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I. ABSTRACT

The motivation for completing this specific project was because Ausgrid is
currently conducting a small trial of four Amorphous Steel Core (ASC) 200kVA
pole top transformers. This trial is part of a strategy to reduce operating costs of
the distribution network, which would be specifically achieved by larger scale
roll out of ASC transformers.

With this in mind two aspects of this trial deserved further investigation:

®* A more meaningful economic comparison with specific attention
to the performance of these transformers in comparison with
existing cold rolled grain oriented (CRGO) legacy transformers
across a range of load profiles.

* An investigation into the possible increased levels of inrush
current in these ‘new’ transformers and what implications this
increase level of inrush current might have on existing protection
schemes used on Ausgrid’s 11kV distribution system.

Both these investigations were carried out using Matlab applications and the
results were as follows:

The ASC transformers out performed economically the legacy CRGO
transformers across all load profiles. This performance was due to the
fact that these transformers exhibited reduced no load and load losses
characteristics. What further influenced these results in the ASC favour
was that the purchase price of these ACS transformers is only 10%
higher than existing transformers.

The ASC transformers developed inrush current levels well below those
designed for in existing protection schemes and as such there is no
implications if large scale roll out of these transformers was
implimented.

With these results in mind there was 3 significant recommendation made before
larger scale roll out of these transformers:

Re-assess the manufactured quality of the transformers after a two year
period.

Assess the performance characteristics of other capacity transformers.
Rectify an error within the inrush current simulator to ensure the validity
of results presented in this report.

50053990 2 Michael Duffy



II. Limitations of Use

University of Southern Queensland

Faculty of Engineering and Surveying

ENG4111 Research Project Part 1 &
ENG4112 Research Project Part 2

Limitations of Use

The Council of the University of Southern Queensland, its Faculty of
Engineering and Surveying, and the staff of the University of Southern
Queensland, do not accept any responsibility for the truth, accuracy or
completeness of material contained within or associated with this dissertation.

Persons using all or any part of this material do so at their own risk, and not at
the risk of the Council of the University of Southern Queensland, its Faculty of
Engineering and Surveying or the staff of the University of Southern
Queensland.

This dissertation reports an educational exercise and has no purpose or validity
beyond this exercise. The sole purpose of the course pair entitled “Research
Project” is to contribute to the overall education within the student's chosen
degree program. This document, the associated hardware, software, drawings,
and other material set out in the associated appendices should not be used for
any other purpose: if they are so used, it is entirely at the risk of the user.

Nk B

Professor Frank Bullen
Dean

Faculty of Engineering and Surveying

50053990 3 Michael Duffy




III. Certification Page

CERTIFICATION

I certify that the ideas, designs and experimental work, results, analyses and
conclusions set out in this dissertation are entirely my own effort, except where
otherwise indicated and acknowledged.

I further certify that the work is original and has not been previously submitted for
assessment in any other course or institution, except where specifically stated.

Michael Duffy
Student Number: 50053990

Al L

Signature

& 2, /i 0/;2 012

Date

50053990 4 Michael Duffy



IV. Acknowledgements

[ would like to take this opportunity to thank family and friends who have
assisted me with the completion of this project and ultimately the conclusion in
this stage of my education. Above all, thanks goes to my wife, who has provided
many years of support, understanding and patience -in completing numerous
study programs culminating in the Bachelor of Engineering (Power).

I would like to acknowledge the flexibility and financial assistance provided by
my employer and many colleagues in completion of this project and the
Bachelor of Engineering.

Finally, I must highlight and acknowledge the professional and academic
assistance provided by Dr Tony Ahfock on this project, especially in the final
weeks before submission. Without his support and guidance on this topic it
would not have been possible to complete.

50053990 5 Michael Duffy



V. Table of Contents

L ABSTRACT ...ttt e 2
IL. Limitations OF USE ....cccomrieuiueereririiiecicceee oo eeees e e 3
II Certification PAE .......oooueveevoriiirieieeeeee et e 4
IV, Acknowledgements..........ccoeuuuiuiimeireeuieeieeeteeee oo e 5
V. Table of CONENTS......cc.oierieitieeeieeeeeeee et e 6
VL List Of FIGUIES......c.cuiuiiiiiitiniierer ettt e, 9
VIL  GloSSary Of TEIMS. ......ceeveviuiieeecriteeeeeteeeeeeeteee oo e 11
1.0 INTRODUCTION ....oootiiniiiiintitereeereeeeeetetee e 12
LT Project Al .....coiueinieieeinieecieeeeeee st 12
1.2 Project CONEXt.....cccoemirimuernietiiiiieteeceeeeteeeete e 12
1.3 Properties of Amorphous Steel COTES........c.ooueveemmerererererererereeeeeoan. 15
1.3.1  Lower Fixed Transformer Core LOSS ......ccooeeeermmimeoroooso 15

1.3.2  Higher Capital Purchase Costs ..........cccceeveveemmovnenooooen 16

1.3.3  Higher Load Loss Operating CostS........ceoueueeeemmmeoeooooeooosen 17
1.3.4  Higher Inrush CUrrent...........c.cooeoveveueeeveeeeeeeeeeeeseeeoooee. 17

1.4 Project Need.....c.cocooimemmiiieieereecceeee e e 17
1.4.1  Net Present Value Comparison..............coceveveeeeeveverseserssonin. 17
1.4.2  Inrush Current SImulation .............cccoeveveeeeeeeeeeerioeeeeoooeo 18

2.0  BACKGROUND ..ottt 19
2.1  Physical Transformer Core TYPeS.......c.covuverreerveeeeeereeeeeeeeeeoeoeeos 19
2.1.1  Contruction PrOCESS .......ouuiuiueeiiiiiieeieeeeeeee e oo 19
2.1.2  Internal Atomic Structure & Magnetic Response.................... e 21

2.2 Basic Transformer Theory ......c.coovuiiiiveeeeeireeeeeeeeeeeeeeeeeeeeoeoo, 23
2.2.1  Ideal Transformer Model.............cooovviueeiveeieeeeeeeeeeeeeeeeee 23
2.2.2  Linear Equivalent Transformer Model ............ccoocoveveveevemovenn, 25

2.3 Standard Transformer TeStS.........c.oeeeiiveeeireeeeeeereeee oo 26
2.3.1  DC ResiStance TeStS .....oceuevirerieierieiiieeceetteeeereeeesee e 26
232 Open Circuit TeSt.....ccccevirirriieirrereierereeeeeeeeee e eeeee e 26
2.3.3  Short Circuit TeSt.....coueveeeererieeteeeeeeeeeeese e 27

2.4 Transformer LOSSES.....cccoviviiiriereirieerieeieceeeceese e e s 29
241  NOL0oad LOSSES ...ooeeiriviiiinretiieeceecceeeee e, 29
242 L0ad LOSSES ....c.coieeirirerrereieniee sttt e e s et 31
243  ASC Transformers and Fixed Core Loss Reduction .................... 31

2.5  The Cost of Transformer LoSSes..........ocooevereeieeesneeeeereeee, 32

50053990 6 Michael Dufty



251 Load CYCLeS c.viueeieieeieeteeeeeeeeeeeeeee e 33
2.5.2  Effect of Load Profile on the Cost of Transformer Losses?.......... 34

2.6 Transformer Inrush Current ..........ooeeeeieeioioneeceneeeeee oo 34
2.6.1  How are Inrush Currents Developed?.........cc.eoummivioooo 34
2.6.2  What Effects do ASC Transformers have on Inrush Current?..... 36

2.7 11kV Protection Systems Used in AuSErid......c.coeeemvmovomoooo] 37
2.7.1  Typical 11kV Schematic Diagram............cccoeeemmmomooooooooo 37
2772 HV FUSES .ottt 38
2.7.3  Overcurrrent Relay Prot€Ction .........oeeeveeveeeeememomoooooooeooo 39
274  How are Inrush Currents Managed by Current 11kV Protection
SYSLEIMIST ..ottt ettt s ettt et 40

3.0 LITERATURE REVIEW .......ooooiiiiiiiiiieereeeeee e, 41
3.1  Cost Benefits of Reduced Core LOSSES.......coeereemnmomoeooeeeoeooenn 41
3.2 11kV Protection System Problems Due to Increased Inrush Current.. 42

4.0  METHODOLOGY ..ooooiiiiteritcteeeeieeeeeeeeee et 43

4.1  Cost Benefits of Reduced Core Loss Investigation ........................... 43
4.1.1  Simulation Foundation FOrmula..........ccocoeoveereommoooooooool 43
4.1.2  Total Owning Cost Simulation Explanation.................co.ocooooono... 48
4.1.3  Interpretation Of RESUILS ......c.ceuveeiveieieieeereeeeee oo 51

4.2 11kV Protection System Problems Due to Increased Inrush Current.. 52
4.2.1  Inrush Simulation Model ...........ccooeeeereeeveeeeeeeeoeoeeeeeeoeo 52
422  Three Phase SOUICE.......c.oovivevieriieeeeeeeeeeee e 53
4.2.3  Three Phase Breaker ...........ocoveveeeveveeceievieeeeeeeeeeeeeeso, 54
4.2.4  Single Phase Saturable Transformer Matlab Block..........oooooo..... 55

4.2.5  Determination of Single Phase Transformer Block Parameters ... 56

42.6  Equivalent Transformer CirCuit...........coocvevmereereoeeioeoeoeeseoeo 56
42.7  Interpretation of DC Resistance & Short Circuit Test Resulis..... 56
4.2.8 Interpretation of Open Circuit Test Results.............ooooveoeoeeeii 61
42,9  Interpretations of Saturation Characteristics ....................ocovv.... 62
4.2.10 Matlab Block Input Values............cooveereieeoenrereeoeoeeeosoe. 66
4.2.11 Explaination of How the Results will be Obtained .................... 67
5.0 RESULTS & DISCUSSION .....ooioteiiieeeteetieetceceeee oo 68
5.1  Cost Benefits of Reduced Core Loss Investigation ............................. 68
5.1.1  Results General OVErVIEW ........c.cveueeveueiveiieeeneereeseeeeeeeeeeeeao 68
5.1.2  Results for Parameters as Determined in Section 4.1.1.9............. 70
5.1.3  Effect of Wholesale Electricity Price Changes....................... 71

50053990 7 Michael Duffy



5.1.4  Effect of change in life Span .......c.ccoceveeveeeeee e 77

5.2 11kV Protection System Problems Due to Increased Inrush Current.. 81

5.2.1  Single Transformer Results .........ccccooeveiveeee e, 81
522  TestNo. 1 - Default Parameters (No Inrush)...........cccocveveunnnnn.. 81
523  Test No. 2 - Default Parameters (Inrush)................ et 83

524 TestNo.3 - Changé Series Equivalent Parameters (Inrush)........ 85
5.2.5  Test No. 4 — Change Magnetic Resistance Parameter (Inrush).... 86

5.2.6  Test No. 5 — Change Saturation Parameter (Inrush)..................... 87
5.2.7 Implications for Transformer Fuse Protection Due to Inrush
Current 90
5.2.8  Radial Feeder Results Transformer Results ................coccoevennne.... 91
6.0  FURTHER WORK ...ttt ettt st ereeen e 92
6.1  Cost Benefits of Reduced Core Loss Investigation ................ocuven..... 92
6.1.1  Monitoring the Quality of Manufacture .............c.cccocovvverinenan.. 92
6.1.2  Reassessment of the Load and Fixed Losses of the Transformers 92
6.1.3  Investigate other capacities eg 63kVA —400KkVA .....c.cocovnn..... 93
6.2  11kV Protection System Problems Due to Increased Inrush Current.. 93
6.2.1  Rectifying the Oscillation of the Model. ...........ccocceeevververrernnn.. 93
6.2.2  Simulate Inrush Current with Remnant Magnetisation................. 93
7.0 CONCLUSIONS ..ottt ettt ee et e et s ere et s e e eas e 94
7.1  Cost Benefits of Reduced Core Loss Investigation ..............cccovun...... 94
7.1.1  Summary of TESUILS ....covvveieeiecieeiiceeceeeeeeeee et ee e 94
7.1.2  Recommendations..........coueeeeecieeueeieeeseierieneeeeseseeeeeeeeeeeseseesanns 95

7.2 11kV Protection System Problems Due to Increased Inrush Current.. 96

7.2.1  Summary of 1eSUIS .....ocvviiieiiireeeeee e 96
722 Recommendations............c.eevevieiceeneenieenreeneeeeeseeeeeeee e seeeeeeresee s 97

8.0 ReEfEIENCES.....ecciitiiiiiiteiecieeee ettt et e eeeeen e s te et e s esenen 98
9.0 APPENAIX.....ooiiiiiiiiiiiieircc ettt e 100
A Project Specification ...........cccceeerireicrrccninieneee e 100
B.  Legacy Transformers Information ...........cccooeeveevinuiiiiiviericenierennnn. 102
C.  NATA Test Report.....cccocoevenievevieiecienesiereennenn SIS 103

D Load Cycle Data from Ausgrid Engineering Guideline..................... 104

E Plant Details of the Amorphous Core Transformers............cooeveen.... 105

F. Matlab Script for TOC SImUulator ............v.vvovvveoeveeoeoooeoooooooooooooosooo 106

50053990 8 Michael Duffy



VI. List of Figures

Figure 1:  Ausgrid Are Map & Trial Location ...........ccccoeeemmmmoomoeiooe 13
Figure 2: Ausgrid Distribution Tx Asset Base and the Preportion of 200kVA
Pole Mounted TX. .....c.oierieririiieieeseieeeei ettt e, 14
Figure 3: Photo of an in-service ASC Pole Top Transformer Currently on Trial
............................................................................................................................ 15
Figure 4: CRGO Steel Lamination Production Process .............oovemoveoooooovnn, 20
Figure 5: Amorphous Steel Core Lamination Production Process ................... 21
Figure 6: Crystalline Atomic Structure...........cooeeveveveveceeeiieeeeeeeieeeeeeeeeen 21
Figure 7: Amorphous Atomic StruCtUTe ...........ccevvveviviiiieieeeee oo 22
Figure 8: Ideal Transformer Model .............cooooueivoiieceireeeneeeeoeeeeoee, 23
Figure 9: Linear Equivalent Transformer Model (Neglecting Core Loss).......... 25
Figure 10: Complete Equivalent Transformer Model ..............oovoveoviimoe, 25
Figure 11: DC Resistance Test Connection Diagram................c.ooovvvveevvnonnii . 26
Figure 12: Open Circuit Test Equivalent Circuit.............ooooveeemiemremoeeeeeeo, 27
Figure 13: Short Circuit Test Equivalent Circuit............ccoeveeeevevemrveseesnnn, 28
Figure 14: Typical Hysteresis LoD ........cvevevevereeveereeeeeeeeneeeeeeees e, 30
Figure 15: Hysteresis loop broadened by eddy current 10SS............ooovevvvoinn 30
Figure 16: Ausgrid Standard Load Cycles............c.cocoeevvereeeeeeeemerereseoeoeeen, 33
Figure 17: Voltage / Flux / Current Waveforms.............cooeweemmveoovoooooooooonn 35
Figure 18: Voltage / FIUX.......cccocvnvinnnieeieieeeeeeeee e 36
Figure 19: Typical 11kV Radial Feeder with Recloser and HV Fuse Protect10n37
Figure 20: Generic HV Fuse Characteristic Curve............cocoeeeoumereeeeveiion 38
Figure 21: Inverse Relay Characteristic CUrves ...........ooooueeeeeeveeeeeereeeeenesn, 39
Figure 22: Average Annual Australian 10 Year Bond Yield ........c..ocoovvvovovnnnn. 44
Figure 23: Average Annual price of Electricity (NSW)......cccoovvmiiieeiren 47
Figure 24: Total Owning Cost Simulation on Start Up ..........c.oevveeveeevennnn, 49
Figure 25: Total Owning Cost Simulation with Qutputs.................cceveveveunn.... 50
Figure 26: Total Owning Cost General Program Structure.................ocvovvvvnin. 50
Figure 27: Inrush Current Matlab Model...........c.cooveeeveiveeroreaeeesseeeee, 52
Figure 28: Three Phase Source Parameters ..........c.ccoveveveeemeeeereeeeirereeeeeann, 53
Figure 29: Three Phase Breaker Parameter Settings ...............coeverevevrerennnnn. 54
Figure 30: Single Phase Transformer Block Configuration Tabs ...................... 55
Figure 31: Matlab Saturable Transformer Equivalent Circuit............................ 56
Figure 32: Hysteresis Curves of ASC transformers on trial and typical CRGO
TEANSTOITIETS ....ovviviii et e, 62
Figure 33: Amorphous Core Transformer Core showing CSA and mean flux
path Approx DIMENSIONS ........ccecvieirrruieirinie ettt 63
Figure 34: Economic Comparison of Transformers on Load Cycle (A)............ 69
Figure 35: Results for Parameters Determined in Section 6.1.1.9...................... 70
Figure 36: Savings for Ausgrid Asset Base for Each Load Cycle...................... 71
Figure 37: Forecast NEM Spot Price for Different Carbon Price Scenarios...... 72
Figure 38: Results for EP = $90/MWh......cc.occooiomvmieiiiieeeeeeeeeeeeeerer, 73
Figure 39: Results for EP = $110/MWHh.....coooovoivinieieieiiciee oo, 74
Figure 40: Results for EP = $35/MWHh.......ccocoviimimiiiiineeeeeeeee e, 74
Figure 41: Results for EP = $90/MWHh........ccccooiiieiieirineeeeeeeeeeeeeeeee, 75

