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Foreword
Engineering Recommendation G5/5 supersedes Engineering Recommendation G5/4-1 on 1st MONTH YEAR. Engineering Recommendation G5/4-1 will be withdrawn on that date. 
For practical reasons, connections subject to contract specifications based on Engineering Recommendation G5/4-1 entered into before the effective date above may, at the discretion of the Network Operator, be connected in accordance with that recommendation.
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1. [bookmark: _Toc502852376]Introduction
The Electromagnetic Compatibility Regulations 2006 [1], which implement into UK law the Electromagnetic Compatibility Directive 2004/108/EC of the European Parliament [2], defines the interaction of equipment and fixed installations such that:	Comment by Peter Haigh: I am applying a strict “proper-noun only” rule to capitalisation.

Justification for this:
There is a general tendency in engineering documents to use capitals for every noun - this is particularly prevalent in German-authored documents and standards, as the Germans capitalise every noun in their language.
The difficulties arise because this leads to inconsistent application of capitals and the clarity of the text subsequently decreases as proper nouns such as names, places and titles of documents are harder to distinguish from normal nouns such as equipment and fixed installations.
Even when a term is defined, for example, Fixed Installation, this creates a long list of terms that require definition and justification as to why they are defined terms when other nouns or compound nouns are not. 

In my professional opinion, it is far preferable to enforce only proper noun capitalisation.

Authoritative third-party sources on this subject:

https://premium.oxforddictionaries.com/secondary/harts_rules/5-1-general-principles 

https://premium.oxforddictionaries.com/secondary/pocket_fowlers_modern_eng_usage/capitals 

IEEE Style Guide 
pp.26 https://www.ieee.org/documents/style_manual.pdf 

Network Owner, Network Operator, User and other such names that could be classified as job titles/roles, are treated as proper nouns in line with IEEE style.
Regulation 4: “Equipment shall be designed and manufactured, having regard to the state of the art, so as to ensure that it has a level of immunity to the electromagnetic disturbance to be expected in its intended use which allows it to operate without unacceptable degradation of its intended use”, and 
Regulation 5: “A Fixed Installation shall be installed applying good engineering practices; and respecting the information on the intended use of its components, with a view to meeting the essential requirements set out in regulation 4.”	Comment by Peter Haigh: This retains the capitalisation used in the original because it is a quote.
This recommendation defines the good engineering practices applicable to harmonic voltage distortion on transmission and distributions systems in the UK – being fixed installations by definition – so as to limit the disturbance levels thereon to below the immunity levels of equipment connected thereto.	Comment by Peter Haigh: Engineering Recommendation is a title and so gets initial capitals, but the recommendation does not.
Disturbance levels on supply systems are defined in terms of harmonic voltage distortion and are affected by emissions of non-linear loads and generating plant as well as the connection of resonant plant, which modifies already-existing disturbance levels. This recommendation provides planning and compatibility disturbance levels on UK transmission and distribution networks as well as a staged assessment plan for the connection of non-linear and resonant plant and equipment and is structured as follows.	Comment by Peter Haigh: General approach:
I am copy-editing, and will not step beyond this to content editing as I have not participated in the working group process and the technical content is agreed. 
This means that I may contribute structural and generic content/edits such as this, but will endeavour not to alter any technical content or meaning.

Points for consideration by the working group are highlighted in the separate word document outlining the proposed process for completion and general queries for discussion by the working group.
Section 2 defines the guiding principles of harmonic voltage distortion along with the roles and responsibilities of the various parties involved in the electricity market. Specifically, it covers the distinction between planning, compatibility and immunity levels.
Section 3 defines the planning and compatibility limits applicable to the UK transmission and distribution systems.
Section 4 describes a three-staged approach to assessing the connection of non-linear and resonant plant to supply systems. This staged approach limits the level of detail of the assessment to that which is appropriate to the connection being assessed, thus enabling the pragmatic connection of plant and equipment. An assessment shall result in harmonic voltage distortion limits, which shall inform the design of any necessary mitigation measures as required under the relevant transmission, distribution or generation licence or the customer connection agreement, as applicable.
[bookmark: _Toc502852377]Scope
This recommendation provides the individual and total harmonic voltage distortion planning and compatibility levels that are applicable to UK transmission and distribution networks, and that are to be used in the process of setting limits for the connection of non-linear equipment and resonant plant.
The general principles of electromagnetic compatibility, as applied to harmonic voltage distortion, are presented along with guidance as to the development of harmonic distortion limits through a three-staged assessment procedure.


This recommendation is focussed on conducted phenomena resulting in the development of harmonic voltages on the system, through the emission of harmonic currents and modification of the background harmonic distortion levels, in the form of:
Continuous harmonic, subharmonic and interharmonic voltage distortion within the range 0–5 kHz;	Comment by Peter Haigh: The industry literature contains a real mix of sub-harmonic, subharmonic and inter-harmonic and interharmonics.

There is a general trend towards combining words, as has happened with general terms like cooperate and coordinate. 

The important thing is to standardise, so I have standardised to subharmonic and interharmonic.
Short bursts of harmonic voltage distortion; and
Voltage notching.
Parts of this guidance are based on simplifications, which may not provide the optimal solution under all operating conditions. The onus is on the responsible party to apply sound engineering practices where such circumstances arise and to adequately document the justifications for applying alternative approaches and techniques.
Both the connection of non-linear load or generating plant and, in addition, resonant plant – cables and shunt and series reactive elements – fall under the requirements of the connection assessment.
The levels and limits presented in this recommendation are statistical in nature and are applicable to the normal temporal variations that are characteristic of a power system, including the credible outage scenarios that might prevail on the system.
This recommendation applies the voltage level definitions of BS EN 50160 [3] with the extension of HV to 230 kV and the addition of EHV covering all voltages above 230 kV, as per the terms and definitions in Section 1.4.
[bookmark: _Toc502852378]Exclusions
This recommendation does not cover the design of mitigation measures to ensure compliance with any harmonic voltage distortion or emission limits that result from the application of the assessment procedure.
This recommendation does not replace nor negate the relevant harmonised equipment standards, which are applicable to particular equipment, and are a prerequisite for electromagnetic compatibility of the equipment under the terms of the UK regulations. Radiated interference that might affect communications systems is not considered in this recommendation.
Harmonic voltage distortion arising from switching transients is not considered in this recommendation.
This engineering recommendation does not contain provisions for DC current emissions due to their deleterious effects on the supply system. Therefore, all DC emissions are deprecated. However, the final decision regarding the connection of any DC-emitting plant and equipment is at the discretion of the Network Owner.	Comment by Peter Haigh: Given the deleterious effects, are they covered elsewhere by another standard? 

By defining them as deprecated, is this actually stating that they are not permitted? If so, then what counts as emission and what is noise and how to measure it?

If there is a DC emission standard, then it may be worth referencing the appropriate standard here.

Perhaps the final sentence makes this all OK. 
[bookmark: _Toc502409649][bookmark: _Toc502410420][bookmark: _Toc502411234][bookmark: _Toc502412056][bookmark: _Toc502412833][bookmark: _Toc502852379]Normative References	Comment by Peter Haigh: I have omitted these from the reference list unless they are cited in-text. 

If you prefer, I can, for the final proofreading stage, include these and renumber the reference section accordingly.
The following referenced documents are indispensable for the application of this document. For dated references, only the edition cited applies; for undated references, the latest edition of the referenced document (including any amendments) applies.
IEC 60050 – International Electrotechnical Vocabulary, Chapter 161: Electromagnetic Compatibility.
BS EN 50160 – Voltage Characteristics of Electricity Supplied by Public Distribution Networks.
BS EN 61000-3-2 – Electromagnetic compatibility (EMC). Limits. Limits for harmonic current emissions (equipment input current ≤ 16 A per phase).
BS EN 61000-3-12 – Electromagnetic compatibility (EMC). Limits. Limits for harmonic currents produced by equipment connected to public low-voltage systems with input current > 16 A and ≤ 75 A per phase.
BS EN 61000-4-30 – Electromagnetic compatibility (EMC). Testing and measurement techniques. Power quality measurement methods.
BS EN 61000-4-7 – Electromagnetic compatibility (EMC). Testing and measurement techniques. General guide on harmonics and interharmonics measurements and instrumentation, for power supply systems and equipment connected, January 2003.
ENA Engineering Recommendation P28 – Planning limits for voltage fluctuations caused by industrial, commercial and domestic equipment in the United Kingdom. Engineering Recommendation P28:1989, Energy Networks Association, September 1989.
IEC/TR3 61000-3-6 – Electromagnetic compatibility (EMC) − Part 3: Limits - Section 6: Assessment of emission limits for distorting loads in MV and HV power systems - Basic EMC publication.
BS EN 61000-3-4 – Electromagnetic compatibility (EMC). Limits. Limitation of emission of harmonic currents in low-voltage power supply systems for equipment with rated current greater than 16 A.
IEC/TR 60725 – Consideration of reference impedances and public supply network impedances for use in determining the disturbance characteristics of electrical equipment having a rated current ≤ 75 A per phase.
ENA Engineering Recommendation G97 – Process for the connection of non-linear and resonant plant and equipment in accordance with EREC G5, Issue 1, 2016.
BS EN 61642 – Industrial a.c. networks affected by harmonics – Application of filters and shunt capacitors.
BS EN 61000-2-2 – Electromagnetic compatibility (EMC). Environment. Compatibility levels for low-frequency conducted disturbances and signalling in public low-voltage power supply systems.
[bookmark: _Toc502852380]Terms and Definitions
Further to the definitions in Chapter 161 of IEC 60050 [4], the following terms and definitions apply throughout this recommendation.
Compatibility Level – The level of harmonic distortion, defined in terms of the individual and total harmonic distortion levels, within which the network should be operated.
Distribution Network Operator – The company responsible for making technical connection agreements with customers who are seeking connection of load or generation to a distribution network.	Comment by Peter Haigh: For information:
When company is referred to as a proper noun it gets capitalised, when it is indirectly referred to or used as a descriptor then it does not.

For example:
It is the responsibility of the Company and the Customer to enforce compliance with the rules regarding data sharing with another transmission company or other customers.

In points of ambiguity, the IEEE, New Hart’s Rules and Fowler’s Modern English Usage preference for minimising capitalisation is followed.
Extra-High Voltage – Voltage with a nominal rms value greater than 230 kV.
Fault Level – A fictive or notional value, expressed in MVA, of the initial symmetrical short-circuit power at a point on the supply system. It is defined as the product of the initial symmetrical short-circuit current, the nominal system voltage and, for three-phase systems, the factor with the aperiodic component (DC) being neglected.	Comment by Peter Haigh: This is not clear, is it:

... voltage and, for three-phase systems, a factor to account for the aperiodic (DC) component.

or

... voltage and, for three-phase systems, the [insert name of factor] factor, with the aperiodic component (DC) being neglected.

In the second option, it is assumed that an additional factor exists, and that it is included without accounting for its DC component.
Harmonic Headroom – The difference between the background harmonic distortion level and a reference level, such as planning level or compatibility level. The process for calculating this difference process may  be linear or non-linear. 
Harmonic Transfer Coefficient (Th-X-Y) – Existing between two nodes, Node X and Node Y, Th-X-Y is the ratio of the harmonic voltage at Node Y to the corresponding harmonic current injected at Node X.
Harmonic Impedance of the PCC – The impedance of the supply system when looking into the PCC from the new connection. It is also referred to as the self or the Thevenin impedance at the PCC. 
High Voltage – Voltage with a nominal rms value of greater than 36 kV and less than or equal to 230 kV.
Impedance Loci – Harmonic system impedance spectra under different network loading, configuration and outage conditions.
Individual Harmonic Distortion (IHD) – The rms value of an individual harmonic voltage or current expressed as a percentage of the fundamental rms voltage or current.	Comment by Peter Haigh: RMS is lowercase in accordance with IEEE style guide:
pp.55 https://www.ieee.org/documents/style_manual.pdf 

Interharmonic Frequency – Any frequency that is not an integer multiple of the fundamental frequency. By extension from harmonic order, the interharmonic order is the ratio (non-integer) of an interharmonic frequency to the fundamental frequency. If the ratio is less than unity, then an interharmonic frequency may be referred to as a subharmonic frequency.
Interharmonic Component – A component of a voltage or current spectrum having an interharmonic frequency. For brevity, such a component may be referred to simply as an interharmonic.
Interharmonic Component RMS Value – The rms value of a spectral component of an electrical signal with a frequency between two consecutive harmonic frequencies.
Interharmonic Centred Subgroup RMS Value (Vh-ig) – The rms value of all interharmonic components in the interval between two consecutive harmonic frequencies, excluding frequency components directly adjacent to the harmonic frequencies. It is also referred to as an interharmonic subgroup.
Low Voltage – Voltage with a nominal rms value of less than or equal to 1 kV.
Medium Voltage – Voltage with a nominal rms value of greater than 1 kV and less than or equal to 36 kV.
Network Operating Company (NOC) – A generic term embracing transmission network operating companies and distribution network operators.	Comment by Peter Haigh: Please review this edit.

G5/4-1 refers to Network Operating Company, so I have assumed that there has not been a formal change to the convention for G5/5, but for all I know, there may have been!	Comment by Peter Haigh: Might it help to bring in the common acronyms TSO and DNO here?

A generic term embracing transmission network operating companies (also known as transmission system operators (TSOs)) and distribution network operators (DNOs).
Network User – Also referred to as connectee in this document, the Network User is a generator or load that is connected or being assessed for connection to the public supply system. There is no differentiation between load, demand, generation and any other entity that applies to connect to the public supply system, as far as this document is concerned. 	Comment by Peter Haigh: It may be worth considering how, if at all, this differs from Customer, which was mentioned above.

Perhaps Customer should be defined, or brought into this definition.

Also referred to as Connectee and Customer in this document, the Network User is a generator or load that is connected or being assessed for connection to the public supply system. There is no differentiation between load, demand, generation and any other entity that applies to connect to the public supply system, as far as this document is concerned. 	Comment by Peter Haigh: Or other Customer?
Normal Operating Conditions – Defined as the system state that may be intact or depleted but is secure outside of the post-fault switching timescale. Normal operating conditions include the variation of generation, demand, plant and equipment energisation as a consequence of temporal, seasonal and operational variability, including credible planned outages, under which the system is expected to operate normally. 
Planning Level – The level of harmonic distortion, defined in terms of the individual and total harmonic distortion levels, against which the connection of non-linear or resonant plant is assessed.
Pre-existing Background Harmonic Distortion Level – The level of harmonic distortion, defined in terms of the individual and total harmonic distortion levels, that exists before the connection of the non-linear or resonant plant under assessment. This typically represents the pre-existing state of the network, but might also include predicted levels resulting from the effects of nearby contemporary connections.
Point of Common Coupling (PCC) – The point in the public supply system, electrically nearest to a customer’s installation, at which other customers’ loads are, or may be, connected. A supply system is considered as being public in relation to its use and not its ownership. 	Comment by Peter Haigh: As with previous comment about Customer, either Customer needs to be defined (even if only as part of the Network User definition) or this term should be changed to Connectee.

My thought here is to define both Customer and Connectee separately but to cross-refer their definitions to make it clear how they are the same and if/how they differ. 
Point of Evaluation (PoE) – A point in the public supply system where the effect of the connection is assessed.
Regulatory Authority – The relevant regulatory authority. 	Comment by Peter Haigh: More definition required, or delete this entry.

Perhaps give an example for England & Wales and Scotland of who this is.
Resonant Plant – A passive network or item of Network User equipment, such as power factor correction capacitors or cables that may modify background harmonic distortion levels as a result of interaction with the rest of the network without emitting any harmonic current or voltage.	Comment by Peter Haigh: Some consideration is needed as to whether resonant plant or resonance plant is most appropriate.

I prefer resonant plant, and have applied this standardisation but this can be changed at proofreading stage.

Root Mean Square (rms) – The square root of the average of the squared values.
Short Burst – A burst in power system harmonics occurring in a time interval that is short when compared to the timescale of interest, such that its effect during the timescale of interest is unnoticeable.
Supply System – All of the lines, switchgear and transformers operating at various voltages, which make up the transmission systems and distribution systems to which customers’ installations are connected.
Total Distortion Content – The rms value of a time domain voltage or current signal that contains all of the frequency content, including interharmonics, except for the rms of the fundamental frequency component.
Total Distortion Ratio – The ratio of the total distortion content to the rms of the fundamental frequency component.
Total Harmonic Distortion (THD) – The rms value of individual harmonic voltages, expressed as a percentage of the fundamental rms voltage and calculated as shown in 
[bookmark: _Ref501636965]
 
	Equation 1
Where:
	Vh	represents the individual harmonic distortion (in % h = 1); and
	h	represents the harmonic order.
The parameter h = 100 represents the highest harmonic order under consideration. The increasing number of power electronic interfaces with supply systems has made it necessary to consider integer values of h up to and including 100.
Incremental Harmonic Voltage (Vh-Inc) – The harmonic voltage change that a new connectee produces at the PCC due to harmonic emission from its non-linear equipment.
Incremental Harmonic Voltage Limit (Vh-Limit-Inc) – The maximum harmonic voltage change that a new connectee can produce at the PCC due to harmonic emission from its non-linear equipment.
[Resonant Harmonic Voltage Limit] (Vh-Limit-Resonant) – The maximum harmonic voltage increase that can be allowed as a result of the modification of the pre-existing background harmonic voltages.
Total Harmonic Voltage Limit (Vh-Limit-Total) – The maximum total harmonic level at the PCC that shall be allowed to exist after the new Network User’s installation is connected. 	Comment by Peter Haigh: The nomenclature feels loose around the following terms:

network user
new user
new network user
connectee
customer

Is it possible to define all of these and reduce the usages to a smaller subset?

