What is the experience and standard practice worldwide for capturing system asymmetries in 
harmonic penetration studies?  
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2.0 Preferential Subject 2 

The theme for Preferential Subject 2 is “Challenges with modelling and evaluation of 
lightning performance and insulation coordination in the power system of the future”, 
including: 

• Transient analysis and modelling for HVDC and large renewable power plants 
• Analysis of, and operational experience with, lightning performance in high-voltage networks, 

including detection systems and lightning attraction models 
• Methods for the analysis of transient and temporary over-voltages and their impact on high 

voltage equipment including suitability of standard wave forms 

Papers for PS2 

12 papers were accepted in response to this preferential subject. The papers originated from 10 
countries reflecting a wide and international interest in this topic. The papers present concepts and 
results that may be categorized into 3 subgroups: 

- Transient analysis and modelling for HVDC and large renewable power plants  
o Paper 207 

- Analysis of, and operational experience with, lightning performance in high-voltage networks, 
including detection systems and lightning attraction models 

o Papers 201, 202, 203, 204, 205 and 213 
- Methods for the analysis of transient and temporary over-voltages and their impact on high 

voltage equipment including suitability of standard wave forms 
o Papers 208, 209, 210, 211 and 212 

 

Modelling and evaluation of lightning performance and insulation coordination in the power system 
are important issues.  

With the advent of smart sensors and information technology being incorporated into the power 
system, there is an enormous opportunity to realize further optimization of the power systems. The 
application of advanced lightning locating systems (LLS) enables the reduction of lightning related 
outages in the transmission network. Methods for measurements of transient currents caused by 
lightning strikes using a wireless communication module are under development. 

There is an increasing application of long HVAC cables in power systems around the world for 
various reasons.  This, however, can introduce increasing concerns for low order harmonic resonances 
in the system and temporary over-voltages (TOV) following switching transients. It is important to 
define clearly TOV limits necessary for the safe and reliable operation of the system taking into 
account the withstand capabilities of all network equipment and the expected amplitude and duration 
of the stresses. Line circuit breakers equipped with point-on-wave (POW) controllers have been 
identified as a countermeasure in order to minimize the risk of harmonic resonances and inrush 
currents of very long AC cable lines. 

Subgroup 1 - Transient analysis and modeling for HVDC and large renewable power plants 

C4-207  Analysis of opportunities to improve the HVDC SwePol Link operation due to commutation 
failures 

The HVDC SwePol Link was placed in-service in 2000, and implemented as a bipolar HVDC (High 
Voltage Direct Current) cable line with a total length of 254 km. One converter station is situated in 
Słupsk (the Polish side) and the second in Starno (the Swedish side). This HVDC was built as a Line 
Commutated Converter (LCC) technology. The paper presents the assumptions and results of an 
analysis examining how the operation of the northern part of the Polish power system affects the 
proper operation of the HVDC SwePol Link. It focuses on the study of phenomena occurring in the 
AC part of the link that could lead to commutation failures in the Słupsk converter station. A model of 
the HVDC SwePol Link was developed and used to carry out a parametric analysis which examined 
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the impact of selected network values on commutation failure. The authors present proposals of ways 
to prevent or minimize the risk of commutation failures in LCC converter stations.  

Question 2.1: Is there other experience from TSOs and operators around the world with respect to 
commutation failure occurrences related to LCC-HVDC and what type of operational or other 
concerns they may have caused and how they have been mitigated?  