50053990 9 Michael Duffy



Figure 42: Results for EP = $110/MWh.......coooiieeiieeeaeeeeeeeooeoes 76

Figure 43: Results for EP = $35/MWHh.......ccccovvoiimreiieieeeeeeeeeeeseoee o 76
Figure 44: Results for M =30 YEars ....c..cccoceervureuimeueeereeteeeeeeeeeoeseoeeooeeo 78
Figure 45: Results for M =20 Years .........ccceeueveriuevereeeeeeoseeeeeeee oo 78
Figure 46: Results for M =30 YEars .........ccccoereuereeceerereeemmeneeres oo 79
Figure 47: Results for M =20 YEars .........cccooueueuremvieeeemeoneeee oo 80

Figure 48: Simulated Inrush Current Waveform with Erroneous Oscillation..... 81
Figure 49: Test No. 1 Default Parameters (No Inrush) — Voltage / Current Waves
............................................................................................................................ 82
Figure 50: Test No. 2 Default Parameters (Inrush) — Voltage / Current Waves 84
Figure 51: Test No. 3 Change Equivalent Series Parameters (Inrush) — Current

WAVES oottt ettt e e e ettt 85
Figure 52: Test No. 4 Change Magnetic Resistance Parameter (Inrush) -
CUITENE WAVES ..ottt e e e 87
Figure 53: Test No. 5 Saturation Parameter (Inrush)— Current Wave.............. 88
Figure 54: Assumed Inrush Current Response of the ASC transformer ......... 89
Figure 55: 31.5A Drop Out Fuse Characteristic Curve vs Inrush Current.......... 91

50053990 10 Michael Duffy



@ n:

A:
ASC:
Ausgrid:
B:

C:
CRGO:
DC:
EP:

f:

GUIL:
I,e:

L1:

L2:

M:
mmf:
N:

N n:

P:
o®:
R’..

R1:

TOC:
v._n:

Vrwms:

50053990

VII. Glossary of Terms

Total Mutual Flux
Transformer Core Cross Section Area
Amorphous Steel Transformer
Electricity Distributor
Flux Density
Transformer Capital Purchase Cost
Cold Rolled Grain Orientated
Direct Current
Wholesale Average Annual Spot Price
Supply Voltage Frequency
Graphical User Interface
Excitation Current
Primary Winding Series Inductance
Secondary Winding Series Inductance
Transformer Life Span
Magnetomotive Force
Number of Winding Turns
Number of Turns per Winding
Load Factor Ratio
Instantaneous Transformer Load
Core Resistance
Primary Winding Series Resistance
Secondary Winding Series Resistance
Transformer Capacity
Total Owning Cost
Instantaneous Winding Voltage
Primary Winding RMS Voltage
Secondary Winding RMS Voltage
RMS Voltage
Fixed Transformer Core Loss
Variable Transformer Winding Loss
Core Mutual Reactance
Winding 1 Series Reactance

11

Michael Duffy



1.0 INTRODUCTION
1.1 Project Aim

This project is an investigation into two performance aspects of transformers
which have amorphous steel cores (ASC) These type of transformers are
currently being trialled by Ausgrid; the two specific aspects of investigation are
outlined in Appendix A and relate to;

a) What reduction in fixed core losses are achieved by these ASC
transformers in comparison with legacy transformers which have cold
rolled grain orientated (CRGO) silicon steel cores. This aspect of the
project is extended to include a net present value analysis of both the
transformers over the expected life spans and across a range of demand
profiles.

b) The simulation of the maximum levels of inrush current developed in
these ASC transformers and what impacts these levels of inrush current
might have on the existing 11kV protection schemes used within the
Ausgrid 11kV network.

1.2 Project Context

Ausgrid, one of three electricity distributors in NSW, has a distribution network
ranging from 132kV sub transmission mains to 240V street services. This
network is geographically centred around the Sydney Basin as shown in Figure
1. Ausgrid has a mixed asset base, ranging from a predominately underground
network supplying the high density load of the central business district of
Sydney, to a predominately overhead network servicing the low density rural
areas of the Upper Hunter Valley.
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Figure 1: Ausgrid Are Map & Trial Location (Ausgrid, 2012)

A major element of Ausgrid’s asset base are the transformers used to step the
supply voltages up and down across the network. These transformers have a
resulting fixed power loss associated with this transformation and this power
loss has an related financial cost'. The significance of this cost is illustrated by
Table 1 which is a consideration of the number of 200kVA pole top transformers
in Ausgrid’s asset base and the associated costs of the fixed power loss
associated with these transformers.

! This project was commenced prior to the retail privatisation of State Owned NSW electricity
distributors in March 2012 of which Ausgrid is one. As such, the assumption is made throughout
this project that Ausgrid is still a supplier of electricity in the National Electricity Market and
therefore has a large incentive to reduce power loss across its network.
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No. of 200kVA Pole Top Transformers | ~2000
Fixed core power loss of each transformer | ~450W
Average spot price of electricity 2012/13 | ~$60 / MWh
Transformer Lifespan | ~40 years

Cost of 200kVA Pole top ~$20M

transformers fixed Core Losses
Table 1: Costs of Fixed Core Losses of 200kVA Pole Top TX Assets Base

Table 1 is highlighting that 200kVA pole top transformers alone cost Ausgrid
approximately $500K per year in fixed core transformer power loss. The
significance of this is even greater when we consider that 200kVA pole top
transformers make up only a small portion of Ausgrid’s transformer total fleet of
distribution transformers which is ~13500.

Ausgrid Dist Tx Asset Base

B Total No. of Dist Tx
B No. of 200kVA PT Tx

Figure 2: Ausgrid Distribution Tx Asset Base and the Preportion of
200kVA Pole Mounted Tx.

With the size of the Ausgrid distribution transformer base, the amount of losses
per year as a result of fixed core distribution transformers is estimated at around
$3.75M. Therefore, reducing fixed core transformer losses has large potential in
reducing Ausgrid’s cost base.
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In an attempt to reduce these fixed transformer losses across the network,
Ausgrid is currently conducting a small trial of four ASC 200kVA pole top
transformers as shown in Figure 3. This trial is being carried out near Gosford on
the Central Coast of NSW.

Figure 3: Photo of an in-service ASC Pole Top Transformer Cﬁrrently on Trial

1.3 Properties of Amorphous Steel Cores

There are four relevant properties of ASC transformers with respect to this
project, which are potentially;

* Lower fixed transformer core loss.
= Higher capital purchase costs.

» Higher load loss operating costs.

* Higher inrush current.

1.3.1 Lower Fixed Transformer Core Loss

ASC transformers have been available since the 1980’s. The major advantage of
ASC transformers is the beneficial property of a large reduction in fixed
transformer core losses which is in the order of 80%. This core loss reduction is
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achieved as a result of the manufacturing process used to produce the steel
which make up the laminations in the core of ASC transformers (Hitachi
America, LTD, 2010).

With reference to Table 1 and Figure 2 this reduction in fixed core transformer
losses would equate to an approximate cost reduction of $3M per year for
Ausgrid.

1.3.2 Higher Capital Purchase Costs

Although ASC transformers have proven lower fixed loss operating
characteristics, they have not had large scale penetratlon across the existing
electricity distribution networks in Australia, this is due to historically higher
capital purchase costs and higher load loss characteristics than equivalent CRGO
silicon steel transformers. These undesirable characteristics are a specific result
of ASC transformers having reduced flux density (B) values. If we consider the
transformation formula (1).

VRMS= 4’.4‘4‘N¢f (1)

We know that the total flux (@) is proportional to flux density (B) and the cross
sectional area (4) of the transformer core, therefore.

Vems = 444 N(BA)f @)

Reviewing equation (2) is it evident that to achieve the same voltage output
(Vrus) with a core exhibiting reduced flux density (B) properties the transformer
designer must increase the cross sectional area (4) of the core or increase the
number of winding turns (N) per phase. In reality to achieve the required voltage
output both are increased to an optimal amount.

Therefore, the increase in capital purchase costs of ASC transformers consists of
two factors. Firstly, the need to increase the core cross section area obviously
results in more core material and a subsequent increases in core material costs.
Secondly, both increasing the core cross section area and increasing the number
of winding turns per phase results in an increase in winding material and a
subsequent increase in winding material costs.
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1.3.3 Higher Load Loss Operating Costs

Depending on the transformer winding design, if the number of winding turns
per phase is increased considerably there could potentially be a significant
increase in winding resistance per phase. This increase in winding resistance
would result in an increase in load losses of the transformer and thereby increase
the operating costs of the transformer. :

1.3.4 Higher Inrush Current

The reduced flux density (B) magnetic property exhibited by ASC transformer
cores not only results in the need to increase the core cross sectional area to
achieve the desired outputs, but has the potential to cause undesirably higher
values of transformer inrush current. This increased potential level of in inrush
current may have implications for the existing protection schemes used on the
distribution system.

1.4 Project Need

1.4.1 Net Present Value Comparison

Because it was envisaged that there was a possibility that ASC being trialled by
Ausgrid may have the conflicting characteristics of having lower fixed core
losses, higher capital purchase costs and higher load losses in comparison with
legacy 200kVA pole top transformers, it was prudent to carry out a net present
value simulation to determine the economic viability of larger scale
implementation of these transformers across Ausgrid’s overhead network.

This comparison also needed to be extended further to compare these two
transformer types across a range of demand profiles to assess the viability of
installing these transformers in different load areas of Ausgrid’s network. It was
also considered that, depending on the results obtained, this simulator may be
used by designers to select the most cost effective transformer types for specific
applications. For example, if the results proved highly sensitive to changes in
load cycle, it would be beneficial for network designers to have discretion in the
transformer core selection. Also a designer would be better equipped to assess
specific location parameters such as shorter life span locations, high load areas
and specific load profile locations.
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1.4.2 Inrush Current Simulation

As suggested in Section 1.3.4, there is the possibility that the ASC transformers
being trialled may experience higher values of inrush current than previously
designed for on Ausgrid’s network. Therefore, it was again thought prudent to
carry out a simulated ‘check’ of the inrush current values expected to be
developed in these transformers and what implications these levels of inrush
current may have on existing 11kV protection schemes implemented across
Ausgrid’s distribution system.
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2.0 BACKGROUND

The following section outlines in detail some of the fundamental principles
which underpinned the rationale regarding;

Why the project was carried out?
What methodology was used to carry out the investigations?
How will the results be analysed after investigation?

2.1 Physical Transformer Core Types

As this project investigates two performance aspects of the steel core used in a
transformer. Specifically in the case of this project, the ASC transformers on
trial and the existing legacy CRGO silicon steel core transformers. Therefore, it
is important to highlight the fundamentals regarding the physical construction
and the comparative magnetic performances of these transformer cores.

2.1.1 Contruction Process

2.1.1.1 CRGO Silicon Steel

Figure 4 illustrates the stages of production for CRGO steel laminations, which

arc:

The strip steel lamination is produced by a continuous casting machine
from molten metal into the preliminary dimensions required for the next
stage of production.

Some hot rolling is carried out by the continuous casting machine and
prior to the cold rolling phase of production.

The first phase of the cold rolled strip production involves surface de-
scaling and the first cold rolling is carried out to obtain intermediate
thickness.

Decarburisation and re-crystallisation is then carried out.

The second phase of cold rolling is then completed to produce the final
thickness.

Finally, some surface preparation is conducted before transportation to
market. (NLMK, 2012, p. 5)
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Figure 4: CRGO Steel Lamination Production Process (NLMK, 2012, p- 6)

2.1.1.2 ASC

Figure 5 illustrates the production method for ASC transformer core laminations,
which is:

= Allowing the molten metal alloy to pour in a ribbon form onto a rotating
drum.

= The rotating drum chills the molten metal at a rapid rate, thereby forming
a ribbon of material with a thickness less than 1mm .
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Figure 5: Amorphous Steel Core Lamination Production Process (BRG
Energy Limited LTD, 2010)

2.1.2 Internal Atomic Structure & Magnetic Response

2.1.2.1 CRGO Silicon Steel

The production method used to produce CRGO steel laminations results in a
systematic atomic structure, as represented in Figure 6. This orderly structure
has a general characteristic of restricting magnetisation and demagnetisation of
the internal magnetic domains of the atoms in comparison with amorphous steel.
This magnetisation and demagnetisation is occurring at the rate of the supply
frequency or 50 times per second.

Figure 6: Crystalline Atomic Structure
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2.1.2.2 ASC

Because amorphous core laminations metals are metal alloys made by rapidly
cooling molten metal, the atoms are left stuck in a disorderly structure, as
illustrated in Figure 7. This random, disorderly atomic structure allows for easier
magnetisation and demagnetisation of the internal magnetic domains of the
atoms, which (as stated above) is occurring at the supply voltage frequency rate.

Figure 7: Amorphous Atomic Structure
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2.2 Basic Transformer Theory

To understand the transformer performance characteristic investigated in this
project it is essential to review some the first principles of transformer theory.

2.2.1 Ideal Transformer Model

s L e
T J& L

Figure 8: Ideal Transformer Model (Slemon G. R., 1966, p. 126)

Figure 8 is an illustration of the ideal transformer model, which is used for the
prediction of transformer behaviour. From this model we can begin to derive the
following relationships which will be applied throughout this project at different
stages.

_ doy
n - n dt

€)

Equation (3) is illustrating that the instantane.ous-winding voltage (v,,) is proportional to
the rate of change of total mutual flux (@,,) and the number of turns (N,,) of that
winding.

N @
0, = 0, sin(2uf)t
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If the instantaneous value of total mutual flux is equal to equation (4), then the
differential of equation (4) is equal to.

ddl" = @, 2nf cos2nmft (5)
t

The peak value of mutual flux instantaneous flux is equal to

—

@, = BA (6)
Therefore, we can re-write equation (3) to provide the peak value of voltage as
V, = N,BA2nf (7

Finally, the RMS voltage can be determined, as shown in equation (8) & (9)

2

V, = N,BA —
Nn_RMS n \/if (8)
Vi rus = 4.44 N,BA f 9)

Equation (9) highlights that the RMS winding voltage (V;, gys) is proportional
to the number of winding turns (V), supply frequency (f), flux density (B) of the
core material and cross sectional area (4) of the core. This relationship will be
drawn on in further sections and it is important to highlight that these
relationships can be applied to either winding by changing the necessary
subscripts.

The ideal transformer model has limitations. Namely it does not account for
winding losses or core losses and therefore we need to build on this model to
develop the linear equivalent transformer model.
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2.2.2 Linear Equivalent Transformer Model

With the inclusion of series winding resistance and reactance for both primary
and secondary windings we obtain the equivalent circuit shown in Figure 9.