Perhaps just two different types actually exist:

Customer = Network User = Connectee
New User = New Network User = New Connectee = New Customer

I’ll leave this with you as it is too significant a change to implement without group approval.

If, once this has been discussed in the group, there is a desire to consolidate terms to only use one of each of the two groups (e.g. Network User and New Network User) then I can implement this in the final stage of the proofread/copy-edit.
Total Harmonic Voltage Level (Vh-Total) – The harmonic level at the PCC after the new User’s installation is connected. This includes the incremental harmonic voltage and the amplified pre-existing background harmonic level.


2. [bookmark: _Toc502852381]Principles of Harmonic Voltage Distortion
Voltage distortion has long been recognised as being able to interfere with telecommunications systems, to increase losses in circuits and equipment, and to cause overheating of rotating plant and capacitors; the latter being particularly susceptible to damage.
Section 2.1 defines the roles and responsibilities held by the relevant parties in ensuring that the permissible levels of harmonic distortion are not exceeded.
Section 2.2 details the distinction between the planning, compatibility and immunity levels of harmonic distortion, with which the parties are required to comply. 
[bookmark: _Toc502409653][bookmark: _Toc502410424][bookmark: _Toc502411238][bookmark: _Toc502412060][bookmark: _Toc502412837][bookmark: _Toc502852382]Roles and Responsibilities
The connection of non-linear or resonant plant will either be part of a Network Owner’s investment strategy or be the result of a customer connection to the Network Owner’s system. The Network Operator is ultimately responsible for compliance under operational timescales. Under planning timescales, responsibility is delegated to the Network Owner (where different). In planning for harmonic compliance, when considering customer connections, a Network Owner may place additional responsibilities on a customer through the terms of a connection agreement between the customer and Network Operator.	Comment by Peter Haigh: With reference to the above comment, this might be clearer if it were either “new customer” or “new network user” or “new connectee”.

I will not comment on each occurrence of this sort of issue, but it should, perhaps, be standardised.

As mentioned I will leave this with you.
The Network Operator is responsible for the overall coordination of disturbance levels under normal operating conditions, in accordance with national requirements, and shall refer to the compatibility levels herein.
The Network Owner is responsible for assessing the impact of any connection of non-linear or resonant plant to their network. This assessment must cover all affected networks, including distribution and onshore and offshore transmission networks, and shall refer to the planning levels herein.
Where new network assets are connected, the Network Owner providing the connection  is responsible for assessing the impact of the new connection. If the new assets are owned by another Network Owner, then the Network Owner facilitating the connection shall set harmonic limits on the Network Owner of the new assets. These limits shall be contractually separate from any limit the new Network Owner places on customers connecting to their network.	Comment by Peter Haigh: I read this as saying that NGET TO will set limits on OFTO/ONTO, who will set limits on the generator/resonant plant.

For example, NGET TO hosts new sub connection to connect OFTO which hosts generator(s) etc. 

Is that the new process or do NGET still say that OFTO/ONTO need to set their own limits?

This would be like what Cornel does/did in Scotland and I think it is sensible but it does obviate NGET commercial engineering services and the previous line presented to OFTOs.

How does this sit alongside the STC? 

Perhaps an example would clarify this as NGET do not want other people interpreting it differently. 
The Network Owner(s) and Network Operator shall provide, where necessary and practicable, any network data, such as harmonic impedance and background harmonic distortion levels data, necessary to enable the Network Owner hosting the connection to fully assess the impact on harmonic levels on all affected networks to ensure that the overall supply system harmonic voltage levels will not exceed planning and compatibility levels. This harmonic assessment is to consider the effect of emissions as well as modification of existing harmonic levels due to resonance effects.
The Network Owner hosting the connection is the owner of the supply system that facilitates the connection. For the avoidance of doubt, a Network User requesting connection to a host Network Owner can be another Network Owner, a generator, a load or a combination of these. 	Comment by Peter Haigh: This appears to contradict my comment above.

This point should be clarified with an example or two, perhaps: 

1: OFTO builds a new statcom. Define terms and responsibilities for this.
2: NGET TO hosts new sub for OFTO self-build with large windfarm etc.
3. NGET TO hosts new ONTO overhead line route (!). Seriously, this standard will live long into this sort of messy scenario so might be worth considering now.	Comment by Peter Haigh: Thinking of demand side response plant, or, indeed, OFTO in the generator self-build scenario.
[bookmark: _Toc502852383]Illustration of the EMC Concept
Figure 1 and Figure 2 (reproduced from PD IEC/TR 61000-3-7 [5]) illustrate the concept of compatibility levels, planning levels and emission limits and how EMC, relating to voltage fluctuations in the supply system, is achieved. 
Figure 1 shows how EMC is achieved on a supply-system-wide basis.
Figure 1 shows that there is a chance that interference might occur at certain times or certain locations in the system. This is recognition that the system operator/Network Operator cannot control all points of the system at all times.
[bookmark: _Ref499302365]Figure 1 – Illustration of EMC Concepts Relevant to a Supply System	Comment by Peter Haigh: In an ideal world, we could get the original image, or a high-quality version, from the IEC to use here. This is a bit smudgy.

Figure 2 shows conceptually that, on a local site basis, specifying suitable planning levels should ensure there is no overlap of disturbance and immunity levels.
For further detail, BS EN 61000-2-2 [6] and IEC TR 61000-3-7 [5] should be consulted.	Comment by Peter Haigh: As above. Or draw new plot.

Pasted below from a scalable vector graphic (high quality) to use in case you prefer:


[bookmark: _Ref499302401]Figure 2 – Illustration of EMC Concepts Relevant to a Local Site





3. [bookmark: _Toc502852384]Harmonic Voltage Distortion Levels
Planning and compatibility levels for all voltage levels are given in Tables 1 to 12.
[bookmark: _Ref439330113][bookmark: _Toc502852385]Planning Levels
Table 1 provides the THD planning levels for 0.4 kV, 6.6 kV, 11 kV, 22 kV, 33 kV, 66 kV, 132 kV, 275 kV and 400 kV. Tables 2 to 6 provide the planning levels for harmonic voltage distortion for the abovementioned voltages.
Table 1 – THD Planning Levels
	Nominal Voltage (kV)	THD (% h = 1)
	0.4 	5
	6.6, 11, 22	4.5
	33, 66	3.7
	132	3
	275, 400	3

Table 2 – Planning Levels for Harmonic Voltages in 0.4 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	4.0
4.0
3.0
2.5
1.6
1.5
1.2
25/h
	3
9
15
 21

	4.0
1.2
0.5
0.2

	2
4
6
8
10
 12
	1.6
1.0
0.5
0.4
0.4
0.2











Table 3 – Planning Levels for Harmonic Voltages in 6.6 kV, 11 kV & 22 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	3.0
3.0
2.0
2.0
1.6
1.5
1.2
25/h
	3
9
15
 21

	3.0
1.2
0.4
0.2

	2
4
6
8
10
 12
	1.5
1.0
0.5
0.4
0.4
0.2




Table 4 – Planning Levels for Harmonic Voltages in 33 kV & 66 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	2.8
2.8
1.9
1.8
1.4
1.3
1.0
0.6 × (25/h) + 0.2
	3
9
15
 21

	2.6
1.1
0.3
0.2

	2
4
6
8
10
 12
	1.3
0.9
0.5
0.4
0.4
0.2











Table 5 – Planning Levels for Harmonic Voltages in 132 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	2.5
2.5
1.8
1.5
1.2
1.0
0.8
0.6 × (25/h) + 0.2
	3
9
15
 21

	2.0
1.0
0.3
0.2

	2
4
6
8
10
 12
	1.0
0.8
0.5
0.4
0.4
0.2




Table 6 – Planning Levels for Harmonic Voltages in 275 kV & 400 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	2.0
2.0
1.5
1.5
1.2
1.0
0.8
0.6 × (25/h) + 0.2
	3
9
15
 21

	1.5
0.5
0.3
0.2

	2
4
6
8
10
 12
	1.0
0.8
0.5
0.4
0.4
0.2





[bookmark: _Toc502852386]Compatibility Levels
Table 7 provides the THD compatibility levels for 0.4 kV, 6.6 kV, 11 kV, 22 kV, 33 kV, 66 kV, 132 kV, 275 kV and 400 kV. Tables 8 to 12 provide the planning levels for harmonic voltage distortion for the abovementioned voltages.
Table 7 – THD Compatibility Levels

	Nominal Voltage (kV)	THD (% h = 1)
	0.4	8
	6.6, 11, 22	8
	33, 66	5
	132	4
	275, 400	3.5

Table 8 – Compatibility Levels for Harmonic Voltages in 0.4 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17  h  49
53  h  97
	6.0
5.0
3.5
3.0
2.27 × (17/h) 0.27
27/h
	3
9
15
21
 23

	5.0
1.5
0.5
0.3
0.2
	2
4
6
8
 10
	2.0
1.0
0.5
0.5
0.25 × (10/h) + 0.25



Table 9 – Compatibility Levels for Harmonic Voltages in 6.6 kV, 11 kV & 22 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17  h  49
53  h  97
	6.0
5.0
3.5
3.0
2.27 × (17/h) 0.27
27/h
	3
9
15
21
> 21
	5.0
1.5
0.4
0.3
0.2
	2
4
6
8
 10
	2.0
1.0
0.5
0.5
0.25 × (10/h) + 0.25


Table 10 – Compatibility Levels for Harmonic Voltages in 33 & 66 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	5.2
4.7
2.7
2.4
1.7
1.5
1.2
0.6 × (25/h) + 0.2
	3
9
15
 21
	3.1
1.3
0.4
0.2
	2
4
6
8
10
 12
	1.6
0.9
0.5
0.5
0.5
0.2




Table 11 – Compatibility Levels for Harmonic Voltages in 132 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic 
Voltage (% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	4.0
2.0
1.5
1.5
1.2
1.0
0.8
0.6 × (25/h) + 0.2
	3
9
15
 21
	2.0
1.0
0.3
0.2
	2
4
6
8
10
 12
	1.4
0.8
0.5
0.4
0.4
0.2





Table 12 – Compatibility Levels for Harmonic Voltages in 275 kV & 400 kV Systems
	Odd Harmonics
(Non-multiple of 3)
	Odd Harmonics
(Multiple of 3)
	Even Harmonics

	Order
h
	Harmonic
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)
	Order
h
	Harmonic 
Voltage 
(% h = 1)

	5
7
11
13
17
19
23
 25
	3.0
2.0
1.5
1.5
1.2
1.0
0.8
0.6 × (25/h) + 0.2
	3
9
15
 21
	1.7
0.5
0.3
0.2
	2
4
6
8
10
 12
	1.4
0.8
0.5
0.4
0.4
0.2



Note that the planning and compatibility levels apply at the PCC; the application of these levels to the PoC is done at the discretion of the connectee(s).	Comment by Peter Haigh: This is the first time that connectees is used, instead of singular connectee.

This can be caught in the final stage of proofreading once a decision has been made on how to standardise references to connectee(s)/customer(s)/network user(s).
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The frequency of the interharmonic component is given by the frequency of the spectral line, as illustrated in Figure 3, and cannot be an integer multiple of the fundamental frequency. Each interharmonic component has an rms value. 
Considering the window of measurement of 10 cycles (200 ms), as per IEC 61000-4-30 [7], the frequency interval for interharmonics between two integer harmonics is 5 Hz for a system with nominal frequency of 50 Hz.
The rms value of all interharmonic components in the interval between two consecutive harmonic frequencies, excluding frequency components directly adjacent to the harmonic frequencies, is denoted  (as shown in Figure 3). For the purposes of this standard, the rms value of the centred subgroup between the harmonic orders h and h + 1 is designated as Vh-ig. For example, the centred subgroup between h = 5 and h = 6 is designated as V5-ig. 
[bookmark: _Ref501724741][bookmark: _Ref501724792][bookmark: _Ref495925184]The interharmonic grouping shall conform to IEC 61000-4-30 [7] and IEC 61000-4-7 [8], as denoted by Equation 2.

				Equation 2
Where: 
Vh-ig		is the interharmonic centred subgroup for order h;
		is the interharmonic components between harmonic orders h and h + 1; and
n 		is the interharmonic order between integer harmonic orders.	Comment by Peter Haigh: Please check that adding the s to integer harmonic order is correct.

I have been thinking about this for too long now (!) but I think it needs the s because there are only n interharmonic subgroups, where n is equal to the number of integer harmonics - 1.

Is that right?
[image: ]
[bookmark: _Ref495926520]Figure 3 – Illustration of Harmonics and Interharmonic Subgroups

Total distortion content (TDC) is defined as the rms of the time domain voltage or current signal without the rms of the fundamental frequency component. TDCv for the voltage is given by Equation 3.

				Equation 3
Where:
Vrms 	is the rms of the voltage signal consisting of all frequency content, including interharmonic components; and
	V1-rms 	is the rms of the fundamental frequency component.
Total distortion ratio (TDR) is defined as the ratio of the total distortion content (TDC) to the rms of the fundamental frequency component, as shown in Equation 4 for voltage.

					Equation 4
If the predicted subharmonic and interharmonic voltage emissions from an item of equipment or from a customer’s aggregate load are less than 0.1% of the fundamental voltage, then connections may be made without any further assessment. 
In the United Kingdom, it is assumed that ripple control systems are not being used and therefore a customer’s load may be connected without assessment provided that its individual interharmonic emissions are lower than the limit values provided in Table 13.
For low-voltage systems, the compatibility levels for subharmonics and interharmonics above the fundamental up to 90 Hz are given in IEC 61000-2-2 [6]. For this range of frequencies, the compatibility is assessed in relation to the flicker curve. The compatibility levels apply to individual subharmonic and interharmonic components within the band and not the interharmonic subgroup. 
For planning purposes, 70.7% (-3 dB) of the compatibility levels for interharmonics in IEC 61000-2-2 [6] shall be used.
The compatibility and planning levels are given in Table 13.

[bookmark: _Ref495927602][bookmark: _Ref495927596]Table 13 – Emission Limits for Subharmonics and Interharmonics
	
	Voltage  1 kV	Comment by Peter Haigh: I felt it was clearer to be explicit about LV here, based on the definition provided in the terms and definitions section.
	Voltage > 1 kV
	All Voltage Levels

	Frequency (Hz)
	 95
	 90
	110–2490
	2510–4990

	Compatibility Level 
(% h = 1)
	IEC 61000-2-2
Note 1
	0.2
Note 2
	0.5
Note 2
Note 3
	0.3
Note 2
Note 3

	Planning Level 
(% h = 1)

	70.7% of compatibility levels
Note 1
	0.15
Note 2
	0.36
Note 2
Note 3
	0.22
Note 2
Note 3


Note 1: The compatibility and planning levels apply to individual subharmonic or interharmonic components.
Note 2: The compatibility and planning levels apply to the interharmonic subgroup.
Note 3: In the case where the limit defined in Table 13 exceeds the limit of the adjacent integer harmonic, the interharmonic limit shall be set equal to the adjacent integer harmonic.
For all voltage levels, TDR shall be less than or equal to the relevant compatibility and planning levels for the total harmonic distortion (THD).
[bookmark: _Ref443632475][bookmark: _Toc502852388]Short-Duration Bursts and Fluctuating Harmonic Distortion
Non-continuous loads that have either short-duration bursts or fluctuations shall be considered by selecting a more appropriate aggregation period of either one minute or three seconds. The 99th percentile daily value of these measurements is to be used for the purposes of planning and compliance.
With respect to short-duration effects on harmonic voltage distortion, compliance shall be assessed with reference to the compatibility levels for individual harmonic orders presented in Section 3.2, multiplied by a factor k as defined in Equation 5 and with a corresponding increase in the THD compatibility level by a factor of √2. 
[bookmark: _Ref501964242]	
				Equation 5
[bookmark: _Toc502852389]Notching
Voltage notching occurs during rectifier commutation when two phases of the supply are effectively short-circuited, being connected to each other through only their commutating impedances. Figure 4 illustrates a typical voltage characteristic exhibiting commutation notching and shows the method for measuring notch parameters. Commutation notches, in so far as they contribute to harmonic levels, are covered by the compatibility levels for very-short-term effects given in IEC 61000-2-2 [6] and IEC 61000‑2-12 [9].
Notching is a high-frequency event and as such wide-bandwidth transducers shall be used. Equipment that results in voltage notching can only be connected if the level of harmonic distortion present at the PCC on the supply system is less than the appropriate planning level.
The following additional requirements apply at the PCC:
The notch depth (d) shall not exceed 15% of the peak of the nominal fundamental voltage. For grounded systems this is the phase–ground voltage. For ungrounded systems, the phase voltage shall be used.
The peak amplitude of oscillations due to commutation at the start and at the end of the notch shall not exceed 10% of the peak of the nominal fundamental voltage. For grounded systems this is the phase–ground voltage. For ungrounded systems, the phase voltage shall be used.
The notch duration (in microseconds) shall meet the requirements of Equation 6.