Subgroup 2 - Analysis of, and operational experience with, lightning performance in high-
voltage networks, including detection systems and lightning attraction models 

C4-201 Application of the Leader Progression Model to evaluate the lightning performance of AC and 
DC EHV transmission lines 

The paper compares the traditional Electro-Geometric Method (EGM) and some Leader Progression 
Model (LPM) methodologies. The point of the lightning impact on the transmission line in EGM 
depends only on the line geometry, whereas in LPM, the power frequency voltage influences the 
inception of the upward leaders at each conductor. Thus, a stroke, which EGM indicates to hit a 
shielding wire, may impact a phase conductor when using LPM. The effect of power frequency 
voltage appears on 765 kV AC and 800 kV DC lines of regular height, because an upward leader may 
start from a phase conductor well before the starting of an upward leader from the shielding wire. It is 
also shown that even for 525 kV AC lines, the application of the EGM can underestimate outage rates 
and the use of LPM methodologies may be recommended in such cases. 

Question 2.2: Simulation results of the applied LPM methodologies show wide variation.  What has 
been the general experience with the four LPM methodologies used in the paper (Golde, Erikson, Rizk 
and Dellera&Garbagnati), explaining the main differences between them? Input on such experience is 
welcome from all. 

C4-202: Overview of statistical data on lightning outages of transmission lines in japan 

A long-term overview on line outages caused by lightning strikes in Japan’s transmission network has 
been presented. The data on circuit breaker tripping since 1980 has been analysed regarding lightning 
outages and double circuit rates in transmission lines. A statistical analysis has been presented. The 
effects of line surge arrester installations on transmission lines has been analysed in comparison with 
the number of lightning outages and double circuit faults. It is shown that the installation of surge 
arresters on 66-77 kV lines has a great impact on the reduction of lightning outages. In transmission 
lines of 187 kV or higher voltage classes, 80% of ground faults are one phase faults, of which 80% are 
top or middle phase faults. 

Question 2.3: It is stated there are circa 83.000 km of transmission line and circa 350.000 surge 
arresters installed on Japan’s transmission lines. Do the authors have information on the number of 
surge arrester failures caused by lightning related events and also on the number of all surge arrester 
faults regardless of the cause?  Is there any information on surge arrester failure statistics from other 
utilities around the world and how many are caused by lightning related events?  

C4-203:  Economic Assessment of Lightning Performance Improvement of 69 kV overhead 
subtransmission line on monopole and concrete pole in MEA’s power distribution system 

The paper includes interesting techno-economic analysis of installation of the external grounding 
wires in comparison to the monopole towers. The technical analysis was done using the ATP-EMTP 
software program. Back flashover and shieling failure flashover rates are used to evaluate the number 
of possible failures. This kind of research can be used as a guideline in sub-transmission line design.  

Question 2.4: When modeling insulation failure it is important to model well the concave wave-front 
of the lightning current. In this paper a ramped current source was used to simulate the lightning 
phenomenon.  What has been the experience by the authors, or any others, on the use of more accurate 
models that take into account the concave wave front of the lightning current?  

C4-204:  A Case Study and Observation on Cause of Transmission Line Outages in Malaysia 

The paper describes lightning related outages on transmission lines in Malaysia. Its first part is 
devoted to lightning conditions in Malaysia and the number of tripping on transmission lines due to 
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lightning. A statistical overview was given providing the number of line tripping caused by severe 
weather in respect to all tripping causes. The second part of the paper describes a case study where a 
line was tripped two times due to a lightning related incident. The first trip was a successful automatic 
reclose caused by a shielding failure, where a -18 kA lightning strike caused a two-phase trip. The first 
trip was followed by a second trip, 3 minutes after, with a definite line outage which was caused by a 
broken cross arm on the tower that was burnt by lightning in the previous event. The tower is made of 
wooden cross arms. 

Question 2.5: Based on this case study, what actions or improvements have been suggested to 
improve the line performance? What is the general experience of other utilities with methods of 
improving line outage performance relative to lightning phenomena? 

C4-205:  Assessment of Lightning Shielding Performance of a 400 kV Double-Circuit Fully 
Composite Transmission Line Pylon 

The lightning shielding performance of a fully composite pylon was investigated based on the electro-
geometric model (EGM). The striking distances calculated by different methods showed that there is 
an unprotected zone between shield wires. Therefore, for the application on a fully composite pylon, 
some modifications were applied in the conventional EGM model. It was observed that the fully 
composite pylon attracts a smaller number of lightning strokes, when compared to more traditional 
pylon configurations like Eagle or Donau, due to its compact geometry.  