LR

[
¢
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-_—tn
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.‘"*'1 ’_..-"
\ /

R

N Ny

Figure 9: Linear Equivalent Transformer Model (Neglecting Core Loss)
(Slemon & Straughen, 1980, p. 100)

Developing this transformer model further and with the addition of the parallel
elements (R, ) and (X, ) which represent transformer core loss, we develop the
complete equivalent transformer model. The majority of simulations within this
project have the transformer parameters shown in the circuit of Figure 10 as core
foundations.

L R Xy X R 2
— AN T

)
o/
o —=

Figure 10: Complete Equivalent Transformer Model (Slemon &
Straughen, 1980, p. 108)

Readers should be aware that the secondary winding elements and the
transformer core elements have been referred to the primary side of the
transformer.
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2.3 Standard Transformer Tests

2.3.1 DC Resistance Tests

Because the transformers investigated as part of this trial have HV and LV
winding connections as Delta /Star respectively, this section will only explain
the DC resistance tests carried out on these type of transformers.

Figure 11 shows the connections made when carrying out the DC resistance tests
for each individual phase on a three phase delta / star transformer.

B

Figure 11: DC Resistance Test Connection Diagram

It becomes apparent that care needs to be taken when interpreting the results of
these tests. With regard to the HV winding test, because it is a delta connected
winding and the winding connections are internal to the transformer (thereby
prohibiting isolation of the individual phases). It becomes evident that the results
achieved are a parallel combination of ‘C’ phase and the series combination of
‘A’ and ‘B’ phase.

With regard to the LV winding, some care also needs to be applied to the results.
The ohm reading obtained will be the series combination of ‘a’ and ‘b phase. It
is reasonable to assume that the resistance of each LV winding phase will be
close to equivalent, therefore the individual LV winding resistances can be
determined by halving this measured value.

2.3.2 Open Circuit Test

The open circuit transformer test is carried out to determine the parallel
parameters of the equivalent circuit and ultimately the no load power loss
performance of the transformer.

The test is carried out by applying rated voltage to one side of the transformer,
with the other winding open circuited. Commonly, the test voltage is applied to
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the lower voltage winding as this makes the test voltage more attainable without
specialised test equipment. During test, the input current is measured.

With reference to Figure 10, because (R ;) and (X', are far greater in magnitude
than (R;) and (X,), the current that results is overwhelmingly made up of the
excitation current (I’c) and the effective equivalent circuit is shown in Figure 12.

I. = I,
!
V=V, SR/ Xn V3
I I o |
- S— 4 —0

Figure 12: Open Circuit Test Equivalent Circuit (Slemon & Straughen,
1980, p. 110)

With the open circuit test (V7), (/) and (P.) are measured, while (R’,) and (X",
are calculated and the following relationship is evident.

4
No Load Loss = Pc = R w (10)

2.3.3 Short Circuit Test

The short circuit test is carried out to determine the the series parameters of the
equivalent circuit and hence the load power loss of the transformer windings.

To complete the short circuit test, the secondary terminals are short circuited and
a voltage is applied to the primary winding to achieve rated current to flow in the
primary winding. Input voltage (Vy), input current (Iy;) and input power (P,,)
are measured during test.

With reference to Figure 10, because (R ;) and (X’,,) are far greater in magnitude
than (R’;) and (X’;) the effective equivalent circuit can be developed as shown
in Figure 13.
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Figure 13: Short Circuit Test Equivalent Circuit (Slemon G. R., 1966)

With the short circuit test (Vy«), (Iyc) and (Py) are measured and (R.,) and (X.,)
are calculated. Where,

Req = R1 + RIZ (11)
Xeg= X1+ X', (12)
Load Loss = Pw = Reqlf W (13)
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2.4 Transformer Losses

Energy loss in distribution transformers consist of two (2) elements; no-load
losses and load losses.

2.4.1 No Load Losses

No load losses are also described as:

» Fixed losses, as they are constant, continuous and independent of
changes in load on the transformer while energised.

" Core losses, as the power loss occurs due to the effects of
magnetisation and demagnetisation of the transformer core.

No-load losses are a result of excitation of the transformer. The two (2) largest
components of no load losses result from hysteresis loss and eddy current loss in
the transformer core.

Hysteresis losses are a result of the resistance of the core material to realignment
of the magnetic domains in the material. This realignment is driven by the
sinusoidal magnetic field intensity (H).

This reluctance to magnetic alignment change results in a lagging response
between changes in the magnetic field intensity (H) and the flux density (B). It is
from this relationship that the hysteresis loop is developed for individual
transformers. The hysteresis loop represents the steady state magnetic response
of a transformer and importantly the area enclosed by the hysteresis loop
represents the hysteresis energy loss of the transformer per cycle. This energy
loss is dissipated as heat in the magnetic material and represents the work done
per unit volume in reorienting the magnetic moments of the material as it is
carried through a cycle of magnetisation. (RFIC Technologies)
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Figure 14: Typical Hysteresis Loop (Wayne , 2012)

Eddy currents are circulating currents induced within the transformer core.
These circulating currents are induced during excitation due to the alternating
flux. The power loss resulting from these circulating currents is because these
eddy currents produce an Magnetomotive Force (mmf) opposing the increase in
core flux. Therefore, in order to produce the required flux density, the excitation
current needs to be greater. This has the effect of broadening the hysteresis loop
and therefore increasing the energy loss. (Slemon & Straughen, 1980)

Figure 15: Hysteresis loop broadened by eddy current loss (Slemon G. R., 1966)
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2.4.2 Load Losses

Load losses are also described as:

* Variable losses, because they are proportional to transformer load
current.

= Copper losses, because they result from the (I°R) power loss in the
transformer windings which are commonly constructed of copper.
This power loss is made up of the instantaneous load current supplied
by the transformer (/;) and the equivalent series resistance of the
transformer windings (R.,)

Similar to no load losses, load losses are made up of various components,
however the major component of it is the previously described (I’R) losses in the
windings.

2.4.3 ASC Transformers and Fixed Core Loss Reduction

ASC or amorphous metal transformetrs are reported as reducing no load losses
by up to 80%.

These reductions are achieved because amorphous materials have good magnetic
properties. This improved magnetic response is a result of the production
methods used to produce the amorphous steel laminations.

2.4.3.1 Magnetic Properties

The random molecular structure of amorphous material results in less internal
friction than compared with standard CRGO silicon steel transformer cores.
Therefore, magnetisation and demagnetisation occurs easier; improving the
hysteresis characteristics of the material.

Also, the method of producing the ASC laminations results in producing a steel
with a high resistivity characteristic. The high resistivity of the material results
in reducing the magnitude of eddy currents and hence the loss associated with
them.

2.4.3.2 Thin Laminations

The production methods used to create the amorphous materials permits the
laminations to be extremely thin, because of this eddy current loss is reduced.
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2.5 The Cost of Transformer Losses

A net present value comparison know as ‘Total Owing Cost’ (TOC) is an
industry accepted method used to compare the total life cost of transformers. It
will be implemented in this project to compare currently used CRGO silicon
steel transformers against the ASC transformers currently on trial in Ausgrid.

As it has been highlighted previously, the total loss of a transformer is made up
of no load losses (W.) and variable losses (W)):

W, = W, + P*W, (14)
Where the load factor (P) is the ratio of instantaneous load to the rated capacity

of the transformer.

Q) (15)

(16)

Therefore, the annual energy loss in watt hours for the transformer is calculated
as.

Wioss = (W + Pezwl} X 8760 (17)

Finally, the complete Total Owning Cost (TOC) equation is shown below. This
calculation is a net present value comparison.

(18)

-1 , EP
Ctotal = Zlm X {VVC + Pe Wl} X 8760 X TOO +C
m=
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2.5.1 Load Cycles

Load cycles or load profiles are a graphical representation of the electrical load
experienced or forecast on the system over time. Ausgrid uses (8) eight standard
load cycles when designing the LV network; these load cycles are based on a 24

hour period.

The major characteristics which differentiate between the individual load cycles

are:

* Does the load consist largely of residential, commercial or industrial

loads?
» Is there is significant amount of electric hot water load present?
= What time of year is it, Summer or Winter?

Figure 16 is a graphical representation of the standard load cycles designed for
within Ausgrid, it should be highlighted that the continuous load cycle is rarely
experienced within a distribution system, it is more common in stand alone

industrial applications.

Ausgrid Standard Load Cycles

Per Unit

—— Commercial and Industrial
(S&W)

—— Domestic Little Water
Heating (NSW)
Domestic Much Water
Heating (W)

—— Domestic Much Water
Heating (S)

—— Mixed Predominantly
Domestic (W)

—— Mixed Predominantly
Domestic (S)

—— Mixed Predominantly
Industrial (S&W)

—— Continuous
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Figure 16: Ausgrid Standard Load Cycles
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2.5.2 Effect of Load Profile on the Cost of Transformer Losses?

As depicted in the load cycle curves of Figure 16, the load on a transformer will
vary throughout the day. Therefore, the value of (Q) / S) will vary for
individual TOC simulations.

To carry out the economic comparison for the multiple Ausgrid load cycles, the
simulations documented in this project integrate the Ausgrid standard load
cycles into the equation for (P,). This will be illustrated in 4.1.1.4.

2.6 Transformer Inrush Current

2.6.1 How are Inrush Currents Developed?

Inrush current in transformers is best illustrated by considering the operation of
transformers during different stages. For example steady state and initial
energisation.

2.6.1.1 Steady State Transformer Operation

Under normal operating conditions transformer excitation current (I,) is a
fraction of full rated current. However very large magnitude currents can be
experienced in transformers when initially connected (switched) to the network.
This phenomenon is known as transformer inrush current.

We know from equation (3) that the instantaneous voltage drop across a
transformer winding is proportional to the rate of change of flux in the
transformer core.

ao
Un = No = 3)

It is observed in equation (5) that the voltage waveform is the derivative of the
flux waveform and by definition the flux waveform is the integral of the voltage
waveform. Therefore under normal operating conditions these two waveforms
are 90° phase shifted. Also, it should be noted that since flux is proportional to
magnemotive force (mmf) force (B-H curve) and (mmy) is proportional to
winding current (lenz law), the current waveform will be in phase with the flux
waveform.
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e = voltage
& = magnetic flux
i = coil current

< D

Figure 17: Voltage / Flux / Current Waveforms (Kuphaldt, 2000)

An important observation to make of Figure 17 is that during normal operating
conditions the flux level is at negative peak when the voltage waveform is at
Zero.

2.6.1.2 Transformer Energisation (=0, V;=0)

To highlight inrush current, it will be assumed that the transformer is energised
at an instant in time when the primary voltage is equal to zero and the
transformer has been sitting idle for an extended period of time (ie residual flux
is equal to zero).
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current peak much
— greater than normal!

flux peak approximately
twice normal height!

Instant in time when voltage is zero,
from a "cold start" condition.

Figure 18: Voltage / Flux (Kuphaldt, 2000)

As shown in Figure 18, when energisation occurs, primary voltage commences
to rise from zero to its peak value. The value of magnetic flux will rise in
response to this positive change in voltage because of the integral relationship
with the voltage waveform. Importantly though because the value of input
voltage is rising from zero and not falling from a negative peak as was the case
in Figure 17, the flux will continue to rise until it reaches approximately twice its
steady state peak value, this causes saturation of the transformer. :

Due to the non linear relationship between flux density and magnetic field
strength of the transformer core, disproportionate amounts of (mmf) are needed
to sustain these values of magnetic flux. This therefore means that the winding
current, which creates the (mmjf) will rise to values exceeding twice its normal
peak, sometimes 10 times rated current of the transformer. (Kuphaldt, 2000)

2.6.2 What Effects do ASC Transformers have on Inrush Current?

Because saturation may occur at lower values of flux density in ASC
transformers, it is reasonable to expect that inrush current values may be greater
in ASC transformers than previously experienced with CRGO silicon steel
transformers.
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2.7 11KV Protection Systems Used in Ausgrid
2.7.1 Typical 11kV Schematic Diagram

Figure 19 is a schematic representation of a section of 11kV overhead network
within Ausgrid’s distribution network. It illustrates the electrical locations of
standard protection devices used in the overhead network.
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Figure 19: Typical 11kV Radial Feeder with Recloser and HV Fuse
Protection
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2.7.2 HYV Fuses

High voltage fuses are positioned on the line side at every pole top transformer
and as such are the first level of protection for individual pole mounted
transformers within Ausgrid’s 11kV overhead network. Fuses operate with the
(Izt) relationship. Therefore, to achieve appropriate inrush current
discrimination, fuses are selected so that the fuse operating characteristic curve
is outside possible inrush current values. As highlighted in Figure 20, the solid
line representing the HV fuse characteristic needs to be outside the maximum
level of inrush current for the maximum time duration.

It should be noted that protection issues may be experienced if HV fuses are
selected with characteristic curves to discriminate inrush current and yet result in
upstream protection devices operating for faults downstream of the HV fuses.
That is, the fuse characteristic curve is to the right of dotted line representing the
upstream protection device.

Efiect of possible High voltage fuse link
derating due o MINIMUM Pre-acing curve:
enclosure or high

100
3| 3
104 g '§
T::;: ‘E E

Figure 20: Generic HV Fuse Characteristic Curve (Overcurrent Protection for
Phase and Earth Faults)
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2.7.3 Overcurrrent Relay Protection

Overcurrent relay protection is the primary protection used on 11kV overhead
and underground distribution feeders. These devices are located upstream of the
HV transformer fuses, therefore acting as secondary protection for 11kV
transformers. The operating characteristics of typical 11kV feeder overcurrent
relays are similar to HV fuses in that they are dependent on the fault current

level and fault current duration.

(4) Four standard characteristic curves are implemented as shown in Figure 21;
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Figure 21: Inverse Relay Characteristic Curves (Overcurrent Protection for

Phase and Earth Faults)

The characteristic curve of the relay is selected as per the philosophical reasons

stated for HV fuses.
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2.7.4 How are Inrush Currents Managed by Current 11kV Protection
Systems?

In electricity network protection schemes, inrush current discrimination is
managed in a number of different manners. Some more complex methods are
second harmonic discrimination and waveform identification.

This project will focus on a typical 11kV distribution feeder within Ausgrid’s
Central Coast Region. The typical 11kV protection schemes employed on these
feeders are HV fuses and over current protection relays. The primary method of
discrimination of inrush currents within Ausgrid’s protection schemes is the
reliance on the fact that inrush currerits are only sustained for a short time period
in the order of <0.5s.
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3.0 LITERATURE REVIEW

The literature review for this project focuses on journal articles; This is because
the scope of the project, namely the cost benefit analysis of ASC transformers
and the study of inrush currents are mostly industry orientated topics. Further to
this, these topics have a relatively small scope and as such are more specialised
studies suited to journal publication rather than scholarly textbooks.

3.1 Cost Benefits of Reduced Core Losses

The research of this aspect of the project focused on what previous economic
comparisons had been completed before, how. these comparisons were
completed and what results had been attained.

This research uncovered that the consistent approach reported by the majority of
sources was that of the ‘Total Owing Cost’ method. This method is generally the
method explained in the background notes in section 2.5 of this project, which
will form the basis of this aspect of the project and was well reported by
(Takagi, et al., 2009). Within this journal article the ratio of RMS load to rated
capacity was obtained through manipulation of available data. For example, the
following rationale was used to develop the model:

Information provided by suppliers indicated that the average size ASC
transformer supplied was between 20 — 30kVA. 30kVA was selected for the
model.

* A =Total capacity of transformers (kVA)

* B = Total electricity demand (kWh)

* C=B/A = Electricity demand per kVA of capacity (kWh/kVA)
* D =C*30 = Electricity demand per transformer (kWh)

A variation of the method explained by (Takagi, et al., 2009) was outlined by
(Fussell, 1989). The calculation outlined by (Fussell, 1989) was more
comprehensive model for comparing the total owing costs of transformers.
Fussell made the assumption that the user had more detailed information of the
individual transformer costs. This is highlighted by the incorporation of the
variable defined as ‘fixed charge rate’. This variable incorporates not only the
initial capital cost of the transformer; it extends this to include maintenance
costs, taxes and insurance. Due to the need to have access to more detailed
information, it seems Fussell’s method suits a comparison of transformers on a
smaller scale.