[bookmark: _Ref501964747]						Equation 6
Where:
t	is notch duration (in microseconds); and
d 	is notch depth (in % of the peak of the nominal phase–ground or phase–phase voltage, depending on the grounding configuration.
[bookmark: _Ref495928070]Figure 4 – Depiction of Voltage Notching


4. [bookmark: _Toc502410338][bookmark: _Toc502411109][bookmark: _Toc502411923][bookmark: _Toc502412745][bookmark: _Toc502413522][bookmark: _Toc502410339][bookmark: _Toc502411110][bookmark: _Toc502411924][bookmark: _Toc502412746][bookmark: _Toc502413523][bookmark: _Toc502410340][bookmark: _Toc502411111][bookmark: _Toc502411925][bookmark: _Toc502412747][bookmark: _Toc502413524][bookmark: _Toc502852390]Assessment of Non-linear and Resonant Connections
This assessment procedure is intended to be generally applicable to:
Any non-linear equipment that causes a harmonic emission into the electricity supply system, irrespective of the direction of the fundamental frequency power flow; and
Any resonant plant, which may amplify pre-existing background harmonic levels in the supply system.
Therefore, there is no differentiation between demand and generation as far as this procedure is concerned. Any specific reference to load, demand or generation shall be treated as implying the general case of non-linear equipment and resonant plant.
The assessment procedure for the connection of non-linear and resonant plant and equipment follows three stages. The objective of this three-stage approach is to balance the degree of detail required by the assessment process with the degree of risk posed by the connection of the particular installation, in terms of unacceptable harmonic voltage distortion levels occurring on the network if it is connected without any mitigation measures.
Stage 1 facilitates the connection of equipment to low-voltage networks. It specifies the maximum sizes of equipment that can be connected. The main basis for Stage 1 assessment is product-related international standards. Measurement of pre-existing background network harmonic distortion may be required at the final stage of the assessment.
Stage 2 facilitates the connection of equipment to all systems less than or equal to 22 kV, including low-voltage equipment and plant that is too large for consideration under Stage 1, or plant that cannot meet the emission limits of Stage 1. Measurement of pre-existing background network harmonic distortion may be required, before a simplified assessment is made of the predicted harmonic voltage distortion at the PCC that may result from the connection of the new non-linear equipment or resonant plant. The predicted harmonic voltage distortion is required to be less than or equal to the specific limits. At voltages above 1 kV, the predicted values in this assessment stage are intended to be an indicator of acceptability or of a need for more-detailed calculation under Stage 3.
Stage 3 is the final assessment at the planning stage. It applies to the connection of equipment that is not found to be acceptable under Stage 2 assessment, and for equipment which is outside the scope of Stages 1 and 2. It applies to any non-linear equipment or resonant plant that has a nominal PCC voltage greater than 22 kV.
[bookmark: _Toc502852391]Situations Where Planning Levels May Be Exceeded
Where existing harmonic voltage levels exceed the planning levels, the risk of disturbance to other customers is increased. This concern should be reflected in a conditional connection agreement, including mitigation measures as appropriate.
The final decision as to whether or not a particular load can be connected to a transmission system or a public electricity supply system rests with the NOC responsible for the connection.
Since harmonic distortion limits are not governed by statute, the enforcing document is the contractual framework between the NOC and the customer, with site-specific terms in the connection agreement. This agreement must use the connection conditions laid down in the Grid Code or Distribution Code under which the NOC operates. This recommendation forms part of these connection conditions.
Where it is apparent that connection of a new load could impose harmonic voltage distortion on the supply system greater than the planning levels given in this document, the NOC can refuse connection until agreement is reached on a solution.
In a marginal situation, or for large loads that may trigger unpredicted system resonance, a conditional connection may be agreed whereby any necessary remedial measures can be implemented within a reasonable timescale after connection.
In exceptional circumstances for LV and MV voltage levels, where, for example, a customer is located in an area remote from other customers and it is certain that only that customer’s equipment will be connected to the local network, the NOC may assess new load under Stage 2 using compatibility levels appropriate to the network voltage, instead of planning levels. The use of this provision is at the discretion of the relevant NOC. In these circumstances, the NOC should establish procedures to ensure that no other load is connected to that part of the network that has harmonic levels more than the planning levels unless mitigation measures are adopted.
In general, and for all voltage levels, one of the following conditions prevails. The rules outlined below apply to the PCC and also to remote nodes and at each and every individual harmonic order h = 2–100.
1. If (as is the normal situation) the background level of voltage harmonic distortion is below the planning level, then the harmonic headroom is determined with respect to the planning level.
If the background level of voltage harmonic distortion is above the planning level but below the compatibility level, then the NOC may specify network-specific planning levels, in the timescale given within ENA ER G97 [10]. The temporary planning level shall not exceed the compatibility level. Where remote nodes associated with other NOCs are affected, then agreement on a network-specific planning level between the affected parties is required. The above change shall not affect the planning level for THD given in Table 1.
Failure to comply with the timescale referenced in ENA ER G97 [10] shall allow the NOC hosting the connection to use the compatibility level in lieu of a network-specific planning level to calculate the harmonic headroom. 
If the background level of voltage harmonic distortion is above the compatibility level, then the Network Owner of the node shall be responsible for mitigation to reduce the background level to below the planning level. The NOC hosting the connection shall assume that the harmonic background levels are equal to the compatibility levels – no harmonic headroom available – for the purpose of compliance with this document for the connection under consideration only. The above change shall not affect the planning level for THD given in Table 1. 
[bookmark: _Toc502852392]Guidelines
[bookmark: _Toc502852393]PoE
The PoE is the point on the Network Owner’s network where the impact of the non-linear or resonant plant and equipment upon the levels of harmonic distortion is to be assessed against the planning levels of Section 3.1.
In most cases, the PoE will also be the point of common coupling (PCC). For Stages 1 and 2, the PoE is always the PCC. For a Stage 3 assessment, more than one PoE might exist as a result of shifts in resonances at remote nodes, and/or the propagation of harmonics through to remote nodes in the network.
If the assessment results in limits being issued for the connection, then the PCC is the point at which the limits apply. For Stage 1 and Stage 2 assessments, the Network Operator may limit the customer’s current emissions according to the calculations in Section 5 and Section 6 respectively. For Stage 3 assessments, the Network Operator may limit the voltage emissions, which must be accompanied by a harmonic impedance representation of the network according to the calculations in Section 7.
[bookmark: _Toc502852394]System Impedance
Connection assessments under Stages 1, 2 and 3 require the harmonic system impedance at the PCC to be taken into consideration, either directly or through calculation of the system fault level. The system impedance at a particular frequency is needed in order to calculate the resulting harmonic voltage distortion developed at a given node due to the connection of non-linear or resonant plant and equipment.
For both Stage 1 and 2 assessments, the short-circuit power at the PCC is required. In order to calculate the maximum harmonic voltage distortion, the minimum short-circuit power expected for planned system conditions shall be used, taking into account maintenance and operational variations. Normal operating conditions – including outages according to transmission network requirements (as outlined in the NETS SQSS [11]), and distribution network requirements (as outlined in ENA P2 [12]) – shall be included. Normal operating conditions is defined as the system state that may be intact or depleted but secure outside of the post-fault switching timescale.
In Stage 1 for assessment of LV systems, the short-circuit power shall be ascertained from the NOC, where required.  
For Stage 3 assessments, detailed harmonic impedance models are required and shall be represented with minimal simplification.
For all stages of assessment, the calculation of the system harmonic impedances shall consider relevant planned outages and various generation and demand backgrounds as defined by the normal operating conditions.
[bookmark: _Ref440903794][bookmark: _Toc502852395]Aggregation and Diversity
Equation 7 provides a means of aggregating multiple values for each harmonic order based on the summation exponents in Table 14.
This accounts for the operation of multiple non-linear equipment through the aggregation of their individual harmonic emissions. This form of aggregation is only valid based on a realistic appreciation of the equipment’s operational and location diversity, without which linear addition shall be employed. 
[bookmark: _Ref502129257] 	
					Equation 7
[bookmark: _Ref443486484][bookmark: _Ref496192209]Table 14 – Aggregation (Summation) Exponents
	Exponent 	Harmonic Order h
	1.0	h < 5
	1.4	5  h  10
	2.0	10 < h 
The exponent is chosen on the basis of the expected average phase angle between the harmonic sources. An exponent of 1.0 implies that they are in phase (angle 0°), while an exponent of 2.0 implies that they are at an angle of 90° to each other. An exponent of 1.4 implies an angle in the region of 70.
[bookmark: _Toc502410347][bookmark: _Toc502411118][bookmark: _Toc502411932][bookmark: _Toc502412754][bookmark: _Toc502413531][bookmark: _Ref495989588][bookmark: _Toc502852396]Uncertainty
Each assessment will have inherent uncertainty associated with it; this can affect the outcome of the assessment and any limits imposed on a connection. Due diligence is required to ensure that such uncertainties are acknowledged and minimised throughout the assessment. Such uncertainties may arise from:
The modelling of the Network Owner’s network and the non-linear and/or resonant connection; this will affect the calculated resonances in the model;
An absence of accurate data;
Relevant future network variations that will not be subject to their own assessment according to this recommendation; and
The measurement of pre-existing background harmonic distortion.
Where necessary, derived values or data may be used in lieu of actual data so as to better inform the assessment and limit the uncertainty. Such approaches are particularly useful for deriving values of pre-existing background harmonic voltage distortion at sites from which measurements are unavailable using data obtained from adjacent sites and system impedance modelling.
In the assessment and compliance process for the assessed load, the current emission limits given in Stages 1 and 2 are intended as a basis for initial acceptance of the connection. Final acceptance will be judged by the contribution of the particular equipment to the total harmonic voltage levels. For larger loads, or where fault levels are low, and/or for Stage 3 assessments (where uncertainty over the data used for the study can be significant), post-connection measurement may be required to verify compliance. Note that it may not be practical to measure levels for all operating conditions at all potentially affected nodes. The decision as to what measurements are required rests with the NOCs affected.	Comment by Peter Haigh: Is there any guidance or mention of when/how NOCs should collaborate?

I’m thinking of the STC JPC whereby the Scots meet with NGET and Cornel and NGET come up with a practical way to handle interacting connections across the network boundary. 

Could/should this standard offer a framework for this?
Where the assessment has indicated that mitigation measures may be necessary, a conditional connection may be made where the extent of the assessment’s non-compliance with the limits is considered to be within the margin of uncertainty of the assessment process.
However, conditional connections involve a risk that acceptable limits of distortion may still actually be exceeded and such connections should therefore have regard to the practicality, timescale and costs of remedial measures after the connection is made. A combination of load restrictions with time-of-day and system operating configuration restrictions may need to be applied to the operation of the new non-linear equipment until long-term mitigation measures are in place. The post-connection measurements can be used to determine the extent of any mitigation measures that are required.
However, the final decision as to whether or not particular equipment can be connected to a supply system rests with the NOC responsible for the connection.
[bookmark: _Toc502410349][bookmark: _Toc502411120][bookmark: _Toc502411934][bookmark: _Toc502412756][bookmark: _Toc502413533][bookmark: _Ref495989602][bookmark: _Toc502852397]Measurement
Harmonic measurements of the pre-existing levels of distortion on the network form part of Stage 1, Stage 2 and Stage 3 assessments in order to calculate the available headroom for new connections.
For Stage 2 assessment, measurements are required at the PCC. For Stage 3 assessment, measurements are required at the PCC and at remote nodes within the affected network(s).
These nodes could be at any voltage level and on networks not owned by the host Network Owner. The selection of these remote nodes will be dependent upon the outcome of system studies identifying problematic transfer gains. It is recommended that harmonic measurements be carried out prior to and post energisation of the connection of the non-linear or resonant plant. This will aid compliance monitoring and ensure that the harmonic emission limits imposed on the connection are met.
4.1.1.1 [bookmark: _Toc502411122][bookmark: _Toc502411936]Instrumentation
Instruments for harmonic measurement are usually power quality monitors. For harmonic measurements BS EN 61000-4-30 [7], which makes reference to the algorithm described in BS EN 61000-4-7 [8], details three classes of accuracy for measuring harmonic components; these are Class A, Class B and Class S. For the purpose of connection assessment and compliance monitoring, it is recommended that the Network Owner adopt a Class A device for background harmonic measurement and for pre- and post-commissioning monitoring.
Based on BS EN 61000-4-30 [6], a ten-minute average characteristic should be measured and the weekly 95th percentile value from the cumulative probability function should be used in the assessment process. Section 3.4 considers the use of alternative aggregation periods according to the continuity of the connection’s emissions.
4.1.1.2 [bookmark: _Toc502411124][bookmark: _Toc502411938]Transducers
Voltage transducers are necessary when performing harmonic measurements at voltages above LV. For LV it is possible to connect measuring devices directly.
Voltage transducers are typically voltage transformers, which form part of metering or protective relay circuits. Such VTs available are typically of the electromagnetic (wound) type, capacitive voltage divider type or resistive–capacitive voltage divider type. All transformers have their limitations in terms of frequency response and careful consideration needs to be given to their selection.
Some MV electromagnetic VTs have suitable frequency response up to 5 kHz. EHV electromagnetic VTs have limited frequency response, while resistive–capacitive voltage dividers have a suitable frequency response up to hundreds of kHz. The lower section of a capacitive voltage divider generally comprises a capacitor in parallel with an electromagnetic VT. This arrangement is tuned to 50 Hz and is not suitable for harmonic measurements. However, capacitive voltage dividers can be modified with ring-CTs on the earth links of the lower capacitor and electromagnetic VT in such a way as to extend the suitable frequency response to tens of kHz when necessary.
4.1.1.3 Temporal and Seasonal Variation
Levels of harmonic distortion on transmission and distribution networks vary according to loading over a 24‑hour period, and between weekdays and weekends. It is important that measurements be taken over a contiguous period of at least seven days, and in multiples of seven days (i.e. 7, 14, 21...). 
Where possible and practicable, winter peak and summer minimum demand periods should be evaluated to cater for seasonal variation. For the purpose of planning studies, the 95th percentile value should be applied to measurements over the longest possible integer number of weeks for assessment against the planning levels. For the purpose of compliance assurance, the 95th percentile value should be applied to each week of measurement and assessed against the requirements placed in the connection agreement on a week-by-week basis.
[bookmark: _Toc502852398]Summary Description of the Connection Process
[bookmark: _Toc502852399]Stage 1
Stage 1 is designed for connection at LV. It is designed as a linear process such that assessments are applied in stages and substages. If a substage is passed, then the customer can connect, if the substage is failed, then the next substage of assessment is undertaken. In total there are four substages in Stage 1.
The substages are designed such that earlier substages require less data from the Network User but use more conservative assumptions. As the connection progresses through the substages, more data is required; however, by having more data, less-conservative assumptions can be made – effectively relaxing the pass criteria.
Stage 1 also allows for self-certification. If a customer connects equipment compliant with the relevant international product standards, for the reference impedance derived in accordance with IEC/TR 60725 [13] and defined in the document, then they may connect with no assessment or referral to the Network Owner. 
The benefits of this approach are that it will facilitate straightforward connection for Network Users, as there are fewer requirements on them to provide data, which may be difficult for smaller parties.
The Stage 1 assessment procedure is given in Section 5.
[bookmark: _Toc502852400]Stage 2
Stage 2 is designed for connection at voltages at and below 22 kV and for those connectees that have failed Stage 1. It is also designed as a linear process, such that assessments are applied in substages. 
Stage 2 includes three substages and follows the same concept and has the same benefits as Stage 1. Those connections which fail at Stage 1 may be connected under one of the three substages at Stage 2, which each require more data from the connectee and the network. If a connection fails at Stage 2, then assessment under Stage 3 will be carried out unless the PCC is LV, in which case, no connection is possible without mitigation. 	Comment by Peter Haigh: This is very prescriptive. I assume that suitable analysis has been undertaken to ensure that the standard doesn’t restrict network access to certain types of LV customer? I guess a mitigated solution of some form is always possible.

