Proposed Stage 3 Assessment
Stage 3 assessment was discussed on 25/09/2017. This note presents the background discussions, the proposal and work examples.
stage 3 harmonic specification
It was agreed that the network owner (NO) at the point connection issue harmonic specification to the potential network user which shall consist of four main components, as outlined below. 
i. Impedance loci at the point of connection.
ii. Pre-existing background harmonic voltage levels.
iii. Limits for individual harmonic order for incremental harmonic voltages produced by the connectee’s equipment emission at the point of connection, this is .
iv. Limits for individual harmonic voltages for total effect of the connectee’s equipment at the point of connection, which accounts for the incremental harmonic voltages due to emission from the user equipment and modification of pre-existing background harmonic voltages, this is .
The harmonic specification shall be part of the bilateral connection agreement (BCA) between the NO hosting the connection and connectee.
impedance loci
The impedance loci represent the supply system equivalent Thevenin impedance for all harmonic frequencies that should be included in the assessment and for which harmonic limits are issued. Usually the impedance spectrum is divided into different ranges of frequencies to allow analysis of impedance in narrower bands of harmonics.
Standard rules and methods apply that can be referenced in the revised G5 document. The impedance loci are determined for different network conditions, including but not limited to, different network demands/generation and outages in normal network operating conditions. Thus, the definition of normal operating condition should be provided with reference to SQSS for Transmission Network Operators and ENA P2 for Distribution Network Operators.
One other issue that needs to be addressed is the effect of the first connectee installation on the impedance loci provided to the next in the queue. If it is assumed that the first connectee installation consists of long cables and a number of filter/capacitor/reactor banks then the impedance loci at the point of connection may be affected significantly. If the next in the line connects to the same node or in close vicinity of the first then theoretically the impedance loci cannot be issued until the first connectee completes their design and the network owner completes their modelling and loci determination. This process can be longer than at least six month before the next connectee can start their harmonic compliance analysis. 
pre-existing background harmonic voltages measurement
The pre-existing harmonic background voltages at the point of common coupling (PCC) nearest to the point of connection are measured and included in the harmonic specification. The measurement shall be done according to IEC 61000-4-30 and IEC 61000-4-7 and based on 95-percentile of at least one week measurement. When three phase measurement is available the highest amongst all three phases for each harmonic and the voltage THD shall be included in the specification. Monitors conforming to Class A requirements in IEC 61000-4-30 shall be used.
As part of the Stage 3 assessment, it is a requirement to consider the remote nodes to ensure that the planning levels at those nodes are not exceeded. The above requirements for the PCC also apply to measurement of pre-existing background harmonic voltages at the remote nodes included in the assessment. Synchronise measurement of local (PCC) and remote nodes is desirable but not essential.
For new connection sites, which are not yet constructed, measurements will not be possible. In this case, pre-existing background harmonic voltage levels may be estimated using measurements from adjacent sites.
modelling requirement
Stage 3 assessment requires harmonic voltage measurement data and network modelling.
The model to carry out the Stage 3 assessment shall be set up according to the year of connection or the most appropriate year considering other connections in the vicinity. This shall be at the discretion of the NO hosting the connection. The loci shall be determined for different network conditions, including but not limited to, different network demands/generation and outages in normal network operating conditions. Seasonal variations of the generation and load should be considered.
Normal operating conditions that include outages according to transmission SQSS and distribution network requirement outlined in ENA P2 shall be included. 
Normal operating condition is defined as the system state that may be intact or depleted but secure outside of the post-fault switching time scale. 
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 polluting or non-linear equipment.
Incremental harmonic voltage limit is the maximum amount of harmonic voltage that network users can produce at the PCC by current or voltage emission from their equipment.
Due to the direct impact of incremental harmonic voltages on remote nodes, these shall be considered when setting the limits at the PCC. Remote nodes are defined as those substations in the public supply system that may be at the same voltage level as the connection, one voltage level above and voltage levels below.
The setting of incremental limits consists of several steps.
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Transfer Coefficient 
The impact on remote nodes is usually assessed by using harmonic transfer coefficients defined by (1).
	(1)
Where:
h:  the harmonic order.
: harmonic transfer coefficient at order h between PCC and Node n.
: harmonic voltage produced by the connectee’s equipment at the PCC. 
: harmonic voltage produced by the connectee’s equipment at remote node n.
 : the modulus of the self (Thevenin) impedance at harmonic order h at the PCC. It may be directly obtained from the harmonic model and is equal to 
 : 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  
: is the harmonic current injected into the PCC by the connectee’s equipment