The shielding failure rate (SFR) of the fully composite pylon was calculated and it was between 0.001 
and 0.009 depending on different methods. Finally, a value of zero was obtained for the shielding 
failure flashover rate (SFFOR) and it is concluded that the assigned negative shielding angle of 60° 
provides a perfect lightning protection for the pylon and subsequently, the inclination angle of 30° for 
the pylon’s cross- arm is sufficient. 

Question 2.6: Would the application of the Leader Progression Model, which takes into account the 
effect of power frequency voltage (instead of the EMG) give the same results in the investigation? 
What is the experience of others relative to the comparison of using the EMG versus LPM models? 

C4-213: Measurement Techniques on Transient Process of Lightning Striking Overhead Transmission 
Lines 

The paper presents measurements of transient currents on conductors caused by lightning strikes. The 
measuring units are installed on the conductors of transmission lines every 30 km and are connected to 
a power supply coil using Faraday electric-magnetic effect and a wireless communication module. By 
far, 4776 measuring units have been installed on 597 transmission lines of China's power grid. 
According to measured transient current waveforms, the lightning strike point can be located and the 
lightning strike type can be identified. Also, the authors propose a novel measurement method of 
lightning transient voltage based on the integrated optical electric field sensor (IOEFS). The transient 
voltage waveforms are inversed from space electric field waveforms measured by IOEFSs. In order to 
test the field measurement effect, the measurement equipment is used to measure a transient voltage 
when a group of capacitor voltage transformers (CVT) out of operation are switched to an operating 
220 kV bus by a disconnecting switch. The measurement results agree with the deduced physical 
process very well. 

Question 2.7: What is the accuracy of the measurements of transient voltage with IOEFS (depicted in 
Fig 12 (b) in chapter 3.3.1). Have authors compared their measurements, for example, with 
measurements obtained with capacitor voltage divider? What is the experience of others with such 
measurement processes and their application? 

Subgroup 3 - Methods for the analysis of transient and temporary over-voltages and their 
impact on high voltage equipment including suitability of standard wave forms. 

C4-208:  Investigating the Methodology and Implications of Implementing Long HVAC Cables in the 
Ireland and Northern Ireland Power System 

The paper presents a methodology for studying the impact of long lengths of HVAC underground 
cable (UGC) on the Ireland and Northern Ireland transmission system.  The maximum technically 
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acceptable length of HVAC UGC which can be accommodated on the circuit at the 400 kV and 220 
kV voltage levels is investigated. The network model and study cases, for both steady-state load flow 
and Electro-Magnetic Transient (EMT) analysis, represent the most onerous, yet realistic, network 
conditions. Steady-state load flow simulations were performed in order to determine optimal reactive 
power compensation for each UGC length. Frequency Scans (FS) were carried out to identify low 
frequency parallel resonances. Time domain simulations determined any issues relating to switching 
overvoltages and temporary overvoltages (TOVs) seen following fault and energization events. An 
important aspect of this methodology is clearly defining TOV limits necessary for the safe and reliable 
operation of the system. The approach adopted by the Transmission System Operator (TSO) takes into 
account the withstand capabilities of all network equipment and the expected amplitude and duration 
of the stresses. Following extensive analysis it was determined that a total of 30 km of 220 kV UGC 
was feasible on the Grid West project. This solution required significant reactive support and a filter in 
order to meet the TSO performance criteria. 

Question 2.8: For systems around the world, where HVAC cables are being applied significantly, 
could temporary overvoltages (TOVs) following fault and energization events cause a significant 
stress on network equipment and do they have an implication on the surge arrester selection? What 
about the potential for low order harmonic resonances and the possibility of ferroresonance occurring? 