Maybe a catch all underneath would maintain future flexibility....

The final decision as to whether or not particular equipment can be connected to a supply system rests with the NOC responsible for the connection.
For a Stage 2 connection assessment, small converter loads may be connected on the basis of their aggregate VA rating. For loads where a more-detailed assessment is required, a measurement of the pre-existing background harmonic voltages is necessary. Where the pre-existing background harmonic voltages are less than 75% of the planning levels, the equipment may be assessed against the aggregated total equipment rating limits, which are based on a given fault level for the voltage levels at the PCC (and shall be scaled up or down according to the actual fault level) and are indicative of the equipment rating that would raise an existing harmonic voltage distortion level of 75% up to the planning level after connection of additional non-linear equipment.
This calculation is based on a simple reactance model for the source with a multiplying factor to allow for any low-order harmonic resonance. The frequency dependency of network resistance is also considered. 
The Stage 2 assessment procedure is given in Section 6.
Where the assessment has indicated that mitigation measures may be necessary, a conditional connection may be made where the extent of the assessment’s non-compliance with the limits is considered to be within the margin of uncertainty of the assessment process.
[bookmark: _Toc502852401]Stage 3
For a Stage 3 assessment, a determination of the harmonic voltages at the PCC based on a harmonic impedance model of the network is required in order to take account of any resonance that may occur. For connections at 33 kV and above, the assessment should also take into consideration the effect of such new emissions on other surrounding nodes, including connected lower-voltage networks since the emissions can exacerbate any potential resonance conditions.
The Stage 3 assessment procedure and limits are given in Section 7.


5. [bookmark: _Toc502410355][bookmark: _Toc502411131][bookmark: _Toc502411945][bookmark: _Toc502412762][bookmark: _Toc502413539][bookmark: _Ref501967960][bookmark: _Toc502852402][bookmark: _Ref443632520]Stage 1 Assessment Procedure 
[bookmark: _Toc502852403]Applicability and Substages
A Stage 1 assessment is applicable to connections with an LV PCC.
Connections that fail Stage 1 advance to Stage 2C.
Under Stage 1 there are four substages of assessment: Stage 1A through to Stage 1D. The substages are of increasing complexity from Stage 1A to Stage 1D as illustrated by Figure 5 and Table 15.

[bookmark: _Ref502133697]Figure 5 – Stage 1 Assessment Process Flow



[bookmark: _Ref502135024]Table 15 – Stage 1 Assessment Data Requirements for Substages 1A–1D
	Data Required
	Stage 1A
	Stage 1B
	Stage 1C
	Stage 1D

	IEC 61000-3-2 [14] Compliance Statement
	
	
	
	

	IEC 61000-3-12 [15] Compliance Statement
	
	
	
	

	Number of IEC 61000-3-12-Compliant Items
	
	
	
	

	Individual Equipment Rating(s) (Iequ)
	
	
	
	

	Service Current Capacity (< 100 A / ≥ 100 A)	Comment by Peter Haigh: It is not clear what this refers to.

It appears to say less than 100 Amps or greater than or equal to 100 Amps. 

If it is denoting categories, then suggest replacing the solidus with the word or.
	
	
	
	

	Short-circuit Power at the PCC (SSC PCC)
	
	
	
	

	Manufacturer’s Stated Minimum Short-circuit Power (SSC Min)
	
	 1B(2)
	
	

	Technology Type and Phases
	
	
	
	

	Aggregate Equipment Rating (∑Sequ)
	
	
	
	

	Background Harmonic Distortion at PCC (Vh m PCC)
	
	
	
	



[bookmark: _Toc502852404]Stage 1A Assessment Procedure
[bookmark: _Toc502852405]Assessment by Compliance with IEC 61000-3-2
Equipment rated up to and including 16 A per phase that is compliant with IEC 61000-3-2 [14] is assessed under Stage 1A. This assessment method involves the following steps, as shown in Figure 6:
1. For each item of potentially disturbing equipment, determine whether or not it is in compliance with IEC 61000-3-2 [14].
Equipment that is compliant with IEC 61000-3-2 [14], EN 61000-3-2 [16], BS EN 61000-3-2 [17], or equivalent, can be connected without further assessment.	Comment by Peter Haigh: I removed the term connection point.

This comes into the grouping of terminology requiring standardisation.

PoE and PCC have been explained. I recommend either adding an explanation of "connection point", highlighting its difference from PoE and PCC, or changing all instances of connection point to PCC or PoE, according to context.
If compliance cannot be verified, then the assessment advances to Stage 1B.

[bookmark: _Ref502136013][image: ]Figure 6 – Stage 1A Assessment Process Flow
[bookmark: _Toc502852406]Notes on Stage 1A Assessment Process
5.1.1.1 [bookmark: _Toc502411137][bookmark: _Toc502411951][bookmark: _Toc502411138][bookmark: _Toc502411952][bookmark: _Toc502411139][bookmark: _Toc502411953][bookmark: _Toc502411140][bookmark: _Toc502411954]Note 1
EN 61000-3-2 [16] and BS EN 61000-3-2 [17] are identical to IEC 61000-3-2 [15]. Compliance with the standard can be verified by a statement from the manufacturer in their product literature or in the official European Union (EU) Declaration of Conformity, listing the product and compliance with the EN 61000‑3‑2 [16] standard. This requirement is deemed to be satisfied for items of equipment, each rated up to and including 16 A per phase, that are compliant with any European product standard applicable to that rating that has been harmonised under the EMC Directive by publication in the Official Journal of the European Union.
5.1.1.2 Note 2
The EMC Directive provides requirements that govern how apparatus that forms part of a system is treated in order to prevent misapplication of the IEC 61000-3-2 [14] standard: 
Where apparatus is capable of taking different configurations, the electromagnetic compatibility assessment should confirm whether the apparatus meets the essential requirements in the configurations foreseeable by the manufacturer as representative of normal use in the intended applications. In such cases it should be sufficient to perform an assessment on the basis of the configuration most likely to cause maximum disturbance and the configuration most susceptible to disturbance. 
It is not appropriate to carry out the conformity assessment of apparatus placed on the market for incorporation into a given fixed installation, and otherwise not made available on the market, in isolation from the fixed installation into which it is to be incorporated. Such apparatus should therefore be exempted from the conformity assessment procedures normally applicable to apparatus. However, such apparatus should not be permitted to compromise the conformity of the fixed installation into which it is incorporated. Should apparatus be incorporated into more than one identical fixed installation, identifying the electromagnetic compatibility characteristics of these installations should be sufficient to ensure exemption from the conformity assessment procedure.
[bookmark: _Toc502852407]Stage 1B Assessment Procedure
[bookmark: _Toc502852408]Assessment by Compliance with IEC 61000-3-12 
Equipment rated up to and including 75 A per phase that is compliant with IEC 61000-3-12 [15] is assessed under Stage 1B. 
This assessment method involves the following steps, as shown in Figure 7:
1. For each item of potentially disturbing equipment, determine the equipment rating (Iequ) and the equipment number of phases;
For each item of potentially disturbing equipment, determine compliance with IEC 61000-3-12 [15], or equivalent, including the exact statement of compliance;
Determine the minimum required short-circuit power at the PCC (SSC PCC Min); 
Determine short-circuit power at the PCC (SSC PCC); and
Compare SSC PCC with SSC PCC Min.
[bookmark: _Ref502136761]Figure 7 – Stage 1B Assessment Process Flow 	Comment by Peter Haigh: Note on Visio flowcharts.

The labels used here do not match those in the compiled version of the complete standard.

It is recommended that, between this copy-edit and the final proofread stage, the labels such as 

Equation n
Table n

used in this, and other similar Visio-based diagrams, are repopulated to match the new labelling of the compiled standard.

It may also be worth considering reducing the amount of text in each decision box with the use of footnotes and avoiding the overlap of text with the decision box.
[bookmark: _Toc502852409]Notes on Stage 1B Assessment Process
5.1.1.3 Note 1	Comment by Peter Haigh: There is no corresponding Note 1, Note 2 and Note 3 in Figure 7. 

I have assumed that these will be added to the final version before the final proofread. 

If this is not the case, then the terms Note 1, Note 2 etc. should not be used and should instead be replaced by descriptive headers using Header 4 style.

This one could be renamed 
Equivalence of Normalised Standards.
EN 61000-3-12 [18] and BS EN 61000-3-12 [19] are identical to IEC 61000-3-12 [15]. This requirement is deemed to be satisfied for equipment, each rated up to and including 75 A per phase, that is compliant with any European product standard applicable to that rating that has been harmonised under the EMC Directive by publication in the Official Journal of the European Union. 
5.1.1.4 Note 2	Comment by Peter Haigh: This could be renamed “Exclusions”
Equipment complying with IEC 61000-3-2 [14] shall be ignored in Stage 1B.
5.1.1.5 Note 3	Comment by Peter Haigh: This could be renamed
EMC Directive Clarification
The EMC Directive provides requirements that govern how apparatus that forms part of a system is treated in order to prevent misapplication of the IEC 61000-3-2 [14] standard: 
Where apparatus is capable of taking different configurations, the electromagnetic compatibility assessment should confirm whether the apparatus meets the essential requirements in the configurations foreseeable by the manufacturer as representative of normal use in the intended applications. In such cases it should be sufficient to perform an assessment on the basis of the configuration most likely to cause maximum disturbance and the configuration most susceptible to disturbance. 
It is not appropriate to carry out the conformity assessment of apparatus placed on the market for incorporation into a given fixed installation, and otherwise not made available on the market, in isolation from the fixed installation into which it is to be incorporated. Such apparatus should therefore be exempted from the conformity assessment procedures normally applicable to apparatus. However, such apparatus should not be permitted to compromise the conformity of the fixed installation into which it is incorporated. Should apparatus be incorporated into more than one identical fixed installation, identifying the electromagnetic compatibility characteristics of these installations should be sufficient to ensure exemption from the conformity assessment procedure.
[bookmark: _Toc502852410]Compliance with IEC 61000-3-12 or Equivalent 
Under IEC 61000-3-12 [15], which applies to equipment rated above 16 A, up to and including 75 A, manufacturers must make one of two statements in their product documentation:
1. “Equipment complying with IEC 61000-3-12”; or
“This equipment complies with IEC 61000-3-12 provided that the short-circuit power Ssc is greater than or equal to xx at the interface point between the user's supply and the public system. It is the responsibility of the installer or user of the equipment to ensure, by consultation with the distribution network operator if necessary, that the equipment is connected only to a supply with a short-circuit power Ssc greater than or equal to xx.”	Comment by Peter Haigh: In Figure 7, SSC MIN is used, whereas here it is SSC.

This should be standardised, or differences defined. If it is a direct quote from the standard, then the terminology in the standard should be used. To clarify any nomenclature changes, use square brackets in the quote to indicate editorial change. 

For example:

“This equipment complies with IEC 61000-3-12 provided that the short-circuit power Ssc [denoted SSC MIN herein] is greater than or equal to xx at the interface point between the user's supply and the public system...”

It is also not always clear how, if at all, SSC PCC MIN differs from these.
Statement 1 corresponds to equipment that meets the harmonic emission limits in IEC 61000‑3‑12 [15] where the ratio of short-circuit power (i.e. fault level) to equipment rating is 33:1. Where equipment does not comply with these limits, Statement 2 is used and the required minimum short-circuit power is specified by the manufacturer.
As per Figure 7, the above statements are used to evaluate whether the unmitigated connection is permissible.	Comment by Peter Haigh: Please review this edit and accept/reject the change.
5.1.1.6 Compliance Verification
Compliance with EN 61000-3-12 [18] can be verified from the official statement made by the manufacturer in their European Union (EU) Declaration of Conformity, which lists the product and its compliance with the standard. 	Comment by Peter Haigh: Please check that I haven’t altered the originally intended meaning here. 
It is important to note that this alone does not provide the required detail regarding which of the two possible statements apply. If Statement 2 applies, then it does not provide the short-circuit power. Such detail must be determined by reference to the manufacturer’s literature or directly from the manufacturer.
5.1.1.7 Exclusions
Standard BS IEC 61000-3-4 [20] is not used in this assessment.
[bookmark: _Toc502852411]Stage 1B(1) Assessment Procedure – Minimum Short-circuit Power (Statement 1)
The minimum short-circuit power (i.e. fault level) at the PCC (SSC PCC Min) for equipment where the manufacturer states “Equipment Complying with IEC 61000-3-12”, and where no equipment is subject to Statement 2, “Equipment Complying with IEC 61000-3-12 Subject to SSC Min ≥X kVA” shall be determined using Table 16 and Equation 8.

[bookmark: _Ref502154960]			Equation 8                                       
Where:
SSC PCC Min  	is the minimum short-circuit power (in MVA) at the PCC;
FSCE Min 		is the minimum short-circuit ratio factor from Table 16;
α 		is the summation exponent from Table 16;
Sequ m		is the equipment rating (in kVA) for the mth item of equipment; and
M 		is the number of items of “Equipment Complying with IEC 61000-3-12”.

[bookmark: _Ref502152607][bookmark: _Ref502407208]Table 16 – Short-circuit Ratio Factor and Summation Exponent for Varying Number of Items of Equipment Compliant with IEC 61000-3-12
	Number of Items (M)
	Minimum Short-circuit Ratio Factor (FSCE Min)
	Summation Exponent (α)

	
	ISCC < 100 A
	ISCC ≥ 100 A
	

	M ≤ 5
	29.050
	24.224
	2

	6 ≤ M ≤ 7
	20.323
	16.947
	1.4

	M ≥ 8
	11.391
	9.499
	1



The service current capacity (ISCC) is determined by reference to the Network Operator. For the purposes of the harmonic assessment, it is only necessary to decide which of the following categories apply to the service current capacity:	Comment by Peter Haigh: The original used Note n for the following paragraphs, but there was no corresponding footnote reference in the Table or Equation so I have restructured these.
Less than 100 A per phase, or
Greater than or equal to 100 A per phase.
Each component of the service equipment – service cable, cut-out, meter and meter tails – has a rating, as does the environment in which the service equipment sits. The lowest of these ratings defines the service current capacity.  
The service current capacity category is used to infer the source X/R ratio in accordance with IEC TR 60725 [13].
Table 16 must not be applied where the manufacturer states a minimum applicable short-circuit power.
Table 16 is based on a source impedance X/R ratio of 0.625 for ISCC < 100 A and 1.0 for ISCC ≥ 100 A. These values correspond to the X/R ratios of the reference impedances in IEC TR 60725 [13]. Where the actual X/R ratio is less than the assumed value, then the minimum short-circuit power levels derived using Equation 8 shall be modified in accordance with Appendix B.
[bookmark: _Toc502852412]Stage 1B(2) Assessment Procedure – Minimum Short-circuit Power (Statement 2)
The minimum short-circuit power (i.e. fault level) at the PCC (SSC PCC MIN) for equipment where the manufacturer states “Equipment Complying with IEC 61000-3-12 Subject to SSC Min ≥ X kVA” for any item of equipment shall be determined using Equation 9.

		Equation 9
Where:
SSC PCC Min 	is the minimum short-circuit power (in MVA) at the PCC for the combination of all items of equipment;
M 	is the number of items of equipment where the manufacturer states “Equipment Complying with IEC 61000-3-12”;
Sequ m 	is the equipment rating (VA) for the mth item of equipment which the manufacturer states as “Equipment Complying with IEC 61000-3-12”;
N 		is the number of items of equipment with a stated SSC Min; and
SSC Min n	is the minimum short-circuit power (in MVA) at the PCC for the nth item of equipment with a stated SSC Min.
Short-circuit Power at PCC (SSC PCC) 
Where applicable, the short-circuit power (i.e. fault level) at the PCC shall be obtained from the Network Owner. For three-phase equipment, the three-phase short-circuit power is required. For single-phase equipment, the single-phase short-circuit power is required.
Compliance with Minimum Short-circuit Power at PCC (SSC PCC Min)
The connection is acceptable if SSC PCC ≥ SSC PCC Min. If this requirement is not satisfied, then the assessment advances to Stage 1C.
[bookmark: _Toc502852413]Stage 1C Assessment Procedure
The Stage 1C assessment involves the use of aggregate equipment rated power (∑Sequ), short-circuit power at the PCC (SSC PCC) and technology type.