Note 1: 	the self impedance of the PCC and transfer impedance between the PCC and remote nodes in a network can be readily calculated by harmonic analysis software.
Note 2:	the harmonic transfer coefficient may be used to screen less susceptible nodes in the network to the emission from the new equipment at PCC. For example, the NO 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 screened shall be at the discretion of the NO hosting the connection.   
Calculation of Harmonic Headroom
In order to set the incremental limit, Vlimit-inc, the harmonic headroom at the PCC and at remote nodes shall be calculated according to (2) and (3).
 	(2)

	(3)
Where:
: is the harmonic voltage headroom at the PCC.
: is the harmonic voltage headroom at Node n.
: Planning Level for harmonic voltage h. 
: measured pre-existing background harmonic voltage at PCC.
: measured pre-existing background harmonic voltage at Node n.
: the aggregation exponent, see Table 14. (of the general text).

The remote node harmonic headroom is transferred to the PCC by using the harmonic transfer coefficient, as given by (4) below.
  	(4)

Note 3:   is the harmonic headroom of Node n transferred to PCC that if fully utilised by the new connection at the PCC causes the harmonic level at Node n to reach the Planning Level.
 Apportionment Multiplier for Harmonic Voltage Limit 
 The harmonic headroom of PCC and all other remote nodes transferred to the PCC will then apportioned according to (5) to calculate the incremental limit. 
	(5)
Where:
 is the incremental limit enforced at the PCC.
M is the apportionment multiplier.
Note 4: 	the apportionment multiplier operates on the minimum of all headrooms to ensure all nodes will remain compliant. 
Due to difference in network topologies, typical connection size, fault levels and number of connections that need to be considered under Stage 3 assessment, the apportionment multiplier M is defined for distribution and transmission networks separately.
Apportionment Multiplier for Voltages of 132 kV and Below
The apportionment multiplier for voltage of 132 kV and below is 0.5. All connectees whether generation or demand, irrespective of their size, shall be allocated 50% of the available headroom, thus:
	(6)
Apportionment Multiplier for Voltages of 275 kV and 400 kV
The apportionment multiplier, M, for voltages of 275 kV and 400 kV is defined in relation to the MVA size of the connection, as defined in Bilateral Connection Agreement (BCA).
Parameter k is defined as the ratio of the connection size and , as defined in (7), where  for each voltage level is given in Table 1. 
[bookmark: OLE_LINK1]	(7)

Where:
Si: is the connection MVA, as given in the BCA.
: is a constant given in Table 1. 
[bookmark: _Ref440029500]
[bookmark: _Ref449419111][bookmark: _Ref449419101]Table 1-  for 275 kV and 400 kV
	Nominal Voltage (kV)	
	275	1500
	400	2000

The apportionment multiplier is determined from the normalised apportionment curve shown in Fig1, after the parameter k is calculated.
[image: ]
Fig 1- Normalised Apportionment Multiplier vs k Parameter

Analytical equations (8.a), (8.b), (8.c) and (8.d), which represent Fig 1, can be used, instead of the normalised curve to determine M for any k within the ranges specified by the equations. 