Takagi’s method was selected to be the basis of this projects analysis because
these additional maintenance costs are not known presently. This project varies
from Takagi’s method by comparing the transformers economic performance
across generic Ausgrid load cycles rather than mean loads per transformer site.
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3.2 11kV Protection System Problems Due to Increased Inrush
Current

For the inrush current investigation of this project, the project literature was
sought in previous studies which showed:

* How the implementation of ASC in transformers changed the possible
value of transformer inrush current?

* What simulation models for transformers developed had been developed
using Matlab, specifically SimPowerSystems?

*  What affect, if any could these changes in inrush current levels have on
traditional protection schemes implemented on 11k V distribution
feeders.

The results of this literature review were able to find a considerable body of
work for two elements:

" Analytical calculations of transformer inrush current.
®* Studies into different protection schemes for mitigation of protection
problems due to transformer inrush current.

Analysing these articles provided solid background knowledge on the
phenomenon of inrush current for this project. What was evident, after obtaining
this more detailed understanding of transformer inrush current and how
protection schemes discriminate between inrush current and ‘real’ fault currents,
was that there was not going to be a significant body of literature available on
the implications of increased levels of inrush current resulting from ASC
transformers. This was due to the follow reason.

As highlighted in Section 1.3, for ASC transformers to achieve the same levels
of capacity as compared with legacy CRGO silicon steel transformers, the core
cross sectional area needs to be greater. This then mitigates the suspected issue
of inrush current as it pushes up the value of flux density (B) that the transformer
saturates, thereby reducing the level of inrush current.

This issue did not negate the importance of carrying out the inrush current
investigation as it would prove as confirmation of this theory and also a ‘check’
against the design principles of new supplier of transformers.
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4.0 METHODOLOGY

Because there are two distinct areas of investigation within this project, the
methodology for each investigation is presented separately within a dedicated
section of this chapter. These two sections are;

= Cost benefits of reduced core losses.

* 11kV protection system problems due to possible increased inrush
current.

4.1 Cost Benefits of Reduced Core Loss Investigation

4.1.1 Simulation Foundation Formula

To carry out the cost benefit analysis between the currently used CRGO silicon
steel distribution transformers and the newly trialled ASC transformers I have
applied the following Total Owning Cost (TOC) calculation.

(19)

C Z X {W.+ PPW;} xh X —— P +C

As highlighted within section 4.1, this cost calculation is implemented
consistently within industry when comparing transformers for capital
investment. It is worthwhile highlighting each variable of this formula and
explaining what values were used within the Matlab simulation as part of this
project.

4.1.1.1 Life of the Transformer (m)

The life of the transformer is regarded as the expected operational life of these
transformers and therefore this value determines the number of years that the
transformers economic performance can be compared for.

The value used in this project for the life of the transformer is 40 years. This
value was selected as Ausgrid use 40 years as the financial depreciation life span
of pole top transformers.
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4.1.1.2 Discount Rate (r)

The discount rate represents the expected rate of return on capital investment if
the purchase was not carried out, or the savings were reinvested.

The value used in this project for the discount rate is 5.65%. This value is the
average value of the Australian 10 year bond yield between 1997 and 2012 as
shown in Figure 22. This value was considered a conservative value as some
literature suggested using values in excess of 7.5% as this was a typical rate of
return from equities.
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Figure 22: Average Annual Australian 10 Year Bond Yield (Australian
Taxation Office)

4.1.1.3 Transformer No Load Losses (W)

The transformer no load loss values used in this project for the legacy and ASC
transformers are 381W and 135W respectively.

These values have been obtained from within Ausgrid historical documentation
for the legacy transformers (see Appendix B) and a NATA accredited
transformer test report for the ASC transformers under trial (see Appendix C).
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4.1.1.4 Load Factor (P,)

The load factor variable within this calculation accounts for the instantaneous
utilisation of transformer capacity. It is the RMS value of individual transformer
load cycles over a defined timeframe.

(20)

Where:

* Q) =kVAload on the transformer at an instant in time (t)
= S = kVA rating of the transformer

= T = The averaging period in hours (h)

" At = Is the time interval by dividing T into N parts.

Within this project (F,)is developed using the eight standard Ausgrid load cycles
where Table 2 outlines the RMS values for each load cycle over a twenty four
hour period. See Appendix D for hourly per unit utilisation values for each load
cycle.

LOAD DESCRIPTION RMS
CYCLE VALUE
A Commercial and Industrial (S& W) 0.7089
B Domestic Little Water Heating (NSW) 0.7148
CW Domestic Much Water Heating (W) 0.7425
CS Domestic Much Water Heating (S) 0.7312
DW Mixed Predominently Domestic (W) 0.7570
DS Mixed Predominently Domestic (S) 0.8152
E Mixed Predominently Industrial (S&W) 0.8152
F Continuous 1.0

Table 2: RMS Values of Standard Ausgrid Loads Cycles
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4.1.1.5 Transformer Load Loss (W)

The transformer load loss values used in this project for the legacy and ASC
transformers are 2200W and 1900W respectively.

These values have been obtained from within Ausgrid historical documentation
for the legacy transformers (see Appendix B) and a NATA accredited
transformer test report for the ASC transformers under trial (see Appendix C).

4.1.1.6 Annual Energisation Time (h)

It has been assumed for this project that planned and unplanned interruption to
electricity supply to these transformers would be neglected. Therefore the
transformer is energised continuously all year round and as such the annual
energisation time is 8760 hours.

4.1.1.7 Price of Electricity (EP)

The value for the price of electricity is the average annual price of electricity for
the period 2012/13 as quoted on the AEMO website on 05/10/2012, which was
0.061/kWh (Australian Energy Market Operator).

This period of time was selected in favour of a lower average annual price of
electricity which would be calculated if a larger timeframe was assessed as the
introduction of the Carbon Price in July 1* 2012 resulted in a step change in the
price of electricity and therefore made the previous average values erroneous.
This is shown in Figure 23.
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Figure 23: Average Annual price of Electricity (NSW) (Australian Energy
Market Operator)

4.1.1.8 Capital Cost of the Transformers (C)

The capital cost values used in this project for the legacy and ASC transformers
are $9760 and $10773 respectively.

These values have been provided by the Procurement Section within Ausgrid
(see Appendix B).
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4.1.1.9 TOC Input Information

Table 3 is a summarised table showing the necessary input values for the TOC
calculation.

Item Value Source

Si Steel AMC

Transformer Life 40 40 Asset Management Section Ausgrid
Time (M)
Discount Rate (r) 5.65 5.65 10Y Average Australian bond yield
Fixed Losses (W¢) 381W 135W Ausgrid Personnel & NATA tests
Variable Losses 2200W 1900W Ausgrid Personnel & NATA tests
(W)
Load Factor (Q) | See Figure | See Figure Ausgrid Network Engineering
2 2 Guideline NEG-PDO1
EP 0.06124 0.06124 AEMO —NSW Annual Average
MWh = 61.24 (2012/2013_Viewed
05/10/2012)
C $9,760 $10,773 Procurement Section Ausgrid

Table 3: TOC Input Data

4.1.2 Total Owning Cost Simulation Explanation

Consideration was given to using either Matlab or Microsoft Excel to carry out
this simulation. Matlab was selected as it provided the most versatile platform
for user interaction, simulation functions and graphical representations of the
results.

The specific Matlab simulation uses a basic graphical user interface (GUI) for
user inputs and result outputs.

On start up of the GUI file, the input parameters are set to those outlined in
Table 3, however the user does have the option of changing these parameters if
site specific conditions warrant such changes, or variations on the comparisons
are necessary. Figure 24 depicts what the user witnesses on start up.
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Figure 24: Total Owning Cost Simulation on Start Up

As shown above, the input variables are segregated into three toolbars:

®»  Network Parameters.
= ASC Parameters.
= Silicon Steel Tx Parameters.

Figure 25 is an example illustrating the numerical and graphical outputs shown
to the user when the simulate button is executed.
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Figure 25: Total Owning Cost Simulation with Outputs

4.1.2.1 Structure of the Program

Capture Variables
From GUI

Carry out Simulation
using 'for' loop

Output results to
graph and textbox

Figure 26: Total Owning Cost General Program Structure
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4.1.2.2 Capturing Variables

On start up of the GUI, all necessary input variables are populated with those
shown in Figure 24. To carry out a simulation the user must select the required
Load Cycle from the drop down box and then click on the “Simulate’ button. If
the load cycle is unknown, or a specific load cycle is not available in the drop
down box, the user should select ‘manual’ in the load cycle drop down box and
then type in the desired RMS daily load cycle value.

4.1.2.3 ‘For’ Loop Simulation

Using the variables input into the GUI, the simulator implements the TOC
formula shown above in a ‘For’ loop for the number of years stipulated as the
life of the transformer. The net present value for each year for each transformer
is stored in a Matlab vector ready for display when the loop is complete.

4.1.2.4 Results Output

As shown in Figure 25, the results of the simulation are displayed graphically in
the form of a line chart and numerically. The graphical representation depicts the
economic performance of each transformer over the life span selected. The
numerical representation shows the net present value of each transformer after
the life span selected; the savings are highlighted, along with the break even
year.

4.1.3 Interpretation of Results

By using this simulator within this project, it will be attempted to show what
possible savings are achieved by these ASC transformers for a single
transformer across multiple load cycles. Also, these savings will be extrapolated
to show potential cost reductions that could be achieved if these ASC
transformers were rolled out for the entire Ausgrid pole top transformer asset
base. '
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4.2 11kV Protection System Problems Due to Increased Inrush
Current

To assess the level of inrush current developed in the ASC transformers and if
there are any possible subsequent impacts to current 11k'V protection schemes,
this project uses a Simulink model within Matlab, specifically implementing
blocks from the SimPowerSystems library.

Specifically, I have built a single transformer model using the ‘Saturable Single
Phase Transformer’ block within this toolbox. Within this block, users are able
to customise the transformer parameters to ensure accurate modelling of the
magnetic properties of the transformer.

4.2.1 Inrush Simulation Model

Figure 8 shows the model that was used to simulate the level of inrush current
that could be expected to be experienced in the ASC transformers on trial. It
consists of the following SimPowerSystemsBlocks:

Three Phase Source

Three Phase Breaker

ASC Saturable Transformer
Continuous powergui.
Multimeter

i a—

C"_\_'gc clo

-Phase Scu
Three-Phage Scurce Three-Phase
Breaker Saturable Transformer
eff 5 |p Continuous
—jTL Multimeter powergui

Figure 27: Inrush Current Matlab Model
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4.2.2 Three Phase Source

The three phase source block had the following parameter settings as shown in
Table 4 and Figure 28.

Parameter Setting
Phase to Phase RMS Voltage 11000V
Phase Angle 0
Frequency 50hz
Internal Connection Star
Source Resistance & Inductance Default

Table 4: Three Phase Source Parameter Settings

(% . " = T
B Block Parameters; Three-Phase Source -

Three-Phase Source (mask) (link)

Three-phase voltage source in series vith RL branch.
Parameters
Phase-to-phase rms voltage (V):
11e3
Phase angle of phase A (degrees): |
P . :
Frequency (Hz):
50

Internal connecton: [Y_

. Specify impedonce using short-circuit level
Source resistance (Ohms):
0.8929

Source inductance (H):
16.58¢-3

|

[ benliad [ oot | [ ][ oo ]

Figure 28: Three Phase Source Parameters
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4.2.3 Three Phase Breaker

The three phase source block had the following important parameter settings as
shown in Table 5 and Figure 29. It is important to highlight that the breaker
needs to be set to ‘close’ when the input voltage is at a zero crossing to achieve
maximum inrush current. The value selected is after 10 cycles so the results are
not obstructed by the axis thereby causing them to be difficult to interpret.

Parameter Setting

Initial Status Open

Closes after

10/50s

50053990

Table 5: Three Phase Breaker Paramcter Settings

o

7: Block Parameters: Three-Phase Breaker

Three-Phase Breaker (mask) (link) ==
{Cnnmthisbb:khwiesmmﬂw three-phase element

you want to switch. You can define the breaker timing directly

| from the dislog box or apply an external logical signal. I you
check the 'Bxdernal control' boy, the external control input
will appear.

|'- Parameters

il status o brekers [ ~| |

| ¥ Switching of phase A

| IV Switching of Phase 8
| ¥ Switching of phase C
| Transition times (s)

1 [T10/50]

[ Bxternal control of switching times
Breakers resistance Ron (ohms)
{0.002

Snubbers resistance Rp (Ohms)
| 1e6

J

=l

m Cancel Help | “pply I

Figure 29: Three Phase Breaker Parameter Settings
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4.2.4 Single Phase Saturable Transformer Matlab Block

The input data required for the ‘Saturable Single Phase Transformer® block are
split over 3 tabs:

* Configuration.
= Parameters.

* Advanced (The advanced tab is not required for this project)

The determination of the parameters used within this block will be explained in
Section 4.2.8.

¥ Block Perameters: AC Saturable Transformer i

 Saturable Transformer (mask} (link}

%} Block Parameters: AC Saturable Transformer _E
Saturable Transformer (mask) (link)

Implements a three windings saturable transformer, Implements 3 three windings saturable transformer.
Click the Apply or the OK button after 3 change to the Units popup to

Click the Apply or the OK button after a change to the Units popup to
confirm the conversion of parameters,

confirm the conversion of parameters.

———
Configuration LParameters ] Advanced] Lc,nn_ﬁgurahm Parameters | Advanced
[ Three windings transformer

Units |SE -]

T simulate hysteresis | Nominat povser and frequency [Pn(VA) fa(Hz)]:

| [200e3 50} -

Measurements [Aﬂ measurements (V I Flund q

| Winding 1 parameters [V1{Vrms) R1{ohm) L1(H)]
| {11000 4.65 0.00453]

Winding 2 parsmeters [V2(Vrms) R2(chm) L2(H)]
[433 0.00498 1.5701e-005] —

| ‘ Winding 3 parameters [V3(Vrms) R3(ohm) L3(H)]

| | |13:1567005 992.25 126.34] ]
1 Saturation characteristic [i1{A) phil({V.s); i2 phi2; ..

L [0 0;0 4.6875;0.01885 8.125;0.075524 9,875 ] o
Core loss resistance and initial flux [Rm(ohm} phio(V.s)] or [Rm{chm)]
8.9637e+005 .

| 0K | Cancel Help [_i«p; ly |

Figure 30: Single Phase Transformer Block Configuration Tabs
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4.2.5 Determination of Single Phase Transformer Block Parameters

A series of standard tests were carried out by Ausgrid’s internal NATA
Accredited Testing Section on the ASC transformers under trial. Results of these
tests are attached in Appendix C '

4.2.6 Equivalent Transformer Circuit

Figure 31 illustrates the equivalent circuit of the single phase saturable
transformer block (third winding omitted for clarity). This equivalent circuit will
be used to assist the explanation of some of the ASC transformer parameters.

Rl L1 L2 R2

o—AW—T— W—A—o

Lsat Rm§ §

Figure 31: Matlab Saturable Transformer Equivalent Circuit (Matlab)

4.2.7 Interpretation of DC Resistance & Short Circuit Test Results
4.2.7.1 DC Resistance Test Results

DC Resistance tests were carried out on nominal tap setting four.

A-B Rinc) 4.5Q
a-b (RQ(DC)) 64mQ
- a-n (by inspection) 3.2mQ

Table 6: DC Resistance Test Results (Testing & Certification Australia, 2011)
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4.2.7.2 Short Circuit Test Results

Short circuit test was carried out on nominal tap setting four.

Average Line Voltage (V) 432V
Average Line Current (I;;) 10.5A
Total Power (P;,) 1559w
Equivalent Total Impedance 23.83Q
(Z[;'U)

Table 7: Short Circuit Test Results (Testing & Certification Australia, 2011)

Firstly we determine the equivalent total series resistance of the transformer.