This assessment method is only applicable to the following types of equipment:
Three-phase six-pulse converters;
Three-phase active front-end converters;
Three-phase twelve-pulse converters; and
Single-phase rectifiers.
This assessment method does not require measured background harmonic voltage distortion, which is instead assumed to be no higher than 75% of the planning levels.
This assessment method involves the following steps, as illustrated in Figure 8:
Determine type and mix of equipment converter technologies;
For the case where all equipment has a single technology type, follow Stage 1C(1):
· Determine aggregate equipment rated power (∑Sequ);
· Determine short-circuit power at the PCC (SSC PCC);
· Scale Table 16 values for short-circuit power at the PCC (SSC PCC) to determine the permitted aggregate equipment rating (∑Sequ permitted) for the connection;
· Compare ∑Sequ with ∑Sequ permitted;
For the case where a mix of three-phase six-pulse and three-phase active front-end converter technology types is employed, follow Stage 1C(2):
· Determine aggregate equipment rated power (∑Sequ j) for six-pulse equipment;
· Determine aggregate equipment rated power (∑Sequ k) for active front-end equipment;
· Calculate SSC PCC Min from Equation 12;
· Determine short-circuit power at the PCC (SSC PCC); and
· Compare ∑SSC PCC with ∑SSC PCC Min.

[bookmark: _Ref502159870][image: ]Figure 8 – Stage 1C Assessment Process Flow	Comment by Peter Haigh: As with previous flowcharts derived from Visio, I cannot edit these, but the equation and table references should be updated to match those of the copy-edited version prior to final proofreading. 

In addition, care should be taken to align text so that it does not overlap the edges of the shapes, to reduce the quantity of text in boxes using labelled footnotes, use consistent font sizing, italicise variables in line with the copy-edited version, and to ensure consistent nomenclature.
[bookmark: _Toc502852414]Stage 1C(1) Assessment Procedure – Identical Converter Technology
Aggregate Equipment Rated Power (∑Sequ)
The aggregate equipment rated power for equipment of the same type shall be determined by summation as per Equation 10.  
[bookmark: _Ref502162789]
				Equation 10
Where:
Sequ j		is the equipment rating (in kVA) for the jth item of equipment.
Short-circuit Power at PCC (SSC PCC)
The appropriate short-circuit power (i.e. fault level) at the PCC shall be obtained from the Network Owner. For three-phase equipment, the three-phase short-circuit power is required. For single-phase equipment, the single-phase short-circuit power is required.
Permitted Aggregate Equipment Rated Power (∑Sequ permitted)
Table 17 gives the maximum permitted aggregate rated power of equipment at the PCC, assuming a single technology type (six-pulse only, active front-end only or twelve-pulse only for three-phase connections or single-phase rectifier) but not a mixture of types of technology.
[bookmark: _Ref502163621]Table 17 – Maximum Permitted Aggregate Rated Power at Reference Short-circuit Power (1C(1))
	Vs @ 
PCC
	∑Sequ permitted @ reference Ssc
(SSC reference = 10 MVA three-phase)
	∑Sequ permitted @ reference Ssc
(SSC reference = 2 MVA single-phase)

	
	Six-pulse three-phase converter
	Active front-end three-phase converter
	Twelve-pulse three-phase converter
	Singe-phase rectifier

	LV
	22 kVA
	192 kVA
	77 kVA
	7.4 kVA



An explanation of the converter technologies is provided in Appendix A.
The values stated assume a reference short-circuit power level (SSC Reference). For three-phase equipment, this is a three-phase short-circuit power of 10 MVA at the PCC. For single-phase equipment this is a single-phase short-circuit power of 2 MVA at the PCC.
Where SSC PCC is not equal to the assumed short-circuit power level (SSC Reference), the permitted aggregate equipment rated power (∑Sequ permitted) shall be determined from Equation 11.

		Equation 11
Where:
	∑Sequ permitted 		is the permitted aggregate equipment rated power (in kVA);
	SSC PCC 			is the system short-circuit power at the PCC (in MVA): three-phase for 				three-phase equipment and single-phase for single-phase equipment;
	∑Sequ permitted @ reference Ssc	is the maximum permitted equipment aggregate rated power (in kVA) 				at the PCC for the reference short-circuit power (SSC); and	Comment by Peter Haigh: Is this definitely SSC and not SSC reference?

SSC is not clearly defined, please review.
	SSC reference 		is the reference short-circuit power at the PCC (in MVA): 10 MVA 				(three-phase) for three-phase equipment and 2 MVA (single-phase) 				for single-phase equipment.
Compliance with the Limit of Aggregate Equipment Rated Power	Comment by Peter Haigh: Please check that this revised heading is appropriate.
The connection is acceptable if ∑Sequ ≤ ∑Sequ permitted. If this requirement is not satisfied, then the assessment advances to Stage 1D(1). Note that reinforcement of the host network to increase ∑Sequ permitted may also be considered.
[bookmark: _Toc502852415]Stage 1C(2) Assessment Procedure – Mixed Three-phase Converter Technology
Minimum Short-circuit Power (SSC PCC Min)
The minimum short-circuit power (i.e. fault level) at the PCC (SSC PCC Min), for mixed three-phase converter technology (i.e. a mix of six-pulse and active front-end technology types) shall be determined using Equation 12.

	Equation 12
Where:
	J 	is the number of items of three-phase six-pulse equipment;	Comment by Peter Haigh: This defined Sequ j twice.

I have assumed that the second one should be k and have edited accordingly.

Please check this.
	Sequ j 	is the equipment rating (in kVA) for the jth item of three-phase six-pulse equipment;
	K 	is the number of items of three-phase active front-end equipment; and
	Sequ k 	is the equipment rating (in kVA) for the kth item of three-phase active front-end 			equipment.
Short-circuit Power at PCC (SSC PCC)
The appropriate short-circuit power (i.e. fault level) at the PCC shall be obtained from the host Network Owner.
Compliance with the Limit of Minimum Short-circuit Power	Comment by Peter Haigh: Please check that this revised heading is appropriate.
The connection is acceptable if SSC PCC ≥ SSC PCC Min. If this requirement is not satisfied, then the assessment advances to Stage 1D(2).
[bookmark: _Toc502852416]Stage 1D Assessment Procedure
The Stage 1D assessment involves use of aggregate equipment rated power (∑Sequ), short-circuit power at the PCC (SSC PCC), technology type and background harmonic voltage distortion (Vh m).
This assessment method is only applicable to the following types of equipment:
Three-phase six-pulse converters;
Three-phase active front-end converters;
Three-phase twelve-pulse converters; and
Single-phase rectifiers.
This assessment method involves the following steps, as illustrated in Figure 9:
Stage 1D(1):
· Measure the background harmonic voltage distortion at the PCC (Vh m) for the limiting harmonic orders (h) of h = 5 for three-phase six-pulse converters and three-phase active front-end converters, h = 37 for three-phase twelve-pulse converters and h = 15 for single-phase rectifiers;
· Determine the short-circuit power at the PCC (SSC PCC);
· Scale Table 17 values for short-circuit power at the PCC (SSC PCC), harmonic headroom (Vh headroom), and planning level (PLh), to determine the permitted aggregate equipment rating (∑Sequ permitted) for the connection; and
· Compare ∑Sequ with ∑Sequ permitted.
Stage 1D(2):
· Determine aggregate equipment rated power (∑Sequ j) for six-pulse equipment;
· Determine aggregate equipment rated power (∑Sequ k) for active front-end equipment;
· Calculate SSC PCC Min from Equation 12;
· Determine the short-circuit power at the PCC (SSC PCC); and
· Compare ∑SSC PCC with ∑SSC PCC Min.
[bookmark: _Ref502218648][image: ]Figure 9 – Stage 1D Assessment Process Flow	Comment by Peter Haigh: It may be easier to see this if it were split into two or forced into a portrait layout to enable the use of a full page.
[bookmark: _Toc502410372][bookmark: _Toc502411168][bookmark: _Toc502411982][bookmark: _Toc502412779][bookmark: _Toc502413556][bookmark: _Toc502852417]Stage 1D(1) Assessment Procedure – Identical Converter Technology – Assessment Accounting for Actual Headroom 
This assessment requires knowledge of the measured background voltage distortion at the PCC (see Section 4.2.5), short-circuit power at the PCC (SSC PCC), the permitted aggregate equipment rating (∑Sequ permitted) and the appropriate short-circuit power (i.e. fault level) at the PCC, which shall be obtained from the host Network Owner.	Comment by Peter Haigh: I have collapsed the series of subheadings into a paragraph as little information was held in each subsection. Please review this.	Comment by Peter Haigh: Please verify this cross-reference.
Table 17 in Stage 1C(1) provides the maximum permitted aggregate rating (∑Sequ permitted) of equipment at the PCC assuming three-phase six-pulse only or three-phase active front-end only or twelve-pulse only or single-phase rectifier only – but not a mixture of technology types – for a reference short-circuit power and for levels of background harmonic distortion equal to 75% of the planning levels (Vh-PL).
Stage 1D(1) also takes account of the measured background voltage distortion at the limiting harmonics for each technology, in order to determine revised ∑Sequ permitted values.  
Equation 13 gives the ∑Sequ permitted value for three-phase six-pulse converters or three-phase active front-end converters:

		Equation 13
Where:

				Equation 14
Where:
V5 PL 	is the LV planning level for the 5th harmonic (in % h = 1); and	Comment by Peter Haigh: I have added spaces to multiple term subscript indices to bring it in line with other such indices used in other sections.

If there is reason to not permit this, then I can change them again at proofread stage.
V5 m 	is the measured background voltage distortion at the PCC for the 5th harmonic 		(in % h = 1).
Equation 15 calculates the ∑Sequ permitted value for three-phase twelve-pulse converters:

Equation 15	Comment by Peter Haigh: V5 was changed to V37 here, please check that it is now correct.

In particular, note the 10 MVA; should this change with the converter type?
Where:

			Equation 16
Where:
V37 PL 	is the LV planning level for the 37th harmonic (in % h = 1); and
V37 m 	is the measured background voltage distortion at the PCC for the 37th harmonic 		(in % h = 1).

Equation 17 calculates the ∑Sequ permitted value for single-phase rectifiers:

Equation 17
Where:

			Equation 18
Where:
V15 PL 	is the LV planning level for the 15th harmonic (in % h = 1); and
V15 m 	is the measured background voltage distortion at the PCC for the 15th harmonic 		(in % h = 1).
Compliance with the Limit of Short-circuit Power
The connection is acceptable if ∑Sequ ≤ ∑Sequ permitted.  If this requirement is not satisfied, then the assessment advances to Stage 2C. Note that reinforcement of the distribution network to increase ∑Sequ permitted may also be considered.
[bookmark: _Toc502852418]Stage 1D(2) Assessment Procedure – Mixed Three-phase Converter Technology – Assessment Accounting for Actual Headroom 
As with the Stage 1D(1) assessment, Stage 1D(2) requires knowledge of the measured background voltage distortion at the PCC. The subsequent calculation stages are detailed below.
Minimum Short-circuit Power (SSC PCC Min)
The minimum short-circuit power (i.e. fault level) at the PCC (SSC PCC Min), for mixed three-phase converter technology (i.e. a mix of six-pulse and active front-end technology) shall be determined using Equation 19.

Equation 19
Where:
	J	is the number of items of three-phase six-pulse equipment;
	Sequ j 	is the equipment rating (in kVA) for the jth item of three-phase six-pulse equipment;
	K 	is the number of items of three-phase active front-end equipment; and
	Sequ k	is the equipment rating (in kVA) for the kth item of three-phase active front-end 			equipment.	Comment by Peter Haigh: This has been changed from re-defining j to k. Please check that this is now correct.



Equation 20
Where:
V5 PL 	is the LV planning level for the 5th harmonic (in % h = 1); and
V5 m 	is the measured background voltage distortion at the PCC for the 5th harmonic 		(in % h = 1).
Short-circuit Power at the PCC (SSC PCC)
The appropriate short-circuit power (i.e. fault level) at the PCC shall be obtained from the host Network Owner.
Compliance with Limit of Short-circuit Power
The connection is acceptable if SSC PCC ≥ SSC PCC Min.  If this requirement is not satisfied, then the assessment advances to Stage 2C.



[bookmark: _Toc502852419]Stage 2 Assessment Procedure
[bookmark: _Toc502852420]Applicability and Substages
A Stage 2 assessment is applicable to:
Connections with a PCC at 6.6 kV, 11 kV, 20 kV or 22 kV; or
Connections with an LV PCC that fail Stage 1.
[image: ]Under Stage 2 there are three substages of assessment – Stage 2A through to 2C. For connections with a PCC at 6.6 kV, 11 kV, 20 kV or 22 kV, the stages increase in complexity going from Stage 2A to Stage 2C; see Figure 10 and Table 18. For connections with an LV PCC that advance to Stage 2, only Stage 2C is applicable.
[bookmark: _Ref502219622]Figure 10 – Stage 2 Assessment Process Flow


[bookmark: _Ref502219639]Table 18 – Stage 2 Assessment Data Requirements for Substages 2A–2C
	Data Required

	Stage 2A
	Stage 2B
	Stage 2C

	Aggregate Equipment Rating (∑Sequ)
	
	
	

	Short-circuit Power at the PCC (SSC PCC)
	
	
	

	Technology Type
	
	
	

	Pre-existing background Harmonic Voltage Distortion at the PCC (Vh m PCC)	Comment by Peter Haigh: It is worth going through all Vh m and Vh m PCC and ensuring that consistent and accurate use is made of the two different variables in this section.
	
	
	

	Harmonic Current Emission (Norton Source) (Ih)
	
	
	



[bookmark: _Toc502852421]Stage 2A Assessment Procedure
The Stage 2A assessment involves the aggregate equipment rating (∑Sequ), short-circuit power at the PCC (SSC PCC) and technology type.
This assessment method is only applicable to the following types of equipment:
Three-phase six-pulse converters;
Three-phase active front-end converters; and
Three-phase twelve-pulse converters.
This assessment method does not require measured background harmonic voltage distortion; instead, the background distortion is assumed to be no higher than 75% of the planning levels.
This assessment method involves the following steps, as shown in Figure 11:
Determine the type and mix of equipment converter technologies;
For the case where all equipment has a single technology type, follow Stage 2A(1):
· Determine the aggregate equipment rated power (∑Sequ);
· Determine the short-circuit power at the PCC (SSC PCC);
· Scale the Table 18 values for short-circuit power at the PCC (SSC PCC) to determine the permitted aggregate equipment rating (∑Sequ) for the connection; and
· Compare ∑Sequ with ∑Sequ permitted.
For the case where a mix of three-phase six-pulse and three-phase active front-end converter technology types are employed, follow Stage 2A(2):
· Determine the aggregate equipment rated power (∑Sequ j) for six-pulse equipment;
· Determine the aggregate equipment rated power (∑Sequ k) for active front-end equipment;
· Calculate SSC PCC Min from Equation 23;	Comment by Peter Haigh: Please verify this cross-reference.
· Determine the short-circuit power at the PCC (SSC PCC); and
· Compare ∑SSC PCC with ∑SSC PCC Min.
[image: ]
[bookmark: _Ref502220927]Figure 11 – Stage 2A Assessment Process Flow

[bookmark: _Toc502852422]Stage 2A(1) Assessment Procedure – Identical Converter Technology
Aggregate Equipment Rated Power (∑Sequ)
The aggregate equipment rating for equipment of the same type shall be determined by summation as per Equation 21. 
[bookmark: _Ref502221218]
Equation 21
Where:
	Sequ j	is the equipment rating (kVA) for the jth item of equipment.	Comment by Peter Haigh: In previous similar instances, j has been used as this index. 

I cannot see a reason for changing to i here, so I have made this equal to j to match the others. 

Please review this and its potential implications carefully.


Also, should this not have the other terms identified? J, j, to match the other similar equations?
Three-phase Short-circuit Power at the PCC (SSC PCC)
The three-phase short-circuit power (i.e. fault level) at the PCC shall be obtained from the host Network Owner.
Permitted Aggregate Equipment Rated Power (∑Sequ permitted)
Table 19 gives the maximum permitted aggregate rating of equipment at the PCC assuming a single technology type (i.e. six-pulse only, twelve-pulse only or active front-end only but not a mixture).
[bookmark: _Ref502221895]Table 19 – Maximum Permitted Aggregate Rated Power at Reference Short-circuit Power (2A(1))
	Voltage @ PCC
	∑Sequ permitted @ 60 MVA reference Ssc

	
	Six-pulse three-phase converter
	Active front-end three-phase converter
	Twelve-pulse three-phase converter

	6.6 kV, 11 kV, 20 kV, 22 kV
	76 kVA
	673 kVA
	287 kVA



The values stated assume a three-phase short-circuit power at the PCC (SSC PCC) of 60 MVA.
Where SSC PCC is not equal to 60 MVA, then the permitted aggregate equipment rating (∑Sequ permitted) shall be determined from Equation 22.

