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Executive Summary

This report was produced by Enspec Power Ltd on behalf of Scottish and Southern Electricity Networks
(SSEN). It details the findings of a Point on Wave (POW) switching study for the proposed 11kV Drynoch

substation, located in the United Kingdom.

The main aim of this study is to investigate whether there is an optimum point in order to mitigate inrush
current caused by the energisation of such a unique configuration (two off large 11kV network including
various three phase transformer, single phase transformer, overhead lines and underground cables) using
a POW switching device, which is more commonly applied to limit the inrush current of a single

transformer or a line.

The studies were carried out based upon a loaded site and the site configuration provided by SSEN.

In conclusion the assessments found that using a POW switching device for each feeder is possibly a
suitable solution to mitigate the inrush currents. However, it is hard to analyse the level of mitigation due
to uncertain flux patterns of the single phase and three-phase transformers. Based upon the 0.25 remnant
flux cases (Case 6 & 15) the currents are expected to be mitigated to 300A (1.0pu) from 522A and to 270A
(1.09pu) from 456A for Feeder 011 and 012, respectively.

However, based upon the 0.5pu remnant flux cases (Case 3&12) the currents are expected to be mitigated
to 265A (0.88pu) from 593A and to 211A (0.85pu) from 544A for Feeder 011 and 012, respectively. N.B.
the mitigation levels of 0.25pu remnant flux base ensures for a more pessimistic outcome in terms of the

PoW device performance; thus, using those mitigation levels as reference would be a safer assumption.

In order to analyse the mitigation level of inrush current using the POW controller, testing it on the actual

system using a POW Demo which Enspec offers to the clients for such a unique case is recommended.

N.B. the results do not indicate the inrush current levels that would occur when the site is fed by the

planned Battery Energy Storage System.
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1 Introduction

This report details a POW switching study carried out for two 11kV feeders (011 & 012) at Drynoch
substation, on behalf of SSEN. The POW study was carried out in order to investigate the possibility of

using a POW switching device to energise each entire array.

Based upon the provided SINCAL model of the system by SSEN, the entire site model was created using

PSCAD software package. Feeders 011 and 012 are energised individually.

The following studies have been undertaken using the power systems software package PSCAD™/

EMTDC™:

e Based upon different energisation points, POW studies were carried out to investigate the
correlation between inrush currents derived from energising of the arrays with only single

transformers, with only three phase transformers and with all transformers of each array.

e The studies were carried out based upon various scenarios, which consisted of different

energisation combinations and different remnant flux assumptions.

All of the studies have been undertaken based upon the site has the loads connected.
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2 Network Details

The maximum fault level is 22.04MVA with an X/R ratio of 0.279 at 11kV Drynoch . A snapshot of simplified
site configuration is shown in Figure 2.1. Snapshots of detailed model is given in Appendix B - A snapshot

of PSCAD model, Feeder 011 and Appendix C - A snapshot of PSCAD model, Feeder 012.

The feeders consist of the following equipment: Overhead lines, Underground cables, single phase
transformers (16 kVA, 25 kVA, 50 kVA and 100 kVA) and three phase transformers (100 kVA, 200 kVA,
300kVA, 500 kVA and 800 kVA). In order to maintain brevity, the equipment details are not given in this
report. However, it can be found in the SINCAL model of Drynoch_RaaS_V1_04_OnlyDrynoch.sin,
provided by SSEN. A snapshot of reference model is given in Appendix A - Drynoch 11kV Reference SLD.

The studies were conducted for the energisation of Array 1 and Array 2 individually.