Req =Ry +R; 2n
Ping = IiZnReq (22)
Pin g
Req = ;Tzl_
in
1559
359
Rea = 1052
Req = 4.714Q

Because we know the equivalent total impedance (Zzy) and we have just
determined the equivalent total resistance (R,4), we can now calculate the total
‘equivalent series reactance (X,,) of the transformer.

(23)

Xeq = \/(Zeq)z - (Req)2

Xoq = /(23.83)2 — (4.714)2

Xoq = 23.35Q

50053990 57 Michael Duffy



To implement the ‘saturable transformer’ Matlab block we need to provide the
individual resistance and leakage inductance for each winding of the
transformer.

To split the equivalent resistance into winding components we remove one of
the DC measured resistance values to reveal the other winding resistance and,
because this transformer is a Delta/Star connection, it is easier to remove the LV
winding DC measure resistance. However to do this I need to refer the LV DC
resistance value to the primary side first.

=L (24)

a—NZ

It should be highlighted that the equivalent values we have determined are the
star equivalent parameters and therefore we need to use the star equivalent phase
voltage when determining the turns ratio.

(11000)
g= V3~
250
a=2540
R’y = Rypcy X a? (25)

R', = 0.0032 X 25.402

R', = 2.0651Q

Now we can calculate the primary series resistance

Ry = Req — R, (26)

R, =4.714 — 2.0651

R, = 2.649Q
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To split the leakage reactance across the two windings it is acceptable to half the
total value. (Slemon & Straughen, 1980)

X
2
2335
1= 2
X, =11.675Q
X5 =11.6750

Now I need to convert the referred leakage reactance value of winding two to its
actual value.

X2 (28)
XZ = ?
_ 11675
27 25.402
X, = 18.10mQ

These leakage reactance values are not in the correct format for the Matlab
block; they need to be converted to inductances.

X, = 2nfL (29)
X1
Ll = ﬁ
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4.2.8 Interpretation of Open Circuit Test Results

4.2.8.1 Open Circuit Test Results

Phase Voltage (V;) 250V
Phase current (1;,) 036 A
Total Power (P;,) 135W

Table 8: Open Circuit Test Results (Testing & Certification Australia, 2011)

With the results of the open circuit test we can determine the magnetising
resistance (Rm) on the LV side of the transformer

V2 (30)
RM - P_L
_ 2502
M~ 135
Ry = 463Q

Referring to the HV side of the transformer we have:
R'y =Ry X a? 31)
R'y = 436 x 442

R'y = 896.368 k)
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4.2.9 Interpretations of Saturation Characteristics

To implement the saturation characteristic within the Matlab block, the user
must define the magnetisation response of the transformer. This requires the user

to provide coordinates of the magnetic response (@ vs i) of the transformer in
Webers and Amperes.

4.2.9.1 Amorphous Core Magnetisation Characteristic

To model the magnetic response of the ASC transformers this project utilised
supplier-provided hysteresis curves, as shown in Figure 32.

To convert this into a usable single line response I plotted the average of the two
lines of the amorphous metal and used the coordinates of this average curve to
input into Matlab.

" Silicon Steel md Amorphous Alloy’ s.HyShe_r'ez;is Curve:

SR ,.1;‘ -
" L et e I A. 77 aw- vyl curg of

Ao hophos | e VZ/ ‘ 057
Gvf’fr)s — et (0 - M

Figure 32: Hysteresis Curves of ASC transformers on trial and typical CRGO
transformers

The red line indicates this average line and is a representation of the magnetising
characteristic for the amorphous core transformer. From this red line curve I
have formulated the values shown in Table 8 for the saturation characteristic.
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Magnetising Current (A/m) Flux (T)
0.0 0.0
4 0.75
12 1.3
48 1.4

Table 9: Magentic Response of ASC Transformer Provided by Supplier

A further complication is that this hysteresis illustration is provided in units
which are incompatible with the Matlab block. It depicts the flux values as flux
density and is therefore in units of Tesla. The magnetising current is represented
as magnetic field strength (A/m). Therefore I need to convert these values into
the values required for Matlab, which are Webers and Amperes respectively.

4.2.9.2 Conversion of Hysteresis Values

307,5mm 195,5mm

440.5mm

Core CSA/

Flux Path

Figure 33: Amorphous Core Transformer Core showing CSA and mean flux
path Approx Dimensions

We can estimate the cross sectional area of the core using the two following
formula for mutual flux ($) and flux density (B) as we have been provided the
volts per turn of the transformer in Appendix E.
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E; _ Volts per turn

0= 444 X f 444 X frequency (32)
] Flux Webers

A= —= — =
B Flux Density T (33)

So if we first determine the mutual flux produced by the transformer core

6.4101

9= 142 x50

@ = 0.028874 Wb

Now we can determine the cross sectional area as we know the max flux density
in Tesla, as shown in Figure 32.

_0.028874
- 15

A = 0.019249 m?

Using this value of core cross sectional area we are able to convert the flux
density values shown in the hysteresis response of Figure 32 into total flux
values required for the Matlab block.

@ = BA (34)

Now we need to convert the magnetic field strength values of figure 19 into the
required magnetic current values for the Matlab block. To achieve this we
require the mean flux field path length and the number of turns.

Firstly if we look at the number of turns for the primary winding, we are
provided with the volts per turn performance of the core as 6.4101 V/turn. We
also know that the star equivalent voltage of the primary delta winding is 6351V.
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This allows one to determine the star equivalent number of turns for the HV
winding as.

_ Equivalent Star Voltage (3%
B Volts per turn

6351
"~ 6.4101

N =990.78

Now if we consider the mean flux field path, to determine this value we need the
physical dimensions of the transformer core, which are provided in Figure 33. If
we consider the ‘A’ phase leg of the transformer and assume that the flux is split
evenly between loops 1 and 2, we can determine the mean flux field path as
approximately equal to average length of the summation of loop 1 and 2.

lLioop1 = (307.5 X 2) + (440.5 x 2) = 1.496m (36)

Therefore the mean flux path is equal to.

| = (Loor 1) + (LLoor 2) (38)
2

| _ (1496) + (1.272)

> = 1.384m

Therefore we can convert the magnetic field strength values provided in Figure
32 to magnetic field current required for the Matlab block by using the following
formula.

= Ni  TxTurns X Mag Current (39)
Tl Field Length
. _IxH
TN (40)
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.. Mean o
Point Mzg“'::::“g Tumns | Flux Path Macgu':: = Dfln';’,‘ Core CSA :fl"tl‘;l
Length ity

H N ! |1=am/N| B A |o=BA

1 0 990.78 | 1384 0 0 | 0019249| 0
2 6 990.78 | 1384 |0.00838128] 1 | 0.019249 | 0.01925
3 12 990.78 | 1384 |0.01676255] 1.3 | 0.019249 | 0.02502
2 24 990.78 | 1384 | 0.0335251 | 1.4 | 0.019249 | 0.02695
5 48 990.78 | 1384 | 0.0670502 | 1.5 | 0.019249 | 0.02887

Table 10: Magentic Response of ASC Transformer with Appropriate Units

4.2.10 Matlab Block Input Values

Tab Input Value Determination
Method
Configuration Measurements All Measurements By Inspection
Parameters Units SI By Inspection
Nominal power (S) 200kVA By Inspection
Frequency (f) 50Hz By Inspection
Winding 1 - RMS Volts 6351V By Inspection
(V1)
Winding 1 - Resistance 2.649Q Short Circuit
(R1) Test
Winding 1 — Inductance 37.163mH Short Circuit
(LD Test
Winding 2 - RMS Volts 250V By Inspection
(V2)
Winding 2 — Resistance 3.2mQ Short Circuit
(R2) Test
Winding 2 - Inductance 57.61pH Short Circuit
(L2) Test
Magnetising Resistance LV 463Q Open Circuit
Side (Rm) ' Test
Magnetising Resistance 896.368 k2 Open Circuit
HV Side (R’m) Test
No. of turns HV winding 990.78 Data Sheet
No. of Turns LV winding 39 Data Sheet
Saturation  Characteristic [00;0.00838 Interpretation of
(I1,phil... .etc) 0.01925;0.01676 Data sheet
0.02502;0.03353
0.027;0.0671 0.029]
Table 11: Summary of Parameters used in Inrush Simulation
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4.2.11 Explaination of How the Results will be Obtained

Using the parameters shown in Table 11, the level of inrush current will be
assessed in two ways.

Firstly a single transformer will be modelled and the resultant inrush current
levels recorded. This will allow one to determine if there are going to be any
protection implications for the HV drop out fuses used to protect each individual
transformer.

Secondly after obtaining the results for a single transformer we can extrapolate
these results to model a specific radial feeder as shown in Figure 19. The
specific example under consideration will be when there has been a planned
interruption on the feeder and the network operators are restoring the line. When
restoring the line, the transformers would typically have the secondaries open
circuited as this would have been a requirement of the Ausgrid Safety Rules and
the feeder would be energised via a recloser and then individual transformers
would have the secondaries closed, thereby restoring supply to the residents. By
analysing this situation we will be able to ascertain if there are any implications
for the over current protection settings at the recloser.

50053990 67 Michael Duffy



5.0 RESULTS & DISCUSSION

5.1 Cost Benefits of Reduced Core Loss Investigation

The results for the economic comparison between the two types of transformers
will be presented in the following sections:

* General Overview

* Results for parameters as determined in Section 4.1.1.9
= Effect of Wholesale Electricity Price Changes

» Effect of change in life span

5.1.1 Results General Overview

The parameters in Table 12 show the important characteristics which influence
the TOC results.

Item Value

Si Steel ASC

Fixed Losses 381W 135W

Variable Losses 2200W 1900W

Capital Costs $9,760 $10,773

Table 12: Important TOC Input Data

It should be highlighted that the following earlier expectations are confirmed
with the results obtained;

» ASC have reduced fixed core transformer losses
» ASC transformer have a higher capital purchase cost.

However an interesting characteristic which influenced the results was that the
following expectation was contradicted;

» ASC transformer have higher load losses.
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Generally the results confirmed expectations of the cost effectiveness of ASC
transformers which is that over the first few years of the simulation the ASC
transformers have a higher net present value and are therefore more costly than
the legacy transformers. However after four to six years, depending on the load
cycle simulated, the ASC transformers proved to be more cost effective than the
CRGO legacy transformers. An example of this economic performance is shown
in Figure 34. On the left hand side of the orange line the CRGO transformer is
more cost effective than the ASC transformer and on the right hand side of the
orange line the ASC transformer is more cost effective than the CRGO
transformer. It should be also highlighted that the total savings of $2681.00 over
the 40 year life span on the selected load cycle is illustrated by the green line.

—Network P NSTRCTIONS
Price et — Load ycle L Uteat r‘;?luf;rw Dizcount Rate S
. - Ll 1. Enter into
s A |commercai ana industrinl t380). =] 2 2 Seect n stenchd Load Cycl from he o
y e box
Wanusl Vil 2. M load cycle uninown seled ‘manual’ from the
| 0.089 ] 08 “ e drop down sl and ether use the defect 0.8 or
I — enter 6 value,
= Corte T sk Tx P 4. Seleci Clck Simuete”,
TeCantet ot S ™ 0733 T Cegitol Cost 9760
o] 55
Forad Loss 135
| o i anl;nnsm 81
Varisbis 1200 Variable
Resits | Lozems W) losesowy | 2%
= 2551.6331
s HEVS) 20414 8777 NV 229665108
Bresk Even (¥) 6
1

Simulate | 12 / —— Amorphous

Stilicon

—L e T 1
0 B i R e T R e 75 0 3 T

Figure 34: Economic Comparison of Transformers on Load Cycle (A)
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5.1.2 Results for Parameters as Determined in Section 4.1.1.9

Carrying out the simulation using the parameters determined in Section 4.1.1.9
the results obtained are shown within Table 13 and Figure 35.

Commercial and Indusirial (S&W) A $20,414.88| $22,966.51] $2,551.63]  $5,103,264.60 6 0.061
Domesic Litle Water Heating (NSW) B $20,556.16) $23,130.10] $2,573.94]  $5,147,880.00 6 0.061
Domestic Much Water Heafing (W) CW | $21,236.000 $23,917.28] $2,681.28] $5,362,568.000 & 0.061
Domestic Much Water Heating (S) Cs $20,956.17] $23,593.27] $2,637.10|  $5,274,196.00 5 0.061
Mixed Predominanty Domestic (W) DW | $21,604.85] $24,344.38] $2,739.53  $5,479,054.00 5 0081
Mixed Predominantly Domestic (S) DS $20,202.50] $22,720.59] $2,518.10]  $5,036,190.00] 6 0.061
Mixed Predominantly Industrial (S&W) E $23,149.76) $26,133.22] $2,983.46]  $5,966,913.00) 5 0061

Continuous E $28,810.32) $32,687.55| $3,877.23] $7,754,458.40 4 0.061

Table 13: Results for Parameters Determined in Section 4.1.1.9

$35,000.00
$30,000.00
m NPV
$25,000.00 AC
($$)
$20,000.00 NPV
CRGO
$15,000.00 ($9)
$10,000.00 W SAVINGS
' (59)

$5,000.00

$0.00

Figure 35: Results for Parameters Determined in Section 4.1.1.9

It can be seen that for all load cycles the ASC transformers economically
outperform the legacy CRGO transformers. With the savings ranging from
approximately $2,500.00 through to $3,800.00, the potential savings for each
load cycle is highlighted in Figure 35.
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5.1.2.1 Implications for Ausgrid

The implication for Ausgrid becomes apparent when the total asset base is
considered. Ausgrid has an asset base of approximately 2000, 200kVA pole top
transformers. The continuous load cycle (F) is disregarded as this is an
extremely rare load cycle for a distribution network, therefore the potential
savings are in the order of $5 - 6M across the 200kV A pole top transformer asset
base across the 40 year financial life of these transformers.

$9,000,000.00
$8,000,000.00 .
$7,000,000.00 r J mA
$6,000,000.00 \ ) 'L mB
$5,000,000.00 . mow
$4,000,000.00 B ucs
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Figure 36: Savings for Ausgrid Asset Base for Each Load Cycle

5.1.3 Effect of Wholesale Electricity Price Changes

To investigate the effect of electricity price increases on the cost effectiveness of
the ASC transformers on trial, this section reports on the economic comparison
between the two transformers across a range of strategic price changes.