Equation 22
Where:
	∑Sequ permitted 			is the permitted aggregate equipment rated power (in kVA) at 					the PCC;
	SSC PCC 				is the system three-phase short-circuit power (in MVA) at the 					PCC; and
	∑Sequ permitted @ 60 MVA reference Ssc 	is the maximum equipment permitted aggregate rated power 					at the PCC (in kVA) for the reference 60 MVA three-phase 					short-circuit power.
Compliance with the Limit of Short-circuit Power
The connection is acceptable if ∑Sequ ≤ ∑Sequ permitted. If this requirement is not satisfied, then the assessment advances to Stage 2B(1). Note that reinforcement of the distribution network to increase ∑Sequ permitted may also be considered.
[bookmark: _Toc502852423]Stage 2A(2) Assessment Procedure – Mixed Three-phase Converter Technology
Minimum Short-circuit Power (SSC PCC Min)
The minimum short-circuit power (i.e. fault level) at the PCC (SSC PCC Min), for mixed three-phase converter technology (i.e. a mix of six-pulse and active front-end technology) shall be determined using Equation 23.

Equation 23
Where:
	J 	is the number of items of three-phase six-pulse equipment;
	Sequ j 	is the equipment rating (in kVA) for the jth item of three-phase six-pulse equipment;
	K 	is the number of items of three-phase active front-end equipment; and
	Sequ k	is the equipment rating (in kVA) for the kth item of three-phase active front-end 			equipment.
Short-circuit Power at the PCC (SSC PCC)
The short-circuit power (i.e. fault level) at the PCC shall be obtained from the host Network Owner.
Compliance with Limit of Short-circuit Power
The connection is acceptable if SSC PCC ≥ SSC PCC Min. If this requirement is not satisfied, then the assessment advances to Stage 2B(2).
[bookmark: _Toc502852424]Stage 2B Assessment Procedure
The Stage 2B assessment involves the use of the aggregate equipment rated power (∑Sequ), short-circuit power at the PCC (SSC PCC), technology type and background harmonic voltage distortion (Vhm).
The assessment method is only applicable to the following types of equipment:
Three-phase six-pulse converters;
Three-phase active front-end converters; and
Three-phase twelve-pulse converters.
This assessment method involves the following steps, as shown in Figure 12:
Stage 2B(1):
· Measure the background harmonic voltage distortion at the PCC (Vhm) for the limiting harmonic orders (h) of h = 5 for three-phase six-pulse converters and three-phase active front-end converters and h = 11 for three-phase twelve-pulse converters;
· Determine the short-circuit power at the PCC (SSC PCC);
· Scale the Table 19 values for the short-circuit power at the PCC (SSC PCC), harmonic headroom (Vh headroom), and planning level (PLh), to determine the permitted aggregate equipment rating (∑Sequ permitted) for the connection; and
· Compare ∑Sequ with ∑Sequ permitted.
Stage 2B(2):
· Determine the aggregate equipment rated power (∑Sequ j) for six-pulse equipment;
· Determine the aggregate equipment rated power (∑Sequ k) for active front-end equipment;
· Calculate SSC PCC Min from Equation 28;	Comment by Peter Haigh: Please verify this cross-reference.
· Determine the short-circuit power at the PCC (SSC PCC); and
· [image: ]Compare ∑SSC PCC with ∑SSC PCC Min.
[bookmark: _Ref502396910]Figure 12 – Stage 2B Assessment Procedure Flow
[bookmark: _Toc502852425]Stage 2B(1) Assessment Procedure – Identical Converter Technology – Assessment Accounting for Actual Headroom
This assessment requires knowledge of the measured background voltage distortion at the PCC (see Section 4.2.5), the permitted aggregate equipment rating (∑Sequ permitted), the appropriate short-circuit power (i.e. fault level) at the PCC, which shall be obtained from the host Network Owner, as well as the measured background voltage distortion at the PCC (Vhm).
Permitted Aggregate Equipment Rated Power (∑Sequ permitted)
In Stage 2A(1), Table 19 provides the maximum permitted aggregate rating (∑Sequ permitted) of equipment at the PCC assuming six-pulse only, active front-end only or twelve-pulse only technology types – but not a mixture – for a 60 MVA three-phase reference short-circuit power and background harmonic levels at 75% of the planning levels (Vh-PL). Stage 2B(1) takes account of the measured background voltage distortion at the limiting harmonics for each technology to determine revised ∑Sequ permitted values.
Equation 24 calculates the ∑Sequ permitted value for three-phase six-pulse converters or three-phase active front-end converters:

Equation 24
Where:

			Equation 25
Where:
V5 PL 	is the LV planning level for the 5th harmonic (in % h = 1); and
V5 m 	is the measured background voltage distortion at the PCC for the 5th harmonic 		(in % h = 1).
Equation 26 gives the ∑Sequ permitted value for twelve-pulse converters:

Equation 26
Where:

Equation 27
Where:
V11 PL 	is the LV planning level for the 11th harmonic (in % h = 1); and
	V11 m 	is the measured background voltage distortion at the PCC for the 11th harmonic 			(in % h = 1).
[bookmark: _Toc502411190][bookmark: _Toc502412004][bookmark: _Toc502411191][bookmark: _Toc502412005]Compliance with the Limit of Short-circuit Power
The connection is acceptable if ∑Sequ ≤ ∑Sequ permitted. If this requirement is not satisfied, then the assessment advances to Stage 2C. Note that reinforcement of the distribution network to increase ∑Sequ permitted may also be considered.
[bookmark: _Toc502852426]Stage 2B(1) Assessment Procedure – Mixed Three-phase Converter Technology – Assessment Accounting for Actual Headroom
Minimum Short-circuit Power (SSC PCC Min)
The minimum short-circuit power (i.e. fault level) at the PCC (SSC PCC Min) for mixed three-phase converter technology (i.e. a mix of six-pulse and active front-end technology) shall be determined using Equation 28.
[bookmark: _Ref502225687] 

Equation 28
Where:
	J	is the number of items of three-phase six-pulse equipment;
	Sequ j	is the equipment rating (in kVA) for the jth item of three-phase six-pulse equipment;
	K 	is the number of items of three-phase active front-end equipment; and
	Sequ k	is the equipment rating (in kVA) for the kth item of three-phase active front-end 			equipment.

			Equation 29
Where:
V5 PL 	is the LV planning level for the 5th harmonic (in % h = 1); and
	V5 m 	is the measured background voltage distortion at the PCC for the 5th harmonic 			(in % h = 1).
Short-circuit Power at the PCC (SSC PCC)
The appropriate short-circuit power (i.e. fault level) at the PCC shall be obtained from the host Network Owner.
Compliance with the Limit of Short-circuit Power
The connection is acceptable if SSC PCC ≥ SSC PCC Min. If this requirement is not satisfied, then the assessment advances to Stage 2C.
[bookmark: _Toc502852427]Stage 2C Assessment Procedure
The Stage 2C assessment involves the prediction of compliance with planning levels by using the current emissions and a worst-case harmonic impedance curve.
This assessment method involves the following steps, as shown in Figure 13:
Measure the background harmonic voltage distortion at the PCC (Vh m) for each harmonic order (h);
Establish the harmonic current emission of the proposed equipment (Ih) at each harmonic order (h);
Determine the three-phase short-circuit power at the PCC (SSC PCC);
Calculate the harmonic impedance (Zh) at the PCC for each harmonic order (h);
Calculate incremental increase in harmonic voltage distortion (Vh c) at the PCC for each harmonic order (h) due to proposed harmonic current emission;
Predict the future harmonic voltage distortion (Vh p) at the PCC for each harmonic order by summation of Vh m and Vh c. See Section 4.2.3;	Comment by Peter Haigh: Please verify this cross-reference. I assumed that it was the summation/aggregation part that was being referred to here. 
Predict the future total harmonic voltage distortion (THDVp); and
Compare the predicted THDVp and Vh p with the planning limits VTHD PL and Vh PL.





[bookmark: _Ref502229701][image: ]Figure 13 – Stage 2C Assessment Process Flow
[bookmark: _Toc502852428]Background Voltage Distortion at the PCC (Vh m)
Refer to Section 4.2.5 for details on measurement. It should be noted that, in order to facilitate rapid assessment, it is permissible to assume that the background harmonic distortion does not exceed 75% of the planning level, subject to the agreement of the relevant Network Operator.	Comment by Peter Haigh: Is this the responsibility of the Network Operator or Network Owner?

I think this was being debated at transmission level (SO/TO split) a couple of years ago, but what is the distinction at distribution level? Are they different entities? Should this be Network Owner?
[bookmark: _Toc502852429]Harmonic Current Emission (Ih)
The harmonic current emission of disturbing equipment will normally vary according to the power.  	Comment by Peter Haigh: Please check that this edit retains the originally intended meaning.
For a Stage 2C assessment, it is the worst-case harmonic current emission at each harmonic order that shall be used.  
In the case of a failure of the assessment against THD only (i.e. THDVp > VTHD PL) then assessment shall be performed for each power level, as this may demonstrate compliance with THDVp at each power level.	Comment by Peter Haigh: It doesn’t feel like “power level” has been suitably defined.

Does it refer to the output level of non-linear equipment? Is it short-circuit level at the PCC? Is it harmonic current x harmonic voltage?
[bookmark: _Toc502852430]Three-phase Short-circuit Power at the PCC (SSC PCC)
The three-phase short-circuit power (i.e. fault level) at the PCC shall be obtained from the host Network Owner.
[bookmark: _Toc502852431]Harmonic Impedance (Zh)
The harmonic impedance at the PCC will vary with frequency and hence harmonic order. Determination of the actual harmonic impedance is complex and this is reserved for a Stage 3 assessment. Under Stage 2C, the assumed worst-case impedance curve is derived from the three-phase short-circuit power using Equation 30. 

Equation 30
Where:
	Zh	is the harmonic impedance (in ohms);
	k	is the worst-case reactance factor (see Table 20);	Comment by Peter Haigh: I changed this to match the table. Please review and verify.
	R1	is the system resistance (in ohms) at 50 Hz; and
	X1 	is the system reactance (in ohms) at 50 Hz.
Where:

				Equation 31
Where:
	Z1 	is the system impedance (in ohms) at 50 Hz.
[bookmark: _Ref502231398]Table 20 – Values of Reactance Factor (k)
	Vs @ PCC (kV)
	Reactance Factor (k)

	
	h ≤ 7
	h ≤ 8
	h > 7
	h > 8

	0.4
	1
	
	0.5
	

	6.6, 11, 20, 22
	
	2
	
	1



Equation 30 can be re-written as Equation 32 for three-phase and Equation 33 for single-phase cases, respectively.

Equation 32


Equation 33
Where:
	Vs 	is the rated phase–phase voltage (in volts);	Comment by Peter Haigh: It is worth considering standardising references to phase–phase, line–line, phase–neutral etc.

Let me know the preference and I will standardise across all sections at proofread stage.
	Vphase 	is the rated phase–neutral voltage (in volts);
	SSC 3ph 	is the three-phase short-circuit level at the PCC (in volt-amperes); and
	SSC 1ph	is the single-phase short-circuit level at the PCC (in volt-amperes).
[bookmark: _Toc502852432]Incremental Increase in Harmonic Voltage Distortion (Vh c)
The incremental voltage distortion due to the proposed disturbing equipment, expressed as a percentage of the phase voltage at the PCC, is given by Equation 34 and Equation 35.

Equation 34


Equation 35
Where:
	Vh c% 	is the voltage distortion (as a percentage of the phase voltage) at the PCC; and
	Ih	is the harmonic current (in amperes) at harmonic h.
Substituting Equation 32 into Equation 35 gives Equation 36.

Equation 36
Equation 36 can also be expressed as shown in Equation 37.

Equation 37
Where:
	Sequ 3ph	is the rating (in volt-amperes) of the three-phase equipment; and
	THDI 	is the total harmonic distortion (in per unit) of the equipment.
Note that if X1 >> R1 then Equation 36 and Equation 37 simplify to Equation 38 and Equation 39, respectively. 

Equation 38

Equation 39
Substituting Equation 33 into Equation 34 gives Equation 40.

Equation 40
Equation 40 can also be expressed as shown in Equation 41.

Equation 41
Where:
	Sequ 1ph	is the rating (in volt-amperes) of the single-phase equipment; and
	THDI 	is the total harmonic distortion (in per unit) of the equipment.
Note that if X1 >> R1 then Equation 40 and Equation 41 simplify to Equation 42 and Equation 43, respectively.

Equation 42

Equation 43
[bookmark: _Toc502852433]Prediction of Harmonic Voltage Distortion (Vh p)
The harmonic voltage distortion (Vh p) resulting from adding the incremental increase in harmonic voltage distortion (Vh c) to the background voltage distortion (Vh m) at the PCC is determined in accordance with Section 4.2.3.	Comment by Peter Haigh: As with previous mentions, this should be checked.
The predicted total harmonic voltage distortion (THDVp) resulting from the predicted harmonic voltage distortion values (Vh p) is given by Equation 44.
[bookmark: _Ref502234313]
Equation 44
[bookmark: _Toc502852434]Compliance with Planning Limits
Under Stage 2C, compliance is assessed for all voltage planning levels, including THD and all individual harmonic orders.  
The connection is acceptable if the predicted THDVp and all Vh p do not exceed the planning levels of VTHD PL and Vh PL, respectively. If this requirement is not satisfied, then the assessment advances to Stage 3 unless the PCC is LV; in which case, no connection is possible without mitigation. 
Reinforcement of the distribution network to increase SSC PCC, and hence reduce the calculated Vh p and THDVp values, may be considered, as may filter equipment.	


[bookmark: _Toc502852435]Assessment of Resonant Plant
The connection of resonant plant, such as power factor correction capacitors, has the potential to magnify existing background levels of harmonic voltage distortion beyond the planning levels. 
[bookmark: _Toc502852436]Stage Res 1 Assessment Procedure – Resonant Plant with no Harmonic Emissions	Comment by Peter Haigh: I have attempted to bring the structure of this section closer in line with that of the other Stage 2 assessments.

Have a think about whether it might be worthwhile making a process flowchart like the other Stage 2 ones.
For resonant plant that does not generate harmonic currents and is being connected at LV, Equation 45 shall be used to estimate the modification factor. 
If the modification factor (Gh r) is less than or equal to 1.33 for harmonic orders up to and including the 15th and is less than or equal to 2 for harmonic orders greater than the 15th, then the connection is permitted.	

Equation 45


Equation 46
Where: 
	Gh r	is the modification (magnification/attenuation) factor;
	Qrp 	is the reactive power (in kVar or MVar) of the new connection’s resonant plant;
	SSC X	is the short-circuit level (in kVA or MVA), based on the source impedance reactive 		component only, as calculated by Equation 47.

Equation 47
Where:
	VL	is the phase–phase voltage (in volts); and	Comment by Peter Haigh: Please check this additional definition and amend as necessary.
	XSC	is the reactive component of the source impedance (in ohms).	Comment by Peter Haigh: As above. Please check this and amend as necessary.
The [insert name for this variable] (Pn) is calculated according to Equation 48.	Comment by Peter Haigh: This one needs a name.

Equation 48
Where:
	Ps	is the static portion (i.e. non-motor type) of the new connections total active power 		demand (in kVA or MVA); and
	PPCC	is the active power demand (in kW or MW) at the PCC, excluding the new connection. 		If PPCC is not available, then 30% of the nameplate kVA or MVA rating of the transformer 		in the public network supplying the new connection shall be considered instead of the 		factor (0.36 × PPCC); and
	hr	is the resonant frequency – at which maximum amplification occurs.
The rationale for selection of a magnification factor of 1.33 is that it is assumed that the pre-existing background levels for harmonic voltages up to and including the 15th harmonic order are already at 75% of the planning level and that, after connection of the resonant plant, they will be amplified to be equal to the planning level.
The likelihood of pre-existing background levels of harmonic voltages for voltages above the 15th harmonic order being at 75% of the planning level is assumed to be low, and hence a higher magnification factor is permitted. 
If the particular connection location is known to already have harmonic distortion at the resonant frequency (calculated using Equation 46) that is higher than 75% of the planning level, then the assessment given by Equation 45 automatically fails and the assessment proceeds to Stage 2 Res(2).
[bookmark: _Toc502852437]Stage  Res 2 Assessment Procedure – Resonant Plant with Harmonic Emissions	Comment by Peter Haigh: I have attempted to bring the structure of this section closer in line with that of the other Stage 2 assessments.

Have a think about whether it might be worthwhile making a process flowchart like the other Stage 2 ones.
The Stage 2 Res(2) assessment procedure is applicable in the following circumstances:
Plant that both emits harmonic currents or voltages and is classified as resonant plant;
Plant that has failed the criteria given by Equation 45; or
Resonant plant being connected at MV up to 33 kV.
The assessment requires the use of the typical source impedance profile, with an appropriate k-factor, as given in Table 20. 	Comment by Peter Haigh: K Factors are only provided in Table 20 up to 22 kV. Is this a problem?
The magnification factor (Gh r) and the resonance frequency (hr) are calculated according to Equation 49 and Equation 50.