Ia
F
FEEDER 012 ([T =
CB_FEDO12
Ic
Ia
22.04 MVA
“—
FEEDER 011 K {[T = X/R:0.279
CB_FEDO11
Ic

Figure 2 - 1 - Single Line Site Diagram

DRYNOCH_11kV_N84_Term
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3 Point on Wave Study Methodology

The following methodology was used to assess the inrush current caused by energisation of each feeder.

e In order to investigate impact of the single phase and three phase transformers alone, the study
was conducted with only single phase transformers, with only three phase transformers and with

both transformers.

e The split phase transformers were modelled using single phase transformer models in PSCAD - this

provides more than adequate level of presentation .
e The study was conducted with the loads connected.

e The study was based upon three remnant fluxes level of 0.5pu (+0.5pu, -0.4pu and -0.1pu), 0.25pu
(+0.25pu, -0.2pu and -0.05pu) and 0.0pu. The remnant fluxes are not expected to be more than
0.5pu due to the demagnetizing Impact of the cables trapped charge and the permanently

connected loads.

e The air-core reactance of the transformers was used to be 2xLeakage reactance - this provides

more than adequate level of presentation .

e Each feeder was energised over a 50ms cycle at 1ms time intervals to determine the worst-case

results and investigate POW switching behaviour of the results.

e Capacitance values of the OHLs were used to be 0.13uF/km - this provides pessimistic outcomes

in terms of inrush current contribution of the OHLs.

4 Limitation of the study

The key limitation of the study is representation of the transformer remnant fluxes. The transformers are
distributed in a large network with the different level of the load. Thus, remnant flux patterns of single
phase transformers were assumed to be in phase with the three phase transformers. This assumption
results in pessimistic outcomes in terms of the maximum inrush currents, but optimistic outcomes in

terms of the POW switching performance.
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5 Point on Wave Studies

Depending on the remnant flux state and the closing angle of the Circuit Breaker (CB), various amplitude
inrush currents occur. A POW switching device calculates the remnant flux of the transformer. Based
upon the calculated remnant flux, the transformer is energised at the optimum switching point to
minimise the inrush current. Installation of a POW device is a tried and tested solution for the energisation

of an unloaded single transformer in order to mitigate inrush current.

Based upon a loaded site configuration, a POW switching study process was conducted for 50 CB closing

points for each case given in Table 5 - 1 — 1ms time intervals over a 50ms period.

The study considered various residual fluxes as there will be some level of de-magnetisation occurring on-

site as a result of the trapped DC charge in the lines after de-energisation.

Energised Feeder Transformer Configuration Remnant Flux {PU)
Case Only Three Only Single
Number omn 012 All 0.5 0.25 0.0
Phase Phase
1 X X X
2 X X X
3 X X X
4 X X
5 X X
6 X X
7 X X
8 X X
9 X X
10 X X X
11 X X X
12 X X X
13 X X
14 X X
15 X X
16 X X
17 X X
18 X X

Table 5 -1 - POW Study Cases

5.1 Transformer Inrush Model

Due to the absence of inrush current details of the transformer, the air-core reactance of the transformers
was used to be 2xLeakage reactance with the flux density of 1.7 Tesla - this provides more than adequate

level of presentation.

Based upon the 0.5pu remnant flux the inrush current characteristics of the transformers at infinite 11kV

fault level used for the study are shown in Figure 5 - 1 and Figure 5 - 2.

=
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5.2 Study Results

The resultant inrush currents for the energisation of Feeders 011 and 012 are given in this section.

5.2.1 POW Study Results - Feeder 011

All simulation results derived from Feeder 011 energisation are demonstrated in the following figures in

this section. Each plot is labelled clearly.

650.0 e Case 1 650.0 s Case 2
600.0 600.0
550.0 550.0
< 500.0 < 500.0
= -
o o
£ 4500 £ 4500
o (s}
< 400.0 £ 400.0
2 3
£ 350.0 £ 350.0
300.0 300.0
250.0 250.0
200.0 200.0
150.0 150.0
1 4 7 101316 19 22 25 28 31 34 37 40 43 46 49 1 4 7 1013161922 252831343740434649
Switching Points Switching Points
650.0 e Case 3
600.0
550.0
< 500.0
1]
£ 450.0
3
(9)
£ 400.0
2
£ 350.0
300.0
250.0
200.0
150.0