C4-209:  Methodology for analysis of temporary overvoltages and ferroresonance in cable connected 
isolated systems 

This paper deals with the calculation of ferroresonance and temporary overvoltages in the case of the 
practical project called “Cycladic Islands Interconnection Project” which connects several Greek 
islands together via long submarine cables with the power supplied from the Greek mainland.  

The interconnection of isolated or weak network is a key challenge in the concerned part of the world 
as the improvement of power systems reliability, availability and the performance is difficult in these 
conditions. The development of long submarine cable manufacturing capability and dynamic 
compensation technology allows improving drastically these power networks. These long cables 
forming large capacitances together with important shunt reactor compensation introduce possible 
resonance. Additionally, in case of switching events, overvoltages can cause saturation of the magnetic 
circuit of transformers and shunt reactors. The combination of the shunt capacitance of the cable and 
the saturation of the transformer magnetizing reactance can lead to ferroresonance. 

Question 2.9: What is the experience of others with such ferroresonance issues?  Have others used 
frequency scanning techniques to attempt to identify the potential for resonance?  What has been the 
experience with such methods? 

C4-210:  Switching transients on very long HV ac cable lines: simulations and measurements on the 
230 kV Malta-Sicily Interconnector 

The paper deals with the time domain (ATP-EMTP software) electrical studies and field tests on the 
Malta-Sicily cable line, showing that the adopted countermeasures allow for a safe operation of very 
long AC cable lines. The 245 kV-50 Hz XLPE insulated cable line includes a 19.1 km long 
underground stretch in Sicily, connecting the Ragusa terminal station to the landfall in Marina di 
Ragusa, and a 99.5 km submarine cable to the Maghtab terminal station in Malta. Countermeasures 
have been identified in order to cope with the aforementioned issues; most notably line circuit 
breakers have been equipped with point-on-wave (POW) controllers, which minimize the risk of 
harmonic resonance by avoiding zero voltage reactor energization and the attendant inrush current. 

Question 2.10: Is there any field experience regarding the behaviour of POW circuit-breaker 
controller during cable de-energization (any recorded re-strikes or overvoltages)? 

C4-211:  Electrical Performance of 10 kV Polymer Insulator Under Lightning Induced Voltage 
Condition 

The paper deals with the protection of medium voltage (MV) overhead lines against indirect effects of 
lightning. In order to evaluate the lightning induced voltage on the power line, the lightning current 
wave shape at channel base was simulated using the sum of two Heidler’s functions and the current 
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wave shape at different heights along channel was modelled. The values of electrical breakdown under 
negative and positive standard impulse voltage (1.2/50μs) were investigated whereas the weather 
conditions were set on the wet and wet with 4% salt. 

The paper is motivated by real examples of lightning induced overvoltages on MV power lines. The 
authors announce the investigation of electrical parameters of a 10 kV polymer insulator under 
different condition but the paper presents only induced voltage (fig. 3) caused by impulse current (fig. 
2). It is necessary to include more results of experiments and explain them in the paper. 

Question 2.11: The lightning induced voltage on MV power lines is determined in the paper. What 
has been the experience in the industry on how the environmental parameters (ground resistivity, 
plants, lakes, rivers, etc.) affect the induced voltage values? 

C4-212: Effect of Parallel 275 kV Transmission Line with Oil Pipeline on Electromagnetic Field 
Calculation 

The influences of electromagnetic fields associated with 275kV transmission line on an oil pipeline 
were investigated. Soil behaviour at different frequencies was considered and its effect on the values 
of the induced voltage was studied and compared with the acceptable values in standard. The results 
show that the frequency dependency of soil has an influence on the propagation of electromagnetic 
fields and on the values of induced voltage on the pipeline. The induced voltage under lightning and 
short circuit current were considered and the results were compared with the allowable values in the 
standard. 