M =0.1	for	k  0.05	(8.a)

	for	0.05  k  0.25	(8.b)

	for 	0.25  k  1.0	(8.c)

M =0.66	for	1.0  k	(8.d)

Once the multiplier is determined (5) is used to allocate the headroom and thus to set the limit for incremental harmonic voltage.
The knee point of the normalised apportionment curve has been selected to give a k of 0.25 at 500 MVA and 375 MVA respectively for 400 kV and 275 kV which are in turn equivalent to the 25th percentile of total connections to the GB network which will be connected up to the year 2022. A k of unity applies for a connection of 2000 MVA at 400 kV and is equivalent to the maximum polluting connection to the GB network for the same period.
total harmonic voltage limit
In order to account for resonant plant within the connectee’s installation a portion of the harmonic headroom at the PCC is allocated. 
The apportionment of the local harmonic voltage headroom is given by (9).
	(9)
Where:
: is the voltage allowance resulted from the apportionment of local (PCC) headroom. 
   is the harmonic voltage headroom at the PCC.
M is the apportionment multiplier, as defined in Section 5.3.1 for voltages at 132 kV and below and in Section 5.3.2 for voltages at 275 kV and 400 kV.
Note 5:	This portion of the local harmonic voltage headroom includes the allocation for the incremental harmonic voltage. Apportionment of PCC headroom is necessary to account for the magnification of the pre-existing background harmonic voltages at the PCC. It is allowed to utilise allocated Incremental Harmonic Voltage Limit to accommodate modification of background but Total Harmonic Voltage Limits shall not be used in place of Incremental Harmonic Voltage Limit.
The harmonic voltage allowance allocated to resonant equipment that can potentially be utilised for modification of pre-existing background harmonic voltages is given by (10). 

 	(10)
 Where:
: is the harmonic voltage allowance that can be utilised for the modification of the pre-existing background harmonic voltages.
Total harmonic voltage limit is set according to the harmonic voltage headroom available at the PCC, ignoring the remote nodes. 

	(11)


stage 3 assessment process flowchart
Flowchart shown in Fig 2 illustrates the Stage 3 assessment process for setting the harmonic limits.
Connection offer signed
Set up harmonic model at least for the year of connection 

Measure pre-existing background harmonic voltage at PCC and remote nodes, 
 
Calculate harmonic transfer coefficients to remote nodes to identify susceptible remote nodes
 
Calculate harmonic headroom at    PCC and remote nodes, 
Is connection voltage  132 kV
No
Yes
Determine apportionment multiplier M (M=0.5)
 
Calculate k using Si and appropriate 
 
Determine M from the normalised apportionment curve
Calculate incremental harmonic voltage limit, 
 
Calculate Total harmonic voltage limit, 
Populate harmonic emission limit table
Apportion the PCC harmonic headroom; calculate    
 

Fig 2- Flowchart for Stage 3 Assessment


final harmonic voltage limit table format
A typical overall limit issued to the connectee is shown in Table 2.

	Harmonic order h
	Pre-existing background harmonic voltage at the PCC prior to connection of the User’s Equipment
(% of fundamental)
	Incremental harmonic Voltage Distortion Limits ( ) due to harmonic current/voltage emission at the PCC 
(% of fundamental)
	Total Harmonic Voltage Emission Limits ()
(% of fundamental)