1 4 7 1013161922252831343740434649
Switching Points

Figure 5 - 3 - POW Inrush Current Results , Case 1-3
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Case 3 - Maximurm Inrush Current ﬂ
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Figure 5-5 - Minimum Inrush Current Waveforms - Case 3
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Figure 5 - 6 - POW Inrush Current Results , Case 4-6
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Case 6 - Maximum Inrush Current
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Figure 5 - 8 - Minimum Inrush Current Waveforms - Case 6
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= Case 7 == Case 8
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Figure 5 -9 - POW Inrush Current Results , Case 7-9
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Case 9 - Maximum Inrush Current
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Figure 5 - 11 - Minimum Inrush Current Waveforms - Case 9
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5.2.2 POW Study Results - Feeder 012

All simulation results derived from Feeder 012 energisation are demonstrated in the following figures in

this section. Each plot is labelled clearly.
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Figure 5-12 - POW Inrush Current Results , Case 10-12
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Case 12 - Maximurm Inrush Current
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Figure 5 - 15 - POW Inrush Current Results , Case 13-15
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Case 15 - Maximum Inrush Current
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Figure 5 - 16 - Maximum Inrush Current Waveforms - Casel15
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Figure 5 - 17 - Minimum Inrush Current Waveforms - Case 15
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400.0 = Case 16 = Case 17
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Figure 5 - 18 - POW Inrush Current Results , Case 16-18

Www.enspecpower.com Page 21



Case 18 - Maximum Inrush Current
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Figure 5 - 19 - Maximum Inrush Current Waveforms - Case 18
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Figure 5 - 20 - Minimum Inrush Current Waveforms - Case 18
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6 Conclusions and Recommendations

The following conclusion can be drawn from the POW switching studies undertaken for 11kV Drynoch

substation:

e Itwasfound thatinterms of inrush current, the maximum currents were found to be 593A (1.97pu
at 301Arms Base) and 544A (2.19pu at 249Arms Base) for Feeder 011 and Feeder 012, respectively.
Note that the base currents were calculated based upon equivalent of maximum of sum of

installed transformer rating per phase.
e Transformers are more dominant on the inrush current characteristic compared to the lines.

e Neither three-phase nor single phase transformers are heavily dominant on the resultant inrush
currents. However, single phase transformers are slightly more dominant for Feeder 011 although

three-phase transformers are slightly more dominant for Feeder 012.

e As can be seen from the POW switching results, the feeders have optimum energisation points.
Thus, applying POW switching is possibly a suitable solution to mitigate inrush current utilising a
three-phase instantaneous closing strategy based upon the flux pattern settings of the DYn11
three phase transformers. N.B. three-phase instantaneous closing strategy does not mitigate the
inrush current in a significant level in case of the transformers have zero remnant flux. However,
occurring of the zero remnant flux is not an expected case in real system. Furthermore, the zero

remnant flux case results in much less inrush current than the cases with remnant fluxes.

In conclusion the assessments found that using a POW switching device for each feeder is possibly a
suitable solution to mitigate the inrush currents. However, it is hard to analyse the level of mitigation due
to uncertain flux patterns of the single phase and three-phase transformers. Based upon the 0.25 remnant
flux cases (Case 6 & 15) the currents are expected to be mitigated to 300A (1.0pu) from 522A and to 270A
(1.09pu) from 456A for Feeder 011 and 012, respectively.

However, based upon the 0.5pu remnant flux cases (Case 3&12) the currents are expected to be mitigated
to 265A (0.88pu) from 593A and to 211A (0.85pu) from 544A for Feeder 011 and 012, respectively. N.B.
the mitigation levels of 0.25pu remnant flux base ensures for a more pessimistic outcome in terms of the

PoW device performance; thus, using those mitigation levels as reference would be a safer assumption.

=
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To analyse the mitigation level of inrush current using the POW controller, testing it on the actual system

using a POW Demo which Enspec offers to the clients for such a unique case is recommended.

N.B. the results do not indicate the inrush current levels that would occur when the site is fed by the

planned Battery Energy Storage System.

7 Appendix

7.1 Appendix A - Drynoch 11kV Reference SLD

7.2  Appendix B - A snapshot of PSCAD model, Feeder 011
7.3  Appendix C - A snapshot of PSCAD model, Feeder 012
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