Question 2.12: Would it be possible to connect the values of the calculated electric fields and 
magnetic induction with induced voltage values?  What are the crucial parameters that determine 
induced voltage values?   
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3.0 Preferential Subject 3 

The theme for Preferential Subject 3 is “Bridging the gap between EMT, FEM and positive 
sequence grid simulation”, including: 

• Limitations of positive sequence modelling methods and techniques 
• Hybrid EMT-positive sequence modelling methods 
• Advanced numerical techniques in modelling and simulation 

Papers for PS3 

In total 6 papers were accepted in response to this preferential subject. The papers originate from 7 
countries (USA, Colombia, Japan, South Africa, The Netherlands, France and Italy) reflecting a wide 
and international interest in this topic. Although there is some overlap, and the papers submitted in 
many cases fall between the sub-categories, the papers present concepts and results that may be 
categorized roughly into the 3 subgroups: 

- Limitations of positive sequence modeling methods and techniques 
o Papers C4-306 

- Hybrid EMT-positive sequence modelling methods 
o Papers C4-301, C4-303, C4-304, C4-305 

- Advanced numerical techniques in modelling and simulation 
o Papers C4-302 

Subgroup 1 - -  Limitations of positive sequence modelling methods and techniques. 

C4-306: Some Meaningful Examples of Sequence Theory use Limitation 

In planning and operation, power flow and short circuit studies are always based on the sequence 
impedances. Sequence theory based modelling requires a symmetrical three-phase configuration. 
Paper C4-306 presents three examples of sequence theory use limitations. There are some 
asymmetrical cases where only a multiconductor approach provides a full understanding of the 
system: 

1. EHV AC cables: For long AC cables, some transmission system operators apply cross-
bonding of sheaths without phase transpositions. An example illustrates the error which might 
be introduced. Phase current magnitudes with and without phase transposition are compared. 

2. The second example considers the computation of zero sequence series impedances (self and 
mutual) in double-circuit overhead lines (OHLs).  

3. 2x25 kV railway traction supply system. The system is very unsymmetrical and it is composed 
of 14 conductors. Sequence theory is inapplicable to this system so that only multiconductor 
approach can give the steady-state regime. 

Question 3.1: Are there other examples of the limitations of sequence theory? Furthermore, for large 
scale power system power flow and stability analysis, typically only positive sequence models are 
used. Has there been any experience to show the potential limitations of such modelling techniques?  

Subgroup 2 - - Hybrid EMT-positive sequence modelling methods, especially for HVDC and 
inverter based generation. 

Protection and dynamic security assessment involves assessing the ability of the power system to 
withstand a range of severe but plausible risks and to survive the transition to an acceptable steady 
state condition. Two papers are related to this topic. 

C4-301: Simulating Single-Pole Opening Using a Detailed Protection Model and a Transient Stability 
Program  

A single phase to ground fault in a line can be interrupted by tripping all 3 phases. The breakers are 
reclosed after a pre-defined time delay, restoring the line into service. An alternative is to open and 
reclose only the affected phase. The advantage of such a single-pole opening (SPO) is that the other 
phases still transport energy maintaining the balance between load and generation. The fault has less 
effect on the stability of the system. Depending on the grid characteristics, the application of single-
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pole actions may still require studying their effects on the stability of the system. Computer programs 
that perform transient-stability studies have limited ability to model unbalanced conditions such as 
single-pole opening/reclosing. Paper C4-301 presents a method to analyse unbalanced conditions 
within transient stability studies using equivalent positive-sequence impedances by using transient 
positive sequence stability software and protection software concurrently. The method is tested against 
the recorded response of the power system to a real event, which happened in the Colombian grid in 
2011. Data measured and recorded by relays is compared with simulation results. 