	2
	TBA
	TBA
	TBA

	3
	TBA
	TBA
	TBA

	…
	TBA
	TBA
	TBA

	…
	TBA
	TBA
	TBA

	…
	TBA
	TBA
	TBA



Table 2- Typical Harmonic Limits Table
 connection queue and concurrent connections
There may be cases when multiple connections are expected to connect within similar timescales. In such cases, the order of allocating limits and issuing the harmonic specification is the date at which the connection offer is signed by the connectee. 
Once a connectee’s installation is commissioned and fully operational, then the connectee is considered to be part of the pre-existing background harmonic voltage and new measurement shall be taken for the next connection application.
There may be cases when the next connectee should be issued the harmonic specification before the first in the queue is commissioned and thus becomes part of the network. In such circumstance, the harmonic voltage limits issued to the first connectee are used to estimate the pre-existing background harmonic voltages for the next connectee. The process is presented below.
Concurrent Connections at the same Node
In this case, it is considered both connections in the queue are connecting to the same node in a relatively short time of each other. Thus, the pre-existing background harmonic voltages for the next connection must be estimated to account for the previous connection whose limits were already calculated.
The new pre-existing background harmonic voltage at the PCC is given by the total harmonic limit, . Note that it is assumed that the harmonic levels at the PCC rise to the total limit by the first connection, as shown by (12).
	(12)
Where:
:	is the updated pre-existing background harmonic voltage for the second connectee taking into account the limits issued to the first connectee.
: 	is the Total harmonic limit issued to the first connectee.
The harmonic headroom at the PCC for the next connection, Connectee 2, can be calculated using the pre-existing background harmonic given by (12), as shown by (13).
	(13)
Where:
: 	is the harmonic headroom at the PCC for the second connectee.
All other transferred headrooms from the remote nodes must also be corrected by the incremental limit issued to the first connectee, as given by (14).
 	(14)
Where:
:	is the harmonic headroom at the remote node transferred to the PCC and modified by the incremental harmonic limit issued to the first connectee.
: 	is the harmonic headroom at the remote node transferred to the PCC for the first connection,  
Note 6: 	The harmonic transfer coefficient from the PCC to remote node n is considered to be unchanged. It can be analytically proved that when new passive elements, such as cables, are connected to a node the self impedance of the node and transfer impedances to other nodes change in the same proportion and thus the harmonic transfer coefficients remain unchanged. 
Concurrent Connection at different Nodes Electrically Near 
The same approach as two connections to the same node is considered. The pre-existing background harmonic levels at all nodes within the study shall be modified by the incremental limit issued to the first connectee. The background harmonic level at the first PCC is assumed to have risen to the total harmonic limit.
i. The harmonic headroom at the first point of common coupling (PCC1) is modified by the harmonic total limit, , as described by (13). This headroom is then transferred to the point of common coupling for the second connection, PCC2, by using the harmonic transfer coefficient from PCC2 to PCC1. Note that the harmonic transfer coefficient from PCC2 to PCC1 may not be equal to the harmonic transfer coefficient from PCC1 to PCC2.
ii. The pre-existing background harmonic levels at all other remote nodes with respect to the first point of common coupling shall be modified to account for the incremental limit issued to the first connectee, e.g. . The incremental harmonic voltage limit issued to the first connectee is used together with the harmonic transfer coefficient from the first point of common coupling (PCC1) to all other nodes, including the point of common coupling for the second connection (PCC2) to modify the pre-existing background harmonic levels at those nodes and the new harmonic headroom at all nodes is then calculated. Once the new corrected harmonic headrooms were determined, the apportionment of the newly calculated headrooms is carried out.
Note 7: 	when the first connection is issued the harmonic specification, the full design may not be yet known. It is recommended that the passive plant of the first connection or at least variant of them are included in the harmonic model and new harmonic transfer coefficients from the second point of common coupling, PCC2, are calculated.
examples: application of stage 3 assessment   
In this section a number scenarios are considered to demonstrate the application of Stage 3 assessment process. For simplicity, only one harmonic is considered, however, the same procedure applies to all harmonics. 
Single Connection
Consider Fig 3, which shows part of a 400 kV system. A 800 MVA wind farm (generator) applies to connect to Node X. 
Harmonic transfer coefficients from Node X to all other nodes are calculated from harmonic model simulation for all scenarios considered in the study, which include intact as well as depleted network conditions. The transfer coefficients are given in Table 3.
Harmonic measurement results at all nodes are given in Table 4. Assume the harmonic order under study is in the range for =1.4 and the Planning Level is 2%.
B
X
Y
A
C

Fig 3- Study Network
Table 3- Highest Harmonic Transfer coefficients from	Table 4- Pre-existing Background
Node X to other Nodes 		Harmonic Level
	Node
	Vbg (%)

	X
	0.5

	Y
	1.0

	A
	1.5

	B
	1.2

	C
	0.25


		From
	To
	Transfer coefficient

	X
	Y
	2

	X
	A
	0.8

	X
	B
	3

	X
	C
	1.5


	 
	
The harmonic headroom at the PCC is calculated.

For Node Y, the same is used and then the headroom is transferred to Node X.









The other headrooms are calculated in the same way and are shown in Table 5.