In the NSW Electricity Network and Price Enquir Report conducted by the NSW
State Government in 2010, wholesale electricity prices are expected to increase
over the next 15 years. This price increase is forecast to occur at different rates
largely dependent on the effect of changes in the Carbon Price. Figure 37
illustrates the average annual National Electricity Market spot price over the
next 15 years as a result of three different carbon price scenarios, high carbon
price, medium carbon price and no carbon price (NSW State Government,
2010).
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Figure 37: Forecast NEM Spot Price for Different Carbon Price Scenarios
(NSW State Government, 2010)

To review the effect that changes in wholesale electricity prices and the cost
effectiveness of these ASC transformers, this section reports on the results of
simulations with the wholesale electricity price set to $90/MWh and $110/MWh
as forecast to occur in 2028/29 for the different expected carbon price scenarios.
Further to this, because the policy of the current federal political Opposition
Party is to rescind the Carbon Price as soon as elected, this section will analyse a
price of $35/MWh. This price was selected as it is the expected spot price which
coincides with the next federal election in November 2013. (Liberal Party of
Australia, 2012)

The results achieved for each of these price scenarios are as shown in the
following tables and figures;

Description Load NPV NPV Ausgrid Potential | BREAKEVEN EP
Cycle AC CRGO Savings (YR} ($5/KWh)

(35) ($5)

Commercial and Industrial (S&W) A | $25,017.73 $29,245.02] $4,227.29]  $8,454,572.00 4 0.09
Domestc Litie Water Heating (NSW) $25,226.19] $29,486.38] $4,260.19] $8,520,380.00 4 5,05
Domestic Much Water Heating (W) CW '525,229_22 5’301547,79 $4,413.57 $8,837,140:00 4 0.09
Domestic Much Waler Heating (S) . CS | $25,816.37] $30,169.75] $4,353.38] $8,706,760.00) 4 0.09
Mixed Predominanty Domestic (W) DW | $26,773.44] $31,277.93| $4,504.49]  $9,008,980.00 4 0.09
Mixed Predominantly Domestic (S) DS $24,704.38] $28,882.19| $4,177.81]  $8,355,620.00) 4 0.09
Mixed Predominantly Industrial (S&W) E $29,052.81] $331917_21 $4,864.40]  $9,728,800.00) 3 009

Continuous F $37,404.45] $43,587.53| $6,183.08] $12,366,160.00 3 0.09

Table 14: Results for EP = $90/MWh
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Figure 38: Results for EP = $90/MWh
Description NPV SAVINGS | /A
) CRGO (55)
Commercial and Industnal (S&W) A $28,192.12| $33,575.02| $5,382.90 $10,765,800.00} 3 011
Domestic Litle Water Heating (NSW) B $28,446.90 $33,870.02| $5,423.12] $10,846,240.00 3 0.1
Domestic Much Water Heating (W) CW | $29,672.83] $35,289.52] $5,616.69] $11,233,380.00) 3 0.11
Domestic Much Water Heating (S) Cs $29,168.23| $34,705.25| $5,537.02] $11,074,040.00 3 0.11
Mixed Predominantly Domestic (W) DW | $30,337.98] $36,059.70] $5,721.72] $11,443 440.00 3. i
Mixed PredomInantly Domestic (S) DS 527:809-141 $33,131.56 $5,322.42 $10,644,840.00 3 0.11
Mixed Predominantly Industrial (S&W) E $33,123.88] $39,285.47] $6,161.59] $12,323,180.00 3 011
Conlinuous F $43,331.44] $51,104.76] $7,773.32] $15,546,640.00 2 0.1

Table 15: Results for EP = $110/MWh
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Figure 39: Results for EP = $110/MWh

D SAVINGS [ Ausgrid Patential

(55) Savings {¥YR) (S5/kWh)

) ($5)
Commercial and Industrial (S&W) A $16,288.18| $17,337.51] $1,049.33]  $2,098,660.00) 11 0.035
Domesfic Litie Waler Heating (NSW) B $16,369.24] $17,431.37] $1,062.13]  $2,124,260.00 1 0.035
Domestic Much Water Heating (W) CW | $16,759.31| $17,883.03] $1,123.72]  $2,247,440.00 10 0.035
Domestic Much Water Heating (S) CS | $16,598.75] $17,697.12| $1,098.37]  $2,196,740.00, 10 0.035
Mixed Predominanty Domestic (W) DW 1 $16970.94] $18,128.09] $1,157.15|  $2,314,300.00 10 0.035
Mixed Predominantly Domestic (S) DS $16,166.32) $17,196.41f $1,030.09] $2,060,180.00 11 0035
Mixed Predominantly Induslrial (S&W) E $17,857.37) $19,154.47] $1,297.10]  $2,594,200.00 9 - 0035
Continuous F $21,105.23] $22,915.15 $1,809.92]  $3,619,840.00) 7 0.035

Table 16: Results for EP = $35/MWh
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Figure 40: Results for EP = $35/MWh
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5.1.3.1 Implications for Ausgrid as a Result of Changes in Price

The implications for Ausgrid with changes in the price of wholesale electricity
are as expected. Increases in electricity prices above the current average of
$61/MWh results in greater potential savings and if the carbon price was
abolished and the wholesale electricity price was able to be returned to previous
averages the potential savings would be eroded. '
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$12,000,000.00 —
. ' HA
$10,000,000.00 =B
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$6,000,000.00 mcs
B DW
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= DS
$2,000,000.00 =E
$0.00 F
Ausgrid Potential Savings
($9)

Figure 41: Results for EP = $90/MWh
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Figure 42: Results for EP = $110/MWh
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Figure 43: Results for EP = $35/MWh

Once again if the continuous load cycle is ignored, Figure 41 and Figure 42
illustrate that the potential savings achieved by Ausgrid corresponding to
increases of the average spot price to $90/MWh and $110/MWh would be in the
order of ($8M — $10M) and ($10M — $12M) respectively.
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Figure 43 shows that the potential savings would be in the order of ($2M —
$2.5M) for a price reduction to $35/MWh.

5.1.4 Effect of change in life span

As highlighted in Section 4.1.1.8 the capital cost of the ASC transformers are
~10% more expensive than the existing legacy transformers. What makes this
value more significant is that the ASC transformers have both lower load loss
and fixed loss values. This price equivalency could be because the manufacturer
quality is not comparable to the legacy CRGO transformer. This reduction in
manufacturer quality would result in a reduced life span of the ASC transformer
when compared to the legacy CRGO transformers and as such reduce the
potential savings achieved by the ASC transformers. It is for this reason that this
section will report on the possible savings achieved by the ASC transformers for
reduced life spans. The values analysed will be 30 and 20 years, as it was
assumed that the reduction in life span would not exceed 50% of the expected
life span. These simulations will also be carried out with a projected minimum
price of electricity of $35/MWh as this will be the most conservative analysis
and will provide a good basis for larger scale decision making.

Description Load NPV NPV A Ausgrid Po
Cycle ASC CRGO.

(55) ($5)

Commercial and Industrial (S&W) A $15,780.18) $16,644.57]  $864.39]  $1,728,784.00] 11 5
Domestic Little Water Heating (NSW) B $15,853.83] $16,729.85]  $876.02]  $1,752,040.00} 11 30
Domestic Much Water Heating (W) CW | $16,208.23 $17,140.21]  $931.98]  $1,863,962.00 10 30
Domestic Much Water Heating (5) CS | $16,062.36| $16,971.31] . $908.95] $1,817,900.00) 10 30
Mixed Predominantly Domestic (W) DW $16,400.51) $17,362.86]  $962.35]  $1,924,700.00 10 30
Mixed Predominantly Domeslic (S) DS $15,669.46] $16,516.38]  $846.92]  $1,693,840.00 11 30
Mixed Predominantly Industrial (S&W) E $17,205.88| $18,295.38] $1,089.50]  $2,179,000.00) 9 30

Conlinuous F $20,156.74] $21,712.17] $1,555.43]  $3,110,860.00 7 30

Table 17: Results for M = 30 Years
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Figure 44: Results for M = 30 Years

Description

Tx Life

Savings {Year)
| (35)
Commercial and [ndustrial (S&W) A $14,900.03] $15,444.01 $543.9 $1,087,960.00} 20
Domesfic Litle Water Heating (NSW) B $14,960.83] $15,514.42]  $553.59]  $1,107,180.00 11 20
Domestic Miich Waler Healing (W) CW | $15253.43] $15,853.21]  $599.78]  $1,199,560.00) 10 20
Domeslic Much Water Heating (S) cs $15,132.99] $15,713.76 $580.77 $1,161,540.00) 10 20
Mixed Predominantly Domestic (W) DW | $15,412.19 $16,037.03]  $624.84]  $1,249,680.00 10 20
Mixed Predominantly Domestic (S) DS $14,808.62] $15,338.17]  $529.55|  $1,059,100.00 11 20
Mixed Predominantly Industrial (S&W) E $16,077.10] $16,806.94] $729.84 $1,459,680.00} 9 20
Continuous F $18,513.38] $19,627.89] $1,114.51  $2,229,020.00 7 20
Table 18: Results for M =20 Years
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Figure 45: Results for M = 20 Years
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5.1.4.1 Implications for Ausgrid

Once again as expected, if the expected lifespan was reduced this would result in
a corresponding reduction in potential savings. Specifically if the expected
lifespan is reduced to a total of 30 years, the equivalent potential savings to
below $2M over the entire 200kVA pole top transformer asset base as illustrated

by Figure 46.

A further reduction to a 20 year lifespan, reduces this potential savings to
approximately $1M as shown by Figure 47.
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Figure 46: Results for M = 30 Years
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Figure 47: Results for M = 20 Years
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5.2 11kV Protection System Problems Due to Increased Inrush
Current

In trying to complete the inrush modelling using the single transformer model
with the parameters outlined in Table 11, an issue with current oscillation was
encountered as shown in Figure 48. This issue was unable to be resolved and
therefore casts doubt over the results achieved for this aspect of the project.

Ib: Three-Phase Breaker/Breaker A

400+ ' ' '
200 |
400} , , .

0 05 1 15 2

Figure 48: Simulated Inrush Current Waveform with Erroneous
Oscillation

Therefore the presentation of the results for this section will be in a ‘step by
step’ manner, showing individual results for minor changes in the default
parameters of the Matlab saturable transformer block to the parameters outlined
in Table 11.

5.2.1 Single Transformer Results

5.2.2 Test No. 1 - Default Parameters (No Inrush)

The first test that will be reported is used as a control to ascertain that the correct
switching time is being used for the remaining tests completed. The simulation
will be run with all the default parameters of the saturable transformer
unchanged and the switching time set to 10.25/50. Which corresponds to a
switching time when the supply voltage should be at a positive peak, thereby
resulting in zero inrush current.

The essential parameters of the simulation are shown in Table 19
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Input Value
Switching Time 10.25/50s
Nominal power (S) 200kVA
Frequency (f) 50Hz
Winding 1 - RMS Volts 6351V
V1)
Winding 1 - Resistance Default
(R1)
Winding 1 — Inductance Default
(9]
Winding 2 - RMS Volts 250V
(V2)
Winding 2 — Resistance Default
(R2) .
Winding 2 - Inductance Default
L2)
Magnetising Resistance Default
HV Side (R’m)
Saturation  Characteristic Default
(I1,phil....etc)

Table 19: Test No. 1 Default Parameters (No Inrush)

As expected because the secondaries are open circuited and the switching time
was selected so the transformer was energised at the peak of the supply voltage,
the primary current was approximately equal to zero. Figure 49 illustrated this
performance, where (Ub) is the supply voltage and shows that the switching time
coincided with a positive supply peak and (/,77), is the primary winding current
which is equal to zero.

Ub: Three-Phase Breaker/Breaker A

<l

1
0 005 01

i T T T

1 1 1 1

T T
1 1
0.2 025 03

0.15 0.35 0.4 0.45 0.5
w1: Saturable Transformer
T T T T T T T T
0.1} 2
0 SR e e WS T AN _
01+
1 1 | L | 1 L 1 1
0 0.05 0.1 0.15 02 0.25 0.3 0.35 04 0.45 0.5

Figure 49: Test No. 1 Default Parameters (No Inrush) — Voltage / Current
Waves
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5.2.3 Test No. 2 - Default Parameters (Inrush)

The second test attempts to cause maximum inrush current to flow in the default
transformer. This will be achieved by changing the switching time so that it
coincides with a zero crossing of the supply voltage.

Input Value
Switching Time 10/50
Nominal power (S) 200kVA
Frequency (f) 50Hz
Winding 1 - RMS Volts 6351V
V1)
Winding 1 - Resistance Default
(R1)
Winding 1 — Inductance Default
@L1)
Winding 2 - RMS Volts 250V
(V2)
Winding 2 — Resistance Default
(R2)
Winding 2 - Inductance Default
L2)
Magnetising Resistance Default
HV Side (R’m)
Saturation  Characteristic Default
(I1,phil....etc)

Table 20: Test No. 2 Default Parameters (Inrush)

Once again the expected result is achieved and more importantly inrush is
achieved. This can be witnessed in Figure 50, where we see initial values of
primary current is in excess of 75A, which is approximately 2.4 times the rated
current of the transformer. It is also relevant to highlight that this primary
winding current consists only of positive pulses and decays gradually. Both
properties are consistent with inrush current as explained in section 2.6.
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Figure 50: Test No. 2 Default Parameters (Inrush) — Voltage / Current Waves

Since we have confirmed that the simulation model is switching at the correct
time so as to produce transformer saturation and hence inrush to occur. We will
now begin to change the parameters of the default block to those of Table 11 and
record the results. Also the following tests will neglect to show the supply

voltage waveform.
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5.2.4 Test No. 3 — Change Series Equivalent Parameters (Inrush)

Input Value
Switching Time 10/50s
Nominal power (S) 200kVA
Frequency (f) 50Hz
Winding 1 - RMS Volts 6351V
V1)
Winding 1 - Resistance 2.649Q
R1)
Winding 1 — Inductance 37.163mH
(L1)
Winding 2 - RMS Volts 250V
(V2)
Winding 2 — Resistance 3.2 mQ
(R2)
Winding 2 - Inductance 57.61pH
(L2)
‘Magnetising Resistance | Default
HV Side (R’m)
Saturation  Characteristic Default
(I1,phil... .etc)

Table 21: Test No. 3 Change Equivalent Series Parameters (Inrush)

As is shown in Figure 51, changing the equivalent series parameter this resulted
in a corresponding slight increase in inrush current initial levels, however there
is a significant change in the decay time. This was due to the fact that the default
primary series resistance is 10X less than the value of the ASC under trial.

T ] T T T
X: ¢ 2097
50t ¥ 79.8 MMM”““H i
o i
-50 - .
1 i 1 - | 1 L 1 L 1

Figure 51: Test No. 3 Change Equivalent Series Parameters (Inrush) — Current
Waves
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3.2.5 Test No. 4 — Change Magnetic Resistance Parameter (Inrush)

As shown in Table 22 the only parameter change made for this simulation was
the magnetic resistance parameter

Input Value

Switching Time 10/50s
Nominal power (S) 200kVA
Frequency (f) 50Hz
Winding 1 - RMS Volts 6351V
(V1)
‘Winding | - Resistance 2.649Q
(R1)
Winding 1 — Inductance 37.163mH
(L1)
Winding 2 - RMS Volts 250V
(V2)
-Winding 2 — Resistance 3.2 mQ
(R2)
Winding 2 - Inductance 57.61pH
(L2)
Magnetising Resistance 896.368 kN
HV Side (R’m)
Saturation  Characteristic Default
(11,phil....etc)

Table 22: Test No. 4 Change Magnetic Resistance Parameters (Inrush)

The results for Test No. 4 show that changing the value of magnetising
resistance this results in a slight increase in the level of inrush current. This is

because the value of the ASC transformer magnetising resistance is less than the
default block.
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Figure 52: Test No. 4 Change Magnetic Resistance Parameter (Inrush) —
Current Waves

5.2.6 Test No. 5 — Change Saturation Parameter (Inrush)

Test No. 5 is the final test. All parameters have been changed so that the
transformer should have similar performance characteristics as the ASC
transformers on trial. As shown in Table 23 the only parameter change made for
this simulation was the saturation parameters.

Input Value
Switching Time 10/50s
Nominal power (S) 200kVA
Frequency (f) 50Hz
Winding 1 - RMS Volts 6351V
V1)
Winding 1 - Resistance 2.649Q
(R1)
Winding 1 — Inductance 37.163mH
(L)
Winding 2 - RMS Volts 250V
(V2)
Winding 2 — Resistance 3.2mQ
(R2)
Winding 2 - Inductance 57.61pH
(L2)
Magnetising Resistance 896.368 k1
HV Side (R’m)
Saturation Characteristic [00;0.00838
(I1,phil... etc) 0.01925;0.01676
0.02502;0.03353
0.027;0.0671 0.029]

Table 23: Test No. 5 Change Saturation Parameters (Inrush)
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There is a significant change in the inrush current results with this final change
in the transformer block parameters. The transformer now has a general response
as follows:

* On energisation a peak inrush current value of 435 A is experienced.

* The inrush current level appears to quickly decay after approximately
0.2s the current value has stabilised to a value of 250A.

* The current level then oscillates at the value of 250 A indefinitely.
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Figure 53: Test No. 5 Saturation Parameter (Inrush) — Current Wave

The evidence shows that there is now a large oscillatory response from the
transformer. This suggests that the transformer saturable parameters are
incorrect. This casts doubt over the validity of this aspect of the report, however
to extend this investigation to look at the possible implications for the 11kV
protection schemes used on Ausgrid’s network the following assumption will be
made.