Equation 49

Equation 50	Comment by Peter Haigh: Note Qrc has not been defined. 

Is it actually Qrp? I have assumed it is but please review.

The overall impact of the new connection is determined by aggregating the impact of the emission from the new connection and the magnification of the background harmonic level due to the new connection of User equipment. Aggregation of the two effects is carried out by the use of an appropriate exponent, as provided in Table 14.
If the aggregated level of harmonic voltage distortion is within 75% of the planning level, then the connection is allowed. If the aggregated level of harmonic distortion exceeds 75% of the planning level, then the assessment shall proceed to Stage 3.	Comment by Peter Haigh: At what frequency is this calculated?

Is it just at hr? Or does it need to satisfy this at every individual harmonic order?

It is best to us the same variable names and nomenclature as the other sections, unless there is a difference.
For resonant plant that fails the criteria given by Equation 49 and Equation 50 – or where the connection is made at system voltages of 33 kV or higher – a Stage 3 assessment shall be applicable, irrespective of the plant’s harmonic current or voltage emissions.


[bookmark: _Ref502404356][bookmark: _Toc502852438]Stage 3 Assessment Procedure
Stage 3 assessment is applicable to all connection of non-linear and resonant plant with a PCC at 33 kV or above. The Stage 3 assessment also applies to any connection of non-linear or resonant equipment with a PCC above LV that has failed the Stage 2 assessment.
In Stage 3, the NOC which hosts the connection shall issue a harmonic specification to the connectee – applicable at the PCC – which shall consist, as a minimum, of the four components outlined below:	Comment by Peter Haigh: Terminology standardisation:
NOC vs host Network Owner vs DNO vs TO vs host NOC.
I think some standardisation is needed here. Please discuss which terms should standalone and which should get merged together and the need for any differences between terms. This can then be added to the definitions section to clarify things. 
Impedance profile of the point of common coupling (PCC), in the form of impedance loci or tabular data;
Pre-existing levels of background harmonic voltage distortion;
Limits for individual harmonic voltages (in % of h = 1) for incremental harmonic voltages produced by the connectee’s equipment emission at the PCC, referred to as (Vh-Limit-Inc); and
Limits for resultant total harmonic voltage at the PCC, accounting for the incremental harmonic voltages due to emission from the connectee’s equipment and the modification of pre-existing levels of background harmonic voltage distortion. This is referred to as (Vh-Limit-Total).
The harmonic specification shall form part of the bilateral connection agreement (BCA) between the NOC hosting the connection and connectee. The host NOC is the company that facilitates the connection at the PCC.
The NOC hosting the connection is responsible for undertaking the Stage 3 harmonic assessment. In accordance with Engineering Recommendation G97 [10], the NOC may allow a third party, or the connectee, to perform the harmonic assessment and prepare the harmonic specification. In such cases, the overall responsibility remains with the NOC hosting the connection.
The flowchart shown in Figure 14 illustrates the Stage 3 assessment process.
[bookmark: _Ref502387431]Figure 14 – Stage 3 Assessment Process Flow Connection offer signed
Set up harmonic model for the year of connection (at least, include other years as appropriate)

Measure pre-existing background harmonic voltage at PCC and remote nodes (Vh-bg-pcc), (Vh-bg-n)
Calculate harmonic transfer coefficients to remote nodes to identify susceptible remote nodes
 
Calculate harmonic headroom at the PCC and remote nodes (Hh-PCC), (Hh-n-PCC)
Is connection voltage  132 kV
No
Yes
Determine apportionment multiplier M (M = 0.5)
 
Calculate kM using Si and appropriate 
 
Determine M from the normalised apportionment curve
Calculate incremental harmonic voltage limit (Vh-Limit-Inc) 
 
Calculate total harmonic voltage limit (Vh-Limit-Total)
Populate harmonic emission limit table
Apportion the PCC harmonic headroom: Calculate Vh-Limit-Change   
 


[bookmark: _Toc502852439]Impedance Loci
The NOC shall be responsible for the determination of the harmonic impedance of the network at the PCC and shall include this in the harmonic specification. This is usually provided in the form of impedance loci, although other forms of representation, such as tabular data, are not precluded. 
The impedance loci represent the supply system impedance at the PCC for all harmonic frequencies that are to be included in the assessment and for which harmonic limits are issued. The impedance spectrum may be divided into different ranges of frequencies to allow analysis of impedance in narrower bands of harmonics. The harmonic impedance at the PCC is also referred to as the equivalent self-impedance or the Thévenin harmonic impedance.
The impedance loci shall be set up according to the year of connection, or to the most-appropriate time considering other connections in the vicinity. This shall be at the discretion of the NOC hosting the connection. The loci shall be determined for different network conditions including, but not limited to, different network demand/generation and outage patterns under normal operating conditions (as previously defined). Seasonal variations of generation and load shall be considered. 
The impedance loci of the PCC shall form the definition of the network to which the connectee is to connect. Any design work including mitigation (if needed), post-connection assessments of harmonic performance and compliance with the harmonic specification by calculation shall refer to this definition.
Any impedance loci that form part of the harmonic specification may include all the equipment that will be connected to the system at the time of the User’s connection, including that of other NOCs and that of other Network Users. The extent of the network considered in the assessment is at the discretion of the NOC hosting the connection.	Comment by Peter Haigh: Is plant different from equipment?

If so, then we ned to define them both and be careful which is used. 

If not, then it is best to choose one and standardise.
[bookmark: _Toc502852440]Measurement of the Levels of Pre-existing Background Harmonic Voltage
The levels of pre-existing background harmonic voltage at the PCC  are measured and included in the harmonic specification. The measurement shall be done according to IEC 61000-4-30 [7] and IEC 61000-4-7 [8] and based on the 95-percentile of at least seven contiguous days of measurement. When three-phase measurement is available, the highest amongst all three phases for each harmonic order shall be included in the specification, along with the voltage THD. Monitors conforming to Class A requirements in IEC 61000-4-30 [7] shall be used.
As part of the Stage 3 assessment, it is a requirement to consider remote nodes, so as to ensure that the planning levels at those nodes are not exceeded. Remote nodes are defined as those substations in the public supply system that are at the same voltage level as the connection, or are at one voltage level above that of the connection and voltage levels below, excluding LV. The above requirements for the PCC also apply to measurement of levels of pre-existing background harmonic voltage at the remote nodes included in the assessment. Synchronised measurement of local (PCC) and remote nodes is desirable but not essential.
Where measurements are not possible, levels of pre-existing background harmonic voltage should be estimated using measurements from electrically adjacent sites.
[bookmark: _Ref502394130][bookmark: _Toc502852441]Incremental Harmonic Voltage Limit
Incremental harmonic voltage is defined as the harmonic voltages that are produced, at the PCC, by the connectee due to harmonic current or voltage emission from the connectee’s non-linear equipment.
An incremental harmonic voltage limit applies to each harmonic order and to the voltage THD. Each incremental harmonic voltage limit is the maximum amount of harmonic voltage that the connectee can produce at the PCC due to current or voltage emission from their equipment.	Comment by Peter Haigh: I have changed the term here as network user could include existing connectees and the new connectee. I think this is referring just to the new connectee, who is subject to the limits. 
Please review.

What about the impact of their connection on the background? Is any mention made of how to split out the effect of the background modification from the effect of their emissions by, for example, measuring the output of their emitting plant over a period of time and comparing high and low emission times with times when the connectee is disconnected?

Maybe this is one for the guidance document ETR 122-new.
Due to the direct impact of incremental harmonic voltages on remote nodes, these shall be considered when setting the limits at the PCC. 
Due to the significant volume of connections at 33 kV and below, the NOC hosting the connection may decide to exclude remote nodes in the Stage 3 assessment. This is recommended if the pre-existing background harmonic level at the PCC is below 50% of the planning levels for all harmonics and the transfer coefficients (as defined in Section 8.3.1), are below 1.2 for harmonics below the 5th order and below 1.8 for harmonics above and including the 5th order.   
The setting of incremental limits consists of several steps, dealt with sequentially in the following subsections.
[bookmark: _Toc502852442]Transfer Coefficients
The impact on remote nodes is assessed by the use of harmonic transfer coefficient, defined by Equation 51.

Equation 51
Where:
	h		is the harmonic order;
	Th-PCC-n		is the harmonic transfer coefficient at order h between the PCC and Node n;
	Vh-PCC		is the harmonic voltage produced by emission of harmonic current or voltage 			from the connectee’s equipment, as seen at the PCC;
	Vh-PCC-n		is the harmonic voltage produced by emission of harmonic current or voltage 			from the connectee’s equipment, as seen at Node n;
	|Zh-PCC|		is the modulus of the self (Thévenin) impedance at harmonic order h at the 			PCC. It may be directly obtained from the harmonic model and is equal to 			(Vh‑PCC / Ih-PCC);
	|Zh-PCC-n|	is the modulus of the transfer (mutual) impedance, at harmonic order h, 				between the PCC and Node n. It may be obtained directly from the harmonic 			model and is equal to (Vh‑PCC-n / Ih-PCC); and
	Ih-PCC		is the harmonic current injected into the PCC due to emission from the 				connectee’s equipment.
Note that the self-impedance of the PCC and the transfer impedance between the PCC and remote nodes in a network are readily available through the use of harmonic analysis software.
The harmonic transfer coefficient may be used to eliminate less-susceptible nodes in the network from consideration. For example, the NOC may choose to consider only remote nodes in the assessment with harmonic transfer coefficients higher than 1.25. The threshold at which the less-susceptible remote nodes are eliminated from consideration shall be at the discretion of the NOC hosting the connection.   
[bookmark: _Toc502852443]Calculation of Harmonic Headroom
In order to set the incremental harmonic voltage limit (Vh-Limit-Inc), the harmonic headroom at the PCC and at remote nodes shall be calculated according to Equation 52 and Equation 53, respectively.

Equation 52


Equation 53

Where:
	Hh-PCC		is the harmonic (h) voltage headroom at the PCC;
	Hh-n 		is the harmonic (h) voltage headroom at Node n;
	Vh-PL		is the planning level for harmonic voltage h;
	Vh-bg-PCC		is the measured level of pre-existing background harmonic (h) voltage at the 			PCC; 
	Vh-bg-n		is the measured level of pre-existing background harmonic (h) voltage at 				Node n; and
	α		is the aggregation exponent, see Table 14.
The remote node harmonic headroom is transferred to the PCC using the harmonic transfer coefficient, as given by Equation 54.

Equation 54

In Equation 54, Hh-n-PCC is the harmonic (h) headroom of Node n, transferred to the PCC, that, if fully utilised by the new connection (seen as transferred at the PCC), will cause the harmonic level at Node n to reach the planning level for harmonic h.
[bookmark: _Toc502852444]Apportionment Multiplier for Harmonic Voltage Headroom 
The harmonic headroom at the PCC, and all other remote nodes transferred to the PCC, shall be apportioned according to Equation 55 to enable the calculation of the incremental limit. 

Equation 55
Where:
	Vh-Limit-Inc	is the incremental harmonic voltage limit (in % h = 1) at the PCC; and
	M 		is the apportionment multiplier, as defined in Sections 8.3.3.1 and 8.3.3.2.
The apportionment multiplier operates on the node with the minimum headroom, so as to ensure that all nodes will remain compliant. 
Due to differences in the network topologies, typical connection size, fault levels and number of connections that need to be considered under a Stage 3 assessment, the apportionment multiplier M is defined separately for distribution and transmission networks above 132 kV.
[bookmark: _Ref502391915]Apportionment Multiplier for Voltages of 132 kV and Below
The apportionment multiplier (M) for voltages of 132 kV and below is 0.5. 
All connectees, whether generation, demand or any other entity that applies to connect to the public supply system, irrespective of their size, shall be allocated 50% of the available headroom, as per Equation 56.

Equation 56
[bookmark: _Ref502391917]Apportionment Multiplier for Voltages Above 132 kV
The apportionment multiplier (M) for voltages above 132 kV is defined in relation to the MVA rating of the connection, as given in the BCA.
[bookmark: _Ref502392482]The apportionment multiplier (M) is defined as a function of a parameter kM, which is defined as the ratio of the connection size and β, as defined in Equation 57, where β is given in Table 21 for each voltage level. 

	Equation 57	
Where:
	Si	is the connection MVA, as given in the BCA; and
	β	is a constant, defined in Table 21. 
[bookmark: _Ref502392962]Table 21 – β for Voltages above 132 kV
	Nominal Voltage (Phase–Phase, in kV)
	β Value

	132 ≤ V ≤ 275
	1000

	275
	1500

	400
	2000



The apportionment multiplier is determined from the normalised apportionment curve shown in Figure 15, using the calculated value of kM.
	Comment by Peter Haigh: In this plot, the series names should be edited to:

“Multiplier for Voltages Above 132 kV”
and
“Multiplier for Voltages of 132 kV and Below”
[bookmark: _Ref502393652]Figure 15 – Apportionment Multiplier (M) vs kM

The set of analytical equations, Equations 58 to 61, which represent Figure 15, can be used instead of the normalised curve to determine M for any kM. 
[bookmark: _Ref502393784]
Equation 58

Equation 59

Equation 60
[bookmark: _Ref502393792]
Equation 61

The multiplier (M) as defined by Equations 58 to 61, or Figure 15, shall be used with Equation 55 to allocate the headroom and subsequently set the limit for incremental harmonic voltage.
[bookmark: _Ref502398780][bookmark: _Toc502852445]Total Harmonic Voltage Limit at the PCC
The total harmonic voltage limit at the PCC takes into account three parameters:
1. The pre-existing background harmonic voltage level;
The incremental change due to harmonic emission, as described in Section 8.3; and
The modification of the levels of pre-existing background harmonic voltage due to the harmonic impedance of the new connection.


[bookmark: _Toc502852446]Total Harmonic Voltage Change Limit
The total harmonic voltage change limit (Vh-Limit-Change) at the PCC takes into account items 2 and 3 above. 
The apportionment of the PCC harmonic voltage headroom for this purpose is given by Equation 62.	Comment by Peter Haigh: Was this “local (PCC)” for a reason?

I am assuming that the limits always apply at the PCC and so this is the point of interest here. Please review to verify this assumption.

Equation 62
Where:
	Vh-Limit-Change	is the total harmonic voltage change limit resulting from the apportionment of 			PCC headroom. This limits the total change in harmonic levels allowed at the 			PCC due to the new connection;
	Hh-PCC		is the harmonic voltage headroom at the PCC; and
	M 		is the apportionment multiplier, as defined in Section 8.3.3.1 for voltages of 			132 kV and below and in Section 8.3.3.2 for voltages above 132 kV.
Vh-Limit-Change is inherent in the total harmonic voltage limit (Section 8.4.2) and need not be explicitly provided in the harmonic specification.
For the purpose of calculating the total harmonic voltage change limit, only the headroom at the PCC is considered – not the transferred headroom from remote nodes. This is justified by the observation that, in a strongly meshed power system, the modification of levels of pre-existing background harmonic voltage at the PCC does not have a strong impact on remote nodes in the same way as is observed for incremental changes at the PCC due to harmonic emissions from the new installation.
[bookmark: _Ref502394940][bookmark: _Toc502852447]Total Harmonic Voltage Limit
The total harmonic voltage limit (Vh-Limit-Total) is set by aggregating the levels of pre-existing background harmonic voltage (Vh-bg-PCC) with the total change that the new connection is allowed to produce at the PCC (Vh‑Limit‑Change), defined as Vh-Limit-Total and calculated as shown in Equation 63.

Equation 63

Substituting for Vh‑Limit‑Change gives Equation 64.


Equation 64
Substituting for Hh-PCC and rearranging Equation 64 gives Equation 65.

Equation 65

For setting the total harmonic voltage limit, only the MVA rating of the new connection and the levels of pre-existing background harmonic voltage at the PCC are required.
[bookmark: _Toc502852448]Harmonic Change Limit Due to the Modification of the Pre-existing Levels of Background Harmonic Voltage
This limit is inherent in the total harmonic voltage limit and need not be explicitly specified when setting the limits. During the design stage it can be determined by the new connectee. 
The connectee’s harmonic emissions and network data are required to enable this, as this limit depends on the voltage produced at the PCC by the emissions of harmonic current and voltage from the new connectee’s equipment (Vh-Inc).	Comment by Peter Haigh: Please verify this edit in case I have obfuscated the meaning.
The portion of the total harmonic voltage change limit (Vh-Limit-Change) that can potentially be utilised as an allowance for the change in the pre-existing levels of background harmonic voltage (due to the harmonic impedance of the new connection) can be calculated by Equation 66 or Equation 67.	Comment by Peter Haigh: Is it mentioned anywhere how (if?!) the impedance of the new connection impacts the emissions once they arrive at the PCC from within the connection’s network?