	Table 5- Harmonic Headrooms
	Node
	Headroom (%)

	HX
	1.79

	HY-X
	0.71

	HA-X
	1.14

	HB-X
	0.41

	HC-X
	1.28



As can be seen the smallest headroom is 0.41% at Node B when transferred to Node X. Therefore, in this case the limiting node is Node B.
Parameter k is now calculated. Since the connection is at 400 kV, then =2000.


From the normalised curve, for k=0.4, M would be equal to 0.532.
[bookmark: _GoBack]For the harmonic under consideration, the incremental and total limits are calculated by multiplying the appropriate headroom, i.e. 0.41by M=0.532, as shown below.
 

The harmonic limits for the harmonic under consideration are given in Table 6.

	Table 6- Harmonic Limit Table for the First Connection at Node X
	Harmonic order h
	Pre-existing background harmonic voltage at the PCC prior to connection of the User’s Equipment
(% of fundamental)
	Incremental harmonic Voltage Distortion Limits ( ) due to harmonic current/voltage emission at the PCC 
(% of fundamental)
	Total Harmonic Voltage Emission Limits ()
(% of fundamental)

	h
	0.5
	0.22
	1.21

	
	
	
	



Two Concurrent Connection at the same PCC
Assume, following the signing of the first connectee of 800 MVA, the second connection of 2000 MVA applies to connect to Node X. Considering  of 2000 for 400 kV systems, k is equal to 1 for the second connection.



From the normalised curve, M=0.66.
The new harmonic headroom at Node X is calculated from:

The harmonic headrooms of the other nodes transferred to Node X are modified by the incremental harmonic limit of the first connection. For example for Node B, the modified transferred headroom is given below:
 
Node B is still the limiting node.
The headrooms are now apportioned and the incremental and total limits are calculated.
 

The harmonic limits for the harmonic under consideration for the second connection at Node X are given in Table 7.

 	Table 7- Harmonic Limit Table for the Second Connection at Node X
	Harmonic order h
	Pre-existing background harmonic voltage at the PCC prior to connection of the User’s Equipment
(% of fundamental)
	Incremental harmonic Voltage Distortion Limits ( ) due to harmonic current/voltage emission at the PCC 
(% of fundamental)
	Total Harmonic Voltage Emission Limits ()
(% of fundamental)

	h
	1.21
	0.19
	1.66

	
	
	
	



 
Two Concurrent Connection at Different Nodes
Now consider the second connectee applying for connection to Node Y.
The harmonic transfer coefficients from Node X to other nodes are assumed to be the same as before, given in Table 3. The harmonic transfer coefficients from Node Y to other nodes, including Node X should also be obtained from the harmonic model, which are shown in Table 8.

	Table 8- Harmonic Transfer coefficients from Node Y
	From
	To
	Transfer coefficient

	Y
	X
	1.6

	Y
	A
	3

	Y
	B
	1.4

	Y
	C
	1.1



The pre-existing background harmonic levels and thus the harmonic headroom at all nodes are calculated, taking into account the incremental limit issued to the first connectee at Node X. Pre-existing background harmonic level at Node X however is assumed to have risen to the total limit issued, as shown below:

For Node Y the pre-existing background harmonic level is given below.

For Node A to C the pre-existing background harmonic levels are calculated as given below:



The headroom at Node Y is calculated using the modified pre-existing background harmonic level.

In the same way, the new harmonic headrooms are calculated and transferred to Node Y.




As can be seen the limiting remote node is Node A.
The multiplier M is 0.66 (for k=1, M=0.66).
 

The harmonic limits for the harmonic under consideration for the second connection at Node Y are given in Table 9.

	Table 9- Harmonic Limit Table for the Second Connection at Node Y
	Harmonic order h
	Pre-existing background harmonic voltage at the PCC prior to connection of the User’s Equipment
(% of fundamental)
	Incremental harmonic Voltage Distortion Limits ( ) due to harmonic current/voltage emission at the PCC 
(% of fundamental)
	Total Harmonic Voltage Emission Limits ()
(% of fundamental)

	h
	1.22
	0.18
	1.68
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