C4-303: Defining - and Computing the Margin in Critical Clearing Time: Eskom experience  

The South African paper C4-303 presents a study on the impact on system stability of the integration 
of a new power station (Medupi, 5640MVA) in addition to an existing substation (Matimba, 
4428MVA). Important is the critical clearing time (CCT) which is defined as maximal fault duration 
for which the system remains transiently stable. The CCT is a complex function of pre-fault system 
conditions (operating point, topology, system parameters, etc.), type and location of the fault and post 
fault conditions (which depend on the protective relaying plan). The South African Grid Code defines 
the Critical Clearing Time (GC-CCT) and the safety margin required to ensure the fault is cleared in 
the desired time. Thus, the paper discusses detailed studies done to assess the transient stability for two 
power stations in relative close proximity. The initial studies showed that with the introduction of the 
new power station, for the most onerous case a CCT of 43 ms was needed. Even with the use of 2 
cycle circuit breakers, this does not leave adequate margin to allow for fault detection and relay action. 
Therefore, this was unacceptable. As a result a new Transient Stability Scheme (TSS) was developed 
to increase the CCT for the worst case by an additional 43 ms. In doing so analysis was perform both 
with RMS simulations and EMT simulations.  The solution as implemented has minor negative impact 
on the transmission and generation plant and makes both power stations compliant with the Grid Code.  

Question 3.2: The first paper shows a great example of using two simulation platforms concurrently 
to solve a complex transient stability simulation problem and actually comparing the results with 
measured system response and showing good agreement. Are there other similar examples of 
concurrent or co-simulation between different software platforms for improved simulation results? 

Question 3.3: Paper C4-303 shows one example of where detailed EMT analysis was used to augment 
traditional stability analysis to solve a complex stability problem. What are other examples in the 
industry of using EMT and transient stability platforms to complement each other in analysing 
complex problems in the power system?  

C4-304: Shunt Compensation, Reliability Analysis and Condition Monitoring System measurements 
and simulations for an EHV mixed Overhead line - Cable connection  

Cigre Brochure 556 describes issues important system technical performance issues for a power 
system with a large share of long AC cable lines. Paper C4-304 reports on practical experiences on 
three of different subjects related to the implementation of in total 80kms additional 380 kV cables in 
the Dutch TenneT grid:  

1. For system operations reactive power compensation is required to maintain the voltage within 
operational limits. The impact of the cables is analyzed in relation to the optimum shunt 
compensation sizing. There are several different limitations to be respected, depending on the 
operating condition and load flow scenarios. 

2. A second aspect is the reliability analysis of partially cabled EHV grids. The additional 
components of underground cables (joints and terminations) and a significantly larger repair 
time (compared to overhead lines) could reduce the reliability of the whole system. 

3. The third subject is the condition monitoring of cable systems. An advanced real time 
Condition Monitoring System was installed to monitor the status of the cable connection and 
its impact on the 380 kV electricity transmission network. 

Question 3.4: What are the experiences of other TSOs regarding the three (3) subjects of paper C4-
304 mentioned above? Are there other measurements/practical data available related to these topics?  

Question 3.5: In practice, what have been, for TSOs, the limiting issues for the maximum HVAC 
cable length and why? Are there any measurements that confirm this? 
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Paper C4-305: AC grids and HVDC system modelling coherence between EMT and phasor domain 
tools 

In general different dedicated simulation tools are used for different types of studies, such as power 
flow, short circuit, dynamics and transient simulations. All require a network model that includes 
equipment data such as topology (substation configurations), impedances of lines, transformer, 
generator and load parameters. Paper C4-305 presents the approach used by RTE to guaranty the 
coherency of modelling. The RTE platform CONVERGENCE contains network model data which can 
be updated using EMS snapshot data. The network model and state variables can be exported into 
CIM-XML files which can be used by other applications. The export complies with the ENTSO-E 
Common Grid Model Exchange Standard (CGMES). The authors share their experience on the 
network model representation and improvements in performance. Apart from data consistency it is 
also important to display networks in the same representation as is used in system operation and 
planning. Other simulation tools use the network model as a starting point for e.g. transient stability 
and EMT studies. In these tools details such as machine controls are added. In the longer term, the 
share of power electronics connections into existing ac systems will significantly increase due to the 
massive penetration of wind power plants and HVDC links. Details of HVDC controls are provided by 
manufacturers. Since the detailed data associated with such complex models is difficult to 
maintain, RTE uses physical replicas of the control system in their real time simulation laboratory. 
These replicas are manufacturer supplied. 