It will be assumed that the transformer exhibits an inrush current response
similar to that shown in Figure 53 but the oscillatory response will be ignored.
The assumed response is highlighted in Figure 54.
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Figure 54: Assumed Inrush Current Response of the ASC transformer

This single line assumed response is based on the fact that the peak value would
be the worst case scenario from the results shown above and if one removes the
oscillation it does appear that the level of inrush current follows this decay rate.
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5.2.7 Implications for Transformer Fuse Protection Due to Inrush
Current
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Figure 55 is a chart showing two time vs current characteristic curves. The curve
shown in blue is an approximation of the inrush current response of the ASC
transformers as depicted in Figure 54. The red curve is the time vs current fuse
characteristic curve of a 31.5A drop out fuse. This fuse is the standard drop out
fuse used on Ausgrid’s network for 200k VA pole top transformers.
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Figure 55: 31.5A Drop Out Fuse Characteristic Curve vs Inrush Current

The important aspect to highlight in
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Figure 55 is that there is appropriate discrimination between the expected inrush
current levels and the operating characteristic curve of the protecting fuse. This
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is evident as the operating curve is to the right hand side of the inrush current
curve and there is no intersection of these curves.

5.2.8 Radial Feeder Results Transformer Results

The review into possible implications for a radial feeder with greater penetration
of ASC transformers is redundant to some extent for the following reasons:

* Because the results obtained for a single transformer are overshadowed
by some level of uncertainty due to the oscillatory response of the
primary current. This uncertainty would be exacerbated in an
investigation of a larger 11kV feeder with greater penetration of ASC
transformers, thereby making the results further problematic.

® If one considers the results in Section 5.2.7 as being accurate. Then an
investigation into the possible implications for the upstream protection
devices (eg O/C relay) is not required. This is because of two reasons:

o The simulated inrush current levels do not exceed the individual
fuse characteristic curves which is the primary protection device
for these pole top transformers.

o The secondary protect device (eg O/C relays) should be set up

- with the general protection philosophy of grading (as per Section
2.7.3). This suggests that the upstream protection device would
be set with greater tolerances than the down stream device, in this
case the fuse characteristics.
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6.0 FURTHER WORK

Within this section further areas of investigations are highlighted for each aspect
of the project.

6.1 Cost Benefits of Reduced Core Loss Investigation
6.1.1 Monitoring the Quality of Manufacture

As suggested earlier, due to the higher amount of core and winding material
required in the ASC transformers, there was expected to be a significant
difference between the capital purchase costs of each transformer. In the case of
this two transformer trial, the difference however is only approximately $1000
or 10% of the purchase price.

This factor is given more significance when one considers that both the load and
fixed loss characteristics of the ASC transformers are lower than the CRGO
transformer. Given these physical characteristics and electrical performance
characteristics one would expect that the cost difference would be higher if the
transformers are constructed with similar quality.

Two factors which may assist in the explanation with regard to the fact that the
capital costs of each transformers are comparable, are:

* The labour costs of production of the ASC transformers are lower, this
could be because they are produced in an offshore marketplace.

* The production quality is not comparable between the two suppliers of
transformers.

Therefore a suggestion for further work would be to carry out half yearly
physical inspections of the transformers specifically with the intention of
reviewing the integrity of the galvanising.

6.1.2 Reassessment of the Load and Fixed Losses of the Transformers

Because the majority of potential savings occur over a large timeframe and
there wasn’t much available literature on the electrical performance of ASC
transformers over an extended time frame. This project suggests that the
transformer electrical characteristics should be re-measured after 2 years of
continuous operation to confirm the electrical performance over the medium
term.
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6.1.3 Investigate other capacities eg 63kVA — 400kV A

Because this project only investigated the potential savings available to Ausgrid
with large scale roll out of 200kVA pole top transformers, this project will
suggest as further work, that similar investigations be carried out other standard
distribution capacity transformers in Ausgrid’s network.

Ausgrid’s standard available transformers are:

= (25kVA - 63kVA) Single Phase
= (60kVA —1000kVA) Three Phase

6.2 11KV Protection System Problems Due to Increased Inrush
Current

6.2.1 Rectifying the Oscillation of the Model.

As the results of the inrush current simulations are not reliable, this project
recommends a further review of the saturable parameters used, in the attempt to
obtain a true inrush current response and thereby allow the appropriate 11kV
protection checks to be carried out.

6.2.2 Simulate Inrush Current with Remnant Magnetisation

If the issue of current oscillation is resolved then the study can be extended by
specifically addressing the inrush current response of the transformer with
values of remnant flux not equal to zero. An example of this scenario could be
when a fault is experienced on a radial feeder, therefore causing a reclose to
occur.
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7.0 CONCLUSIONS

When this project was conceived, it was assumed that the ASC transformers on
trial would have the following characteristics:

* Significant reduced no load transformer core losses.
* Higher capital purchase costs.

* Higher load loss characteristics.

* Potentially problematic levels of inrush current.

The first three points regarding the economic performance of these transformers,
fuelled the idea that it would be an interesting investigation to carry out an
economic comparison between the existing transformers and these ‘new’ type
transformers on trial. Specifically, it was thought that these transformers would
obviously be more costly in the short term, however at some point in time they
would be more cost effective than the existing legacy transformers. This medium
to long term cost effectiveness, presented an opportunity for Ausgrid to reduce
operating costs, the extent of these potential savings was unknown. Further to
this, this study could be extended to investigate what affect would the different
load profiles have on this potential savings.

The aspect of the project regarding the possible problematic levels of inrush
current, was developed after further research into these ASC type transformers
raised it as a potential issue, further to this, this topic was not well documented
within internal Ausgrid guidelines. Because of these two issues, it proved worthy
of further investigation.

The following sections present a summary of the results and recommendations
provided by this project. Once again due to the fact that there are two distinct
aspects to the project these results will be presented in two separate sections:

®  Cost benefits of reduced core loss investigation.
* 11kV protection system problems due to increased inrush current.

7.1 Cost Benefits of Reduced Core Loss Investigation
7.1.1 Summary of results

The general results developed in this aspect of the project highlighted that two of
the three assumed characteristics of these ASC transformers are correct, they
are:

* Significant reduced no load transformer core losses, which are in the
order of 2.8 times lower.
* Higher capital purchase costs, by approximately 10%.
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An interesting and unexpected result from these investigations was that the
variable losses, that is, the load loss characteristics of the ASC transformers are
lower than the CRGO legacy transformers.

Due to these three factors the ASC transformers outperformed the CRGO
transformers in all aspects of the simulations carried out within this aspect of the
project. Specifically:

® 40 year life time cost savings when comparing individual transformers
were in the range of $20K - $25K over the standard Ausgrid load cycles.

» This individual cost savings expanded to $5M - $6M when considering
roll out of these ASC transformers for all of Ausgrid’s 200kVA pole top
transformers.

With consideration to changes in wholesale electricity prices, as forecasted by
the NSW State Government. The results showed that the following savings
could be achieved:

= At the high end ($10M - $12M) savings across Ausgrid’s 200kVA pole
top transformer asset base when projecting high growth in the carbon
price.

* At the low end ($2 - $2.5M) across Ausgrid’s 200kVA pole top
transformer asset base when projecting removal of the carbon price.

When considering the ASC purchase price was only 10% higher than the legacy
transformers and these ASC transformers out performed in both electrical
aspects of load and no load losses. It was thought prudent to assess what changes
in life span had on the economic comparison. This was motivated because of the
thought that, a way to reduce purchase costs was to reduce manufacture quality.
The following results were achieved:

= For a life span of 30 years the potential savings ranged between $1.5M -
$2M.

* For a life span of 20 years the potential savings ranged between

» $1IM-$1.5M.

7.1.2 Recommendations

1) Because these ASC transformers out performed the legacy transformers
in all simulated aspects and the fact that the purchase price was
comparable. There was some uncertainty regarding the manufactured
quality of these ASC. Therefore it was thought prudent that:
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* A visual inspection of the transformers manufacture quality be
carried out at 6 monthly intervals. Giving specific focus to the
integrity of the galvanising and bushing connections.

= Areview of the electrical performance be carried after two years.

* Carry out the simulations again with these revised results.

2) On consideration of these revised results if all simulations present similar
results then it should be made policy that gradual change over from the
existing legacy CRGO transformers be carried. This could be achieved
by the natural replacement program of these 200kVA pole top
transformers.

3) In addition to recommendations (1) and (2), investigations should be
carried out on other capacity transformers. This would assess the
viability of expanding the roll to all pole top transformers.

4) Finally, with regard to the need for designers to have access to this
simulator, this was deemed unnecessary. Because the results proved that
the potential savings achieved were not sensitive to changes in load
cycle, it has been determined that a general policy change towards ASC
transformers is warranted.

7.2 11KV Protection System Problems Due to Increased Inrush
Current

7.2.1 Summary of results

The inrush simulation results achieved in this report proved to have some
uncertainty. This was due to an oscillatory current response which was
unexpected and attributable to the saturation characteristics determined for the
ASC transformers. If this uncertainty was neglected, it was shown that the peak
level of inrush current was 485A and this inrush current decayed at a rapid rate
where zero primary current was achieved after 0.3 sec. These results are
consistent with the presented theory in Section 2.0. Specifically highlighting that
by increasing the cross sectional area of the transformer core to achieve the
desired transformer capacity, the issues of inrush current are negated.

There were no implications for the primary 11kV protection system which are
drop out fuses located on the line side of the pole top transformers. Therefore,
and as a result of the general protection philosophy of grading, there is no
implication for upstream protection devices for larger scale ASC transformer roll
out,
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7.2.2 Recommendations

1) This project recommends that the inrush current simulation model be
interrogated further with the ambition of determining the specific cause
of the oscillatory response.

2) Once a more accurate response is achieved, the simulation should be
completed to determine a more accurate inrush current level.

3) With this improved model, implications for 11kV protection schemes
should be assessed and recommendations made.
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9.0 Appendix

A. Project Specification

FOR:
TOPIC:

SUPERVISOR:
ENROLMENT:

PROJECT AIM:

PROGRAMME:

MICHAEL DUFFY (50053990)

Investigation into the impact on 11KV feeder operation as a
result of the increasing use of Amorphous Core
Transformers

Tony Ahfock
ENG4111 - S1, D, 2012
ENG4112 - S2, D, 2012

Investigate the performance of amorphous core
transformers being trial on the Ausgrid distribution system,
specifically with regard to reduction of losses and any
modifications that would have to be made to 11kV
protection systems.

Issue 1.0, 21 March 2012

The program I have constructed is split between two distinct tasks identified within the
topic proposal document.

1) Carry out present value analysis to determine economic impact of
increased use of Amorphous Core Transformers. The method of analysis
would allow for different daily/weekly/seasonal demand profiles. A
question that the investigation will seek to answer would be the sensitivity
of the economic benefit on demand profile. .

i) Investigate Present Value analysis, understand how it is calculated and
identify what input values are required to calculate for this project.
Specifically with regard to fix loss reduction and changes to load profile.

ii) Investigate and obtain all required inputs, this could be through direct
measurements, information provided by manufacturers, information
provided by employer and information obtained from external parties.

iii) Carry out calculation and assess economic benefit sensitivity to changes in
load profile.

2) Construct realistic model of a typical feeder. The model should allow for
simulation inrush in the worst case scenario which may be during “cold
load pick-up. A question that the simulation will seek to answer would be
whether or not redesign of the protection system will be necessary. Would
the HV fuses normally used to protect the standard distribution
transformer still be appropriate? Would the overcurrent relay
characteristics have to be different?

i) Obtain, investigate and understand how the Simpowersystems toolbox
(MATLAB) works. :
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ii) Determine what inputs are required to build feeder model.

iii) Build typical feeder model.

iv) Simulate inrush current and determine worst case scenario.
V) Investigate currently employed 11kV protection schemes for 11kV feeders.
vi) Investigate the impacts of previously simulated inrush current on the

employed protection schemes and determine if changes be required.

(Student) (Supervisor)

/ /2012 /72012
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B. Legacy Transformers Information

Information provided by intemal Ausgrid Staff Member Mark Andrews

Transformer Type NLL (W) LL (W) Total IPurchase price Weight Oil ()

CRGO 381 2200
AC 135 1900
50053990

Loss
(W)

2581
2035

103

(Excl. GST) $

9760
10773

kg
1190 363
1400 405

Michael Dufty



C. NATA Test Report
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Test R Qp ort 8 Certification
* ¥ Australia
Number 102896
Apparatus A three phase, 11000 / 433 V, 50 Hz, Category 1 oil immersed,

transformer rated at 200 kVA. The high voltage winding of the
fransformer has 9 tap positions ranging from 11495 V to 10175 V.
The manufacturer nominated tap 4 (11000 / 433 V) as principal tap

Client Distribution Automation and Substation Engineering
Ausgrid
25 - 27 Pomeroy Street,
Homsebush NSW 2140

Date of Tests 31 January to 18 February 2011

The apparalus, construcied in accordance wilh the description and photographs incorporated in this
Test Report has been lested in accordance with:

AS 60076.1-2005, AS 2374.2-1997, AS 60076.3:2008, AS 2374.5-1982, AS 2374.6-1994 with
Amendment 1, ENA DOC 007-2006, Tender No EA.1540/10 and client's instructions.

Tests

Routine tests AS 60076.1-2005 Clause 10.1.1

Temperature-rise tests AS 2374.2-1997 Clause §

Short-circuit tests AS 2374.5-1982 -

Rated Insulation Level L195/AC28/AC15 AS 60076.3:2008 Clauses 11, 12 and 14

Partial Discharge Tender No EA.1540/10 Clause C14.6.3

Sound level AS 2374.6-1994 Clauses 5 and 6
Tender No EA.1540/10 Clause C25.3

Transformer tank pressure test ENA DOC 007-2006 Clause 6.4

Conclusion

The transformer complied with the requirements of the above standards for all tests except for the
sound level test which complied with the reduced limit of 56 dB(A) when energised at rated voltage
but exceeded the reduced limit when energised at 105% rated voltage as specified in Clause C25.3
of Tender No EA.1540/10 (Refer to the test record pages for details.)

This Test Report applies only to the apparatus tested. The responsibility for conformity of any apparatus having the same
designations with thal lested rests with the manufacturer. Only reproduction of this entire document Is permitted without written
permission from Testing & Certification Australla, 18 Mars Road, Lane Cove, NSW 2066. Australia,

Telephone 61 (0)2 9410 5202, Facsimile 61 (0)2 8428 2645,

This Test Report comprises 25 pages, 3 diagrams, 27 oscillograms, 16 photographs and 1drawing
Z NATA Signatory

A Ylanager - Testing

/f'/// Roll Date of Issue
\

NATA This document is issued in accordance with NATA's accreditation requirements.
v Accredited for compliance with 1ISO / [EC 17025. Acereditation Number 62.




Test Record

Testing &
Laboratory Reference No: 102896 Certification
Australia
CONTENTS
Test Record : Pages1t025 -
Diagrams . Figures 1,2 and 3
Oscillograms : 8751.008, 009 and 010
102896. 001, 002, 003, 004, 005, 006, 007, 008, 009, 010, 011, 012,
013, 014, 015, 016, 017, 018, 019, 020, 021, 022, 023 and 024
Photographs . 25039 - 1261, 1273, 1274, 1619, 1620, 1627, 1634, 1636, 1712,
1714, 1715, 1716, 1720, 1721, 1723 and 1727
Drawing : 3 0G 30740 Revision 2 16/08/2010
APPARATUS TESTED

A three phase, 11000 / 433 V, 50 Hz, Category 1 oil immersed, transformer rated at 200 kVA.

The high voltage winding of the transformer has 9 tap positions ranging from 11495 V to
10175 V. The manufacturer nominated tap 4 (11000 / 433 V) as principal tap.