Equation 66


Equation 67
Where:
	Vh-Limit-Resonant	is the harmonic voltage change limit that can be utilised for the modification 			of the levels of pre-existing background harmonic voltage; and
	Vh-Inc		is the incremental harmonic voltage at the PCC, produced as a result of 				emissions of harmonic current and voltage from the connectee’s equipment 			and shall always be less than or equal to Vh-Limit-Inc.
In practice, it is found that for some harmonics, Vh-Inc may be zero and will always be equal or less than Vh‑Limit‑Inc. The difference between Vh‑Limit‑Inc and Vh-Inc may be used to accommodate for the effects of modification of the levels of pre-existing background harmonic voltage. However, the allowance for modification of the levels of pre-existing background harmonic voltage may not be used to accommodate for the incremental changes. In other words, spare incremental headroom may be used for modification, but not vice versa.
[bookmark: _Toc502852449]Final Harmonic Voltage Limit Table
The minimum requirements for overall limits issued to the connectee is as shown in Table 22. 
The limiting headroom of the critical remote nodes, transferred to the PCC, (Vh-Limit-Change) and (Vh‑Limit‑Resonant), may be included in the harmonic specification. The inclusion of this additional information is at the discretion of the NOC hosting the connection. 
In accordance with the recommendation within IEC/TR 61000-3-6 [21], for customers having a low agreed MVA, the limits may yield impractically low values. If the voltage emission limits at some harmonic orders become smaller than 0.1%, then they may be set equal to 0.1%, except where there is a risk of telephone interference, or if this corresponds to a remote-control frequency, for which a more-severe restriction may be justified.
Considering the tolerance of the measurement system – including voltage transducers and monitors and the noise susceptibility of the complete measurement channel – harmonic levels below 0.1% may be affected by noise and may therefore not be measured accurately. For this reason, the measured levels of pre-existing background harmonic voltage recorded to be below 0.05% may be set to zero and those between 0.05% and 0.1% may be set to 0.1%.
The use of the above is at the discretion of the NOC hosting the connection.
[bookmark: _Ref502398156]Table 22 – Example Limits Forming Part of a Harmonic Specification
	Harmonic order 
h
	Pre-existing levels of background harmonic voltage distortion prior to connection of the User’s equipment
(% h = 1)
	Incremental harmonic voltage distortion limit (due to harmonic emission)
(% h = 1)
	Total harmonic voltage distortion limit
(% h = 1)

	2
	TBA
	TBA
	TBA

	3
	TBA
	TBA
	TBA

	…
	TBA
	TBA
	TBA

	…
	TBA
	TBA
	TBA

	…
	TBA
	TBA
	TBA



All values in the above table apply at the PCC.
[bookmark: _Toc502852450]Definition of Compliance
Compliance with the Stage 3 harmonic specification is achieved if the new connection satisfies two requirements:
1. Compliance with the incremental harmonic voltage limits (Vh-Limit-Inc); and 
Compliance with the total harmonic voltage limits (Vh-Limit-Total). 
[bookmark: _Toc502852451]Compliance with the Incremental Harmonic Voltage Limit
The incremental harmonic voltage change (Vh-Inc) due to the emission from the new installation shall be less than or equal to the incremental harmonic voltage limit described in Section 8.3 and by Equation 68.

Equation 68
[bookmark: _Toc502852452]Compliance with the Total Harmonic Voltage Limit 
The total harmonic voltage at the PCC shall be less than or equal to the total harmonic voltage limit (Vh‑Limit-‑Total), as described in Section 8.4 and by Equation 69.

Equation 69
Where:
	Vh-Total 		is the total harmonic level at the PCC due to the new connection and is given 			by the aggregation of the incremental harmonic voltage produced by the new 			connection at the PCC and the modified pre-existing background harmonic 			voltage at the PCC.

Equation 70
Where:
	|Zh-PCC-Pre|	is the modulus of the self-impedance at the PCC before the new 					connection; and
	|Zh-PCC-Post|	is the modulus of the self-impedance at the PCC after the new connection. 
Data from the new connectee’s installation is required to enable calculation of the post-connection self-impedance of the PCC. 
[bookmark: _Toc502852453]Compliance Report
The post-design compliance report, which is to be submitted to the NOC by the new connectee, shall include but not be limited to the following:	Comment by Peter Haigh: Is it worth adding in mention of timescale here?

Maybe “... to a timescale agreed between the new connectee and the NOC... ”
1. Demonstration of compliance with the harmonic specification, which contains, as a minimum, compliance with the incremental harmonic voltage limit and total harmonic voltage limit at the PCC;
Presentation of Vh-Inc, taking into account all operating conditions and configurations of the new installation; presentation of the corresponding Vh-Limit-Resonant value;
Presentation of Vh-Total, considering all operating conditions and configurations of the new installation;
Equivalent Thévenin harmonic impedance of the proposed installation as seen from the PCC, with different values, as applicable, to cover the various operating conditions and configurations of the installation; and
Equivalent Thévenin voltage or Norton current source harmonic emission model at the PCC, with different values, as applicable, to cover the various operating conditions and configurations of the installation in relation to the corresponding abovementioned equivalent Thévenin harmonic impedance.
For the avoidance of doubt, the equivalent Thévenin/Norton models seen from the PCC are to be determined without the inclusion of the new installation’s connection to the supply system, as shown in Figure 16.
[image: ]

[bookmark: _Ref502400045]Figure 16 – Voltage and Current Source Equivalents for the New Connection
[bookmark: _Toc502852454]Verification of Compliance
Compliance with the specified harmonic limits shall be verified by harmonic measurements made by the NOC before, during and after commissioning is complete, including full normal operation. It is desirable that at least four weeks of harmonic measurement is carried out before the commissioning begins, allowing the levels of pre-existing background harmonic voltage of the supply system at the PCC to be established, immediately before the new connection is connected to the supply system – prior to connection during the commissioning stages, which should also be monitored. The continuous monitoring during commissioning, and afterwards, will show the changes that the new connection causes at the PCC, for the supply system configuration at the time of commissioning.     
It must be recognised, however, that an installation could be correctly designed according to a NOC harmonic specification and yet result in measured harmonic voltages above the specified limits. The possible reasons for this include:
The actual network impedance at the time of measurement may fall outside of the impedance loci provided by the NOC for design purposes. This may be due to changes in the network itself that were not considered during the Stage 3 assessment.	Comment by Peter Haigh: .... or data errors in the system model used...?!
Is it worth saying this?

or inaccuracies in the submitted data deployed in the data model? (puts modelling inaccuracy blame across to previous connectees)
The actual phasor addition of background harmonic voltages with those resulting from the new connection may be aggregated in a more linear manner than is given by the aggregation rule and corresponding exponent used in the harmonic specification.
[bookmark: _Toc502852455]Connection Queue and Concurrent Connections
In the cases where multiple connections are expected to connect within similar timescales, the order of allocating limits and issuing the harmonic specification is determined by the date at which the connection offer is signed by the connectee. 
Once a connectee’s installation is commissioned and fully operational, the connectee is considered to be part of the pre-existing background harmonic voltage and new measurements shall be taken for the next connection application.
In cases where the next connectee should be issued the harmonic specification before the first in the queue is commissioned – thus before the first connection becomes part of the network – the harmonic voltage limits issued to the first connectee may be used to estimate the levels of pre-existing background harmonic voltage for the next connectee. The process is presented below.
[bookmark: _Toc502852456]Concurrent Connections at the Same Node
In cases where two connections in the queue are connecting to the same node within a relatively short time of each other, the levels of pre-existing background harmonic voltage for the second connection must be estimated to account for the previous connection, whose limits have already been calculated. It is assumed that the levels of harmonic voltage distortion at the PCC will rise to the total limit level that was assigned to the first connection, as shown by Equation 71.

Equation 71
Where:
	Vh-bg-PCC-2	is the updated levels of pre-existing background harmonic voltage for the 			second connectee – taking into account the limits issued to the first 				connectee; and
	Vh-Limit-Total-1	is the total harmonic voltage limit issued to the first connectee.
The harmonic headroom at the PCC for the second connectee can be calculated using the levels of pre-existing background harmonic voltage given by Equation 71, resulting in Equation 72.

Equation 72

Where:
	Hh-PCC-2		is the harmonic headroom at the PCC for the second connectee;
	Vh-Limit-Total-1	is the total harmonic voltage limit issued to the first connectee; and
	Vh-PL		is the planning level for harmonic voltage h. 
All other transferred headroom values from remote nodes shall also be corrected by the incremental limit issued to the first connectee, in accordance with Equation 73.

Equation 73
Where:
	Hh-n-PCC-2	is the harmonic headroom at remote node n transferred to the PCC and 				modified by the incremental harmonic limit issued to the first connectee; and
	Hh-n-PCC-1	is the harmonic headroom at remote node n transferred to the PCC for the 			first connection, calculated according to Equation 74.

Equation 74
[bookmark: _Toc502852457]Concurrent Connection at Electrically Near Nodes
In cases where two connections in the queue are connecting to nodes electrically close within a relatively short time of each other, the levels of pre-existing background harmonic voltage for the second connection must be estimated to account for the previous connection, whose limits were already calculated.
The pre-existing background harmonic voltage levels at all nodes within the study shall be modified by the incremental limit issued to the first connectee. It is assumed that the levels of pre-existing background harmonic voltage at the first PCC will rise to the total harmonic limit that was assigned to the first connectee.
1. The harmonic headroom at the first point of common coupling (PCC-1) is modified by the total harmonic limit (Vh-Limit-Total-1) as described by Equation 73. This headroom is then transferred to the point of common coupling for the second connection (PCC-2), by using the harmonic transfer coefficient from PCC-2 to PCC-1. Note that the harmonic transfer coefficient from PCC-2 to PCC-1 may not be equal to the harmonic transfer coefficient from PCC-1 to PCC-2.
The levels of pre-existing background harmonic voltage at all other remote nodes, shall be modified to account for the incremental limit issued to the first connectee (Vh‑Limit‑Inc‑1) at PCC-1. The incremental harmonic voltage limit issued to the first connectee is used, together with the harmonic transfer coefficients from PCC-1 to all other nodes, including PCC-2, to modify the levels of pre-existing background harmonic voltage at those nodes – resulting in a new set of harmonic headroom values at all nodes. Once the new, corrected, harmonic headroom values are determined, the apportionment of the newly calculated headroom values is carried out as described in Section 8 of this document (using the amended headroom values).	Comment by Peter Haigh: I tried to tighten the wording here, but please review this.
When the first connectee is issued its harmonic specification, the full design may not be yet known. It is, however, recommended that the estimated harmonic impedance of the first connectee’s proposed installation should be included in the harmonic model when the new harmonic transfer coefficients from PCC-2 are calculated.
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[bookmark: _Ref502407709][bookmark: _Toc502852459]
Terminology and Descriptions
A converter is a term used to refer to a power electronic device that changes voltage from AC to DC or DC to ac. There are also other forms of converters that convert DC to DC or AC to ac.
A rectifier is a power electronic device that converts an input AC voltage to an output DC voltage. An inverter is a power electronic device that converts an input DC voltage to an output AC voltage.
A six-pulse diode rectifier is shown in Figure A 1. The same can be realised by replacing the diodes with thyristors as shown in Figure A 2. These rectifiers produce odd harmonic (h = (6 × n) ± 1, n = 1, 2....) voltages and currents that are not divisible by three on the AC side. The diode rectifier is often referred to as uncontrolled, whereas the implementation with thyristors is called a controlled rectifier; this is because the conduction of the thyristor is initiated by the application of a gate pulse.
[image: ][image: ]









[bookmark: _Ref502405503]Figure A 1 – Six-pulse Diode Rectifier 		Figure A 2 – Six-pulse Thyristor Rectifier

[image: ]In an active front-end (AFE) converter, the diode bridge rectifier is replaced by self-commutated IGBT modules, as shown in Figure A 3. The AFE converters have the ability to transfer power both ways (from ac side to dc side or vice versa). It is called self-commutated because the IGBT modules can be switched on and off as required. The IGBTs can be represented with switches, as shown in Figure A 4.

[bookmark: _Ref502405793]	Figure A 3 – AFE Rectifier 			Figure A 4 – Simplified 	Representation of 								AFE Rectifier
The IGBTs are switched on and off at a frequency of a few kHz and, depending on the switching frequency, produce harmonic current and voltage emissions into the AC supply. In contrast to six-pulse converters with diode rectifiers, AFE converters can produce both odd and even harmonics, depending upon the switching frequency used. Figure A 5 shows a typical arrangement of an AFE rectifier and an inverter.
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[bookmark: _Ref502406014]Figure A 5 – AFE Converter

AFE converters produce currents with very low total harmonic current distortion (~3%) compared to diode bridge rectifiers (~30%). In addition, AFE converters have the ability to produce reactive power, whereas diode bridge rectifiers have to be supplied with reactive power.  
A single-phase full-wave diode rectifier with smoothing capacitor is shown in Figure A 6.  Odd harmonic emissions dominate, particularly the lower orders.
	[image: ]
[bookmark: _Ref502406793]Figure A 6 – Single-phase Full-wave Diode Rectifier
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Thyristor

Insulated gate bipolar transistor (IGBT) with a freewheel diode

IGBT represented as a switch

Capacitor







[bookmark: _Ref502407683][bookmark: _Toc502852460]Modification of Minimum Short-circuit Power (SSC PCC Min)
In practice, X/R ratios in distribution systems vary depending on the particular distribution network.  Specific values can typically vary from 0.5 to 1.5 or more. The exact values depend, in general, on transformer capacity and the amount, and type, of and LV main and service used; in the case of large capacity transformers, the HV network also has a bearing.
Table 16 is based on a source impedance X/R ratio of 0.625 for ISCC < 100 A and 1.0 for ISCC ≥ 100 A.  These values correspond to the X/R ratios of the reference impedances in IEC TR 60725 [13]. To adjust the minimum short-circuit power (SSC PCC Min) derived using Equation 8 for a known source impedance X/R ratio, multiply the SSC PCC Min value by the corresponding factor in Table B 1 or Table B 2, as appropriate. 
[bookmark: _Ref502407728] Table B 1 – Multiplier for ISCC < 100 A
	 
	Multiplier

	M
	X/R = 0.5
	X/R = 0.6
	X/R = 0.625
	X/R = 0.7
	X/R = 0.8
	X/R = 0.9
	X/R = 1.0
	X/R = 1.1
	X/R = 1.2
	X/R = 1.3
	X/R = 1.4
	X/R = 1.5

	1
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	2
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	3
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	4
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	5
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	6
	0.912
	.983
	1.000
	1.049
	1.108
	1.160
	1.206
	1.247
	1.282
	1.312
	1.339
	1.362

	7
	0.912
	.983
	1.000
	1.049
	1.108
	1.160
	1.206
	1.247
	1.282
	1.312
	1.339
	1.362

	8
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	9
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236

	10
	0.947
	0.990
	1.000
	1.030
	1.068
	1.102
	1.132
	1.158
	1.182
	1.202
	1.220
	1.236



[bookmark: _Ref502407730]Table B 2 – Multiplier for ISCC ≥ 100 A
	 
	Multiplier

	M
	X/R = 0.5
	X/R = 0.6
	X/R = 0.625
	X/R = 0.7
	X/R = 0.8
	X/R = 0.9
	X/R = 1.0
	X/R = 1.1
	X/R = 1.2
	X/R = 1.3
	X/R = 1.4
	X/R = 1.5

	1
	0.837
	0.874
	0.884
	0.910
	0.994
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	2
	0.837
	0.874
	0.884
	0.910
	0.994
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	3
	0.837
	0.874
	0.884
	0.910
	0.994
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	4
	0.837
	0.874
	0.884
	0.910
	0.994
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	5
	0.837
	0.874
	0.884
	0.910
	0.994
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	6
	0.756
	0.815
	0.829
	0.869
	0.918
	0.962
	1.000
	1.033
	1.062
	1.088
	1.110
	1.129

	7
	0.756
	0.815
	0.829
	0.869
	0.918
	0.962
	1.000
	1.033
	1.062
	1.088
	1.110
	1.129

	8
	0.837
	0.874
	0.884
	0.910
	0.944
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	9
	0.837
	0.874
	0.884
	0.910
	0.944
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092

	10
	0.837
	0.874
	0.884
	0.910
	0.944
	0.973
	1.000
	1.023
	1.044
	1.062
	1.078
	1.092



Multiplier for Voltages above 132 kV	0.01	0.05	0.25	1	1.2	0.1	0.1	0.5	0.66	0.66	Multiplier for132 kV and below	1.2	0.5	0.01	0.5	0.5	0.5	kM
Apportionment Multiplier (M)
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