Question 3.6: What is the experience of other TSOs on the management of network model data? 

Question 3.7: As indicated by the authors of C4-305, the models provided by the manufacturers may 
be difficult to maintain during the lifespan of equipment. As most important reasons are mentioned 
that the models are usually based on a specific version of a simulation tool that might not be supported 
in the future, the models usually use static libraries that can be only compiled and linked using a 
specific compiler version, the models cannot easily follow changes in the actual control systems 
because manufacturers do not necessarily maintain modelling expertise on long term basis. 

What is the experience of other TSOs and how do they handle these issues? Are there any alternatives 
to model these complex systems? 

Question 3.8: Model validations are often performed using on-site measurements. In practice only a 
limited number of measurements and operational conditions are available and the AC network has to 
be taken into account in the modelling. Assuming that the replicas are correct, the real time laboratory 
enables much more flexibility and validation opportunities. How do other TSOs validate the models of 
HVDC and its controls in their grid? 

Subgroup 3 - Advanced numerical techniques in modelling and simulation 

C4-302: Development of surge simulation techniques based on the finite difference time domain 
method and its application to surge analysis  

The prediction of surge phenomena is necessary for designing lightning protection. Cigre Brochure 
543 provides an extended description and application guide of methods belonging to the so-called 
Numerical Electromagnetic Analysis (NEA) applied to the calculation of electromagnetic transients in 
power systems. Traditionally, simulation techniques based on circuit theory have been used for surge 
simulation. More detailed full-wave numerical approaches such as the finite-difference time-domain 
(FDTD) method solve Maxwell’s equations directly for three-dimensional structures. Examples are 
transmission line towers and buildings. The full-wave approaches can be incorporated with circuit-
theory-based techniques resulting in a much broader range of applications. Paper C4-302 gives 
examples of the application of the FDTD method to a wide range of practical cases such as buildings, 
microwave relay stations, transmission lines, substations and grounding grids. Measurements and 
simulations are compared. 

Question 3.9: Are there examples from others where the results from the FDTD method has been 
directly compared with other Numerical Electromagnetic Analysis or circuit theory based approaches? 
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Question 3.10: In Cigré brochure 543 it is suggested that Numerical Electromagnetic Analysis 
methods could be used to provide benchmark cases for more computationally efficient circuit based 
tools such as EMTP. Could the examples given in paper C4-302 for transmission lines, substations and 
grounding grids, be expanded on to serve this purpose? Could this be a subject for a follow up 
brochure? 

 

Main session and preview meeting 
The main session of Study Committee C4 will be held on Friday, August 26th, in the BORDEAUX 
Room. Authors of the session papers and other delegates wishing to present contributions to the 
questions raised by the Special Reporters are requested to send in advance, i.e. by no later than August 
1st, their intended contributions to the respective Special Reporters (see above for name and email), 
and copy to the SC Chairman, Pouyan Pourbeik (pouyan@ieee.org) and Secretary, Hideki Motoyama 
(hideki.motoyama@ieee.org). The related documents, i.e. guide, template and sample page, can be 
found under www.cigre.org and have to be strictly observed.  The Study Committee Chairman and 
Secretary together with the Special Reporters will meet with the contributors on Thursday, August 
25th, from 9:00 am – 12:00 pm in either room 364  in order to discuss their proposals and to allocate 
the period of time for their presentation. 
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