TRANSFORMER DETAILS

Manufacturer . Vijai Electricals Ltd
Rating : 200 kVA

Nominal Voltage Ratio : 11000V /433V
Nominal Current ratio : 10.5A/266.674 A
Manufacturer's Serial No. : T0082213

Vector Symbol . Dyn11

Rating Plate Impedance : 3.97 %

Cooling : ONAN

Mass : 1550 kg

Final user - Ausgrid

Windings - Non-circular

HV : Wire (Al

LV - Sheet (Al)

J. Child
NATA Signatory
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Test Record

Laboratery Reference No: 102896

CLIENT
Distribution Automation and Substation Engineering

Ausgrid

25 — 27 Pomeroy Street,

Homebush NSW 2140

DATE OF RECEIPT OF TEST ITEMS
31 January 2011

ORDER NUMBER

Email 29 October 2010

MANUFACTURER

Testing &
Certification
Australia

The manufacturer has declared that the apparatus was manufactured at the following

location :

WITNESSES TO TESTS

Name Organisation

M. Andrews Distribution Automation and Substation Engineering, Ausgrid
D. Ozgur Distribution Automation and Substation Engineering, Ausgrid
B. Bird Distribution Automation and Substation Engineering, Ausgrid

J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

LABORATORY

Testing &
Certification
Australia

The apparatus was tested at:

Testing & Certification Australia
Lane Cove Testing Station

18 Mars Road

Lane Cove West NSW 2066 Australia

Telephone 61 (0)2 9424 3600, Facsimile 61 (0)2 9428 2645
www.tcaust.com

The laboratory accreditation details are:

7\
NATA

N

\“1 ERTg,

®

“hT'°~
S <

wCS 1y
QO

CEATIFIED QUALITY
MANAGEMENT SYSTEM

— 1503001 —

NATA Accredited Laboratory to 1SO / IEC 17025. Accreditation Number 62.

ASTA recognized Laboratory to ISO / IEC 17025 and
Regulations for ASTA recognized laboratories,
Certificate Number 5118.

NCS International Certified Quality Management System to
AS/NZS 1SO 9001:2008, Certification No. 14785

J. Child
NATA Signatory

Page 3 of 25



Test Record

Testing &
Laboratory Reference No: 102896 Certification
Australia
SCHEDULE OF TESTS
Test Standard and Clause No. Page No.
Test conditions _ S5to9
Routine tests AS 60076.1 Clause 10.1.1 10to 14
Measurement of winding resistance AS 60076.1 Clause 10.2 10
Measurement of voltage ratio and AS 60076.1 Clause 10.3 11
check of phase displacement
Measurement of shori-circuit impedance AS 60076.1 Clause 10.4 12
and load loss
Measurement of no-load loss and current AS 60076.1 Clause 10.5 13
Separate source AC withstand voltage test AS 60076.3 Clause 11 14
Short-duration induced AC withstand voltage test |AS 60076.3 Clause 12 14
Temperature-rise tests AS 2374.2 Clause 5 15 and 16
Short-circuit tests AS 2374.5 - 17
Lightning Impulse test chopped on the tail (LIC) AS 60076.3 Clause 14 18
after short circuit tests
Partial Discharge Tender No Clause C14.6.3 |19
EA.1540/10
Sound level AS 23746 Clauses 5 and 6 |20 to 23
Tender No Clause C25.3
EA.1540/10
Inspection after short-circuit test AS 2374.5 Clause 3.26.4 |24
Additional Tests
Transformer tank pressure test ENA DOC 007 - [Clause 6.4 24
2006
J. Child
NATA Signatory
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Test Record

Testing &
Laboratory Reference No: 102896 Certification
: Australia
TEST CONDITIONS
General
1. The routine and type tests were performed on transformer Serial No. T0082213.

Routine tests

2.

For all routine tests except the dielectric tests the transformer was supplied from a
sinusoidal 50 Hz three phase supply. For the separate source withstand test the
transformer was supplied from a sinusoidal 50 Hz single phase supply. For the
Short-duration induced AC withstand voltage test the transformer was supplied from
a sinusoidal 200 Hz three phase supply.

The HV and LV winding resistances were measured using a Tettex high current
resistance meter type 2291.

The voltage ratio and check of phase displacement were measured using a Norma
Wide Band Power Analyser Model No. D6100.

For the load loss and no-load loss tests, power, voltages and currents were measured
using a Norma Wide Band Power Analyser Model No. D6100.

For the load loss test the transformer's HV winding was energised with the LV winding
short-circuited such that at least 50 % of rated current flowed in the HV winding.

. For the no-load loss test the transformer's LV winding was energised at rated voltage

with the HV winding open circuited in accordance with Clause 10.5 of AS 60076.1.

J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

Testing &
Certification
Australia

TEST CONDITIONS (Continued)
Temperature-rise Test

8. In accordance with Clause 4.2 as the transformer has a tapping range exceeding 15 %
the temperature-rise test was performed on the maximum current tapping, Tap 9
(101757433 V).

9. Load loss, no-load loss and dc resistance measurements were used to calculate the
total power required for the temperature-rise test.

10.The HV (B-C) and LV (b-¢) winding resistances were measured with the HV and LV
windings connected in series before and after the temperature rise test. The HV and
LV winding resistances were measured using a Tettex high current resistance meter
type 2291.

11.The transformer was tested using the short-circuit method described in Clause 5.2.2 a)
and b) of AS 2374.2. The test was performed in two parts as follows:

a) Total loss injection -

The transformer HV winding was subjected to a test voltage sufficient to supply total
losses with the LV winding short-circuited. The test power was maintained until the
increase in top oil temperature-rise had fallen below 1 K per hour for a period of 3 hours.

b) Rated current injection -

At the completion of part a) the test current was reduced to rated current for 1 hour
followed by rapid disconnection of the test supply and the dc resistance of the windings
measured to determine their maximum temperatures using the change of resistance
method.

12.The top oil temperature was measured with a thermocouple inserted through the filling
hole in the transformer lid and resting in the top layer of oil. The bottom radiator return
temperatures were also measured with thermocouples to determine the average oil
temperature during the test.

13. All thermocouple temperature measurements were made using an Agilent
Technologies Data Logger Model No. 34980A.

14.The ambient temperature was the average of three thermocouples in oil cups with a
2 hour time constant. The oil cups were located at approximately half the
transformer's height and one to two metres from the transformer.

15.At the client’s request an additional overload temperature-rise test was performed at
150 % rated current for 2 hours. In accordance with the client’s test requirements the
transformer was supplied at 60 % of rated current on tap 9 plus an allowance for the
no-load loss until stable temperature-rises were achieved. The test supply current was
then increased to 150 % of rated current for 2 hours followed by rapid disconnection of
the test supply and resistance measurements to determine the winding temperatures.

J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

Testing &
Certification
Australia:

TEST CONDITIONS (Continued)

Special tests
Short-circuit Tests

16.The impedance of the transformer was measured using a Norma wide band power
analyser Model No. D6100 as follows :
In a single-phase circuit before and after the short-circuit tests to determine change in
reactance. ,
In a three-phase circuit before the short-circuit tests to determine short-circuit
impedance and X/R ratio used in the calculation of short-circuit currents.

17.The transformer HV winding was energised from a three-phase 50 Hz test supply.
Three consecutive short-circuit tests of nominal 0.5 s duration were performed by
short-circuiting the LV winding in accordance with Clause 3.2.5 of AS 2374-5.
See Figure 1.

18.For the short-circuit tests, an earth fault detection device comprising a 0.1 mm
diameter, 50 mm long tinned copper fuse wire was connected between the tank of the
transformer and test station earth.

Note: The earth fault detection device did not operate during any test.

J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

TEST CONDITIONS (Continued)
Lightning impulse test

19. The lightning impulse test chopped on the tail (LIC).was conducted after the short-
circuit test. At the client’s request the peak value of the chopped wave was adjusted to
the same value as the full wave test.

20.The transformer was tested at 95 kV with a single stage Marx type impulse generator
see Figure 2.

21.The test circuit was calibrated correcting for atmospheric conditions with the
transformer connected.

22.The impulses were applied to one HV line terminal at a time With the other two HV line
terminals connected together and to earth via a current shunt.

23.For all tests the LV neutral terminal was solidly earthed and the LV phase terminals
were earthed via 215 Ohm resistors.

24.For all tests the transformer frame and core were solidly earthed.

25.A full sequence of tests in accordance with Clause 14 of AS 60076.3 was conducted
on each phase with the transformer under test on principle tap.

26.Fault detection was by comparison of oscillographic voltage and current traces
between the 50 % and 100 % tests.

27.Corrections for atmospheric conditions were applied during voltage calibration.
Atmospheric conditions :

Test Parameter Value
Temperature °C 124.0

Pressure mb | 1010

Humidity % RH |73

Nominal calibration voltage kV | 60

Correction factor - kd | 0.9836

Actual calibration voltage kV [ 59.0

Date of tests 12 February 2011

Partial discharge test

28.The partial discharge test was performed in accordance with Tender No. EA.1540/10,
which uses Clause 12.4 of AS 60076.3 as a reference.

Note: AS 60076.3 - 2008 does not require partial discharge to be measured on
transformers’ with Uy, < 72.5 kV

29.The partial discharge test was performed after the lightning impulse test in accordance
with client’s test sequence as detailed on page 20.

J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

Testing &
Certification
Australia

TEST CONDITIONS (Continued)
Inspection
30.The transformer core and windings were inspected after the completion of all tests.

Sound Level Test
31.The sound pressure was measured in accordance with Clause 5 of AS 2374.6

32.The sound pressure level tests were performed with the transformer in the middie of a
5.5 m wide x 5.95 m deep x 6.1 m high sound attenuated room. The room was empty
except for the test item, test equipment and two testing officers.

33.Measurements were made using a Type 1 sound level meter complying with
IEC 60651 and calibrated in accordance with AS 1259.1 as follows:
Bruel & Kjoer sound level meter, Type 2209, Serial No. 569047
Briel & Kjoer microphone, Type 4165, Serial No. 675305
Brlel & Kjoer sound level calibrator, Type 4230, Serial No. 724522.

34.Before and after the sound pressure level tests, the A-weighted sound pressure level of
the background was measured.

35.The transformer sound pressure level was measured under no load conditions with the
LV winding supplied at rated volts from a sinusoidal 50 Hz three phase supply with the
HV windings open circuit in accordance with AS 2374.6. In accordance with the
client’s tender document No. EA 1540/10 the sound pressure level was remeasured
with the transformer energised at 105% of rated volts.

36.The sound pressure level was measured at 6 positions around the prescribed contour
at a distance of 0.3 metres from the transformer's principal radiating surface at half
transformer height.

37.The average sound pressure level and power level were calculated from the measured
sound pressure levels in accordance with Clause 6 of AS 2374.6.

Transformer Tank Pressure Test

38.The pressure test was performed in accordance with Clause 6.4 of ENA DOC 007 —
2006.

39.The pressure applied to the tank was measured with a 100/ 0/ 150 kPa 100 mm
compound pressure gauge with accuracy of £+1%, Instrument No. 105845.

40.Positive pressure was applied to the transformer tank using regulated compressed air.

J. Child
NATA Signatory
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Test Record

Testing &
Laboratory Reference No: 102896 Certification
Australia
TEST RESULTS
Measurement of Winding Resistance
Phase | Before short-circuit After short-circuit
HV winding A-B 4.687 Q) 4.606 Q
(Tap 1) B-C 4.684 O 4617 Q
C-A 4.697 Q 46190
HV winding A-B 4478 Q 4410Q
(Tap 4) B-C 44850 4418Q
C-A 4482 Q) 4411 Q
HV winding A-B 4.144 Q 4.081Q
(Tap 9) B-C 4148 Q 4.088
C-A 4.140 Q 4.0820Q
Temperature 28.5°C 24.9 °C
LV winding a-b 6.364 mQ) 6.272 mQ
b-c 6.400 mQ 6.316 mQ
c-a 6.378 mQ 6.283 mQ
Temperature 28.5°C 249 °C
Dates of Tests : 1 February 2011 17 February 2011
J. Child
NATA Signatory

Page 10 of 25



Test Record

Laboratory Reference No: 102896

TEST RESULTS (Continued)
Measurement of voltage ratio and check of phase displacement

Tap | Rated Nominal | Measured ratio before Measured ratio after
No. | Voltage | Ratio short-circuit tests short-circuit tests
AB-an | BC-bn | CA-cn | AB-an |[BC-bn | CA-cn
1 11495 45.98 4596 |4595 |46.00 (4596 [45.96 |[46.00
2 11330 45.32 4530 |4530 |45.34 |[45.31 [45.31 45.34
3 11165 44.66 4465 |44.65 |4468 (4465 (4464 |[44.69
4 11000 44.00 43.99 [43.99 |44.03 [4399 (4399 [44.03
5 10835 43.34 43.34 |43.34 |43.37 |43.34 |43.34 [43.38
6 10670 42.68 42.68 14268 |4272 [4269 |4269 |[42.72
7 10505 42.02 42.03 |42.02 [42.06 |42.03 [42.03 |42.06
8 10340 41.36 4137 |41.38 |41.41 |41.37 |[41.38 |41.41
9 10175 40.70 40.72 140.72 |40.75 |40.72 |40.72 40.76
Dates of Tests : 1 February 2011 17 February 2011
Transformer was verified to be connected as Dyn11.
J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

TEST RESULTS (Continued)

Measurement of short-circuit impedance and load loss

Testing &
Certification
Australia

Before After
short-circuit short-circuit

Tap 1
Average line voltage 447V 461V
Average line current 101 A 100A
Total power 1512 W 1487 W
Temperature 2986°C 26.2°C
Load loss corrected to 75 °C 1740 W 1736 W
Impedance corrected to 75 °C 25.84 O 26.65 Q
Percent Impedance corrected o 75 °C  (3.91 % 4.03 %

Tap 4
Average line voltage 432V 433V
Average line current 10.5A 105A
Total power 1658 W 1514 W
Temperature 296°C 26.2 °C
Load loss corrected to 75 °C 1783 W 1805 W
Impedance corrected to 75 °C 23.83Q 2562 Q
Percent Impedance corrected to 75 °C  |3.94 % 424 %

Tap 9 .
Average line voltage 396 V 408 V
Average line current 114A 11.3A
Total power 1610 W 1582 W
Temperature 29.6 °C 26.2°C
Load loss corrected to 75 °C 1854 W 1863 W
Impedance corrected to 75 °C 2027 Q 2362 Q
Percent Impedance corrected to 75 °C |3.92 % 4.56 %
Dates of Tests : 1 February 2011 17 February 2011

J. Child
NATA Signatory
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Test Record

Testing &
Laboratory Reference No: 102896 Certification
Australia
TEST RESULTS (Continued)
Measurement of no-load loss and current
Before short-circuit After short-circuit
U mean U rms Umean |Urms
scaled rms scaled rms
a-n |251V 252V 251V 251V
Phase voltage b-n 1250V 250 V 250V 251V
c-n 1250V 251V 250V 251V
a |0.36 A 0.38 A
Phase current b |0.23A 0.24 A
c [|0.33A 0.34 A
Total power Pm 134 W 135 W
Total power  Pp 134 W _ 135 W
Dates of Tests : 1 February 2011 17 February 2011
Maximum rated losses for the temperature-rise test
= Load loss (Tap 9) at 75 °C + No-load loss
=1854 W + 134 W
= 1988 W
J. Child
NATA Signatory
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Test Record

Laboratory Reference No: 102896

Testing &
Certification
Australia

TEST RESULTS (Continued)
Separate source voltage withstand

Satisfactorily withstood 28 kV applied for 60 s to the HV terminals with the LV terminals
and frame earthed before the short-circuit tests.

Satisfactorily withstood 21 kV applied for 60 s to the HV terminals with the LV terminals
and frame earthed after the short-circuit and lightning impulse tests.

Satisfactorily withstood 15 kV applied for 60 s to the LV terminals with the HV terminals
and frame earthed before the short-circuit tests.

Satisfactorily withstood 11.3 kV applied for 60 s to the LV terminals with the HV terminals
and frame earthed after the lightning impulse tests.

Date of Tests Before Short-circuit : 2 February 2011
Date of Tests After Lightning Impulse : 17 February 2011

Induced over voltage withstand

Satisfactorily withstood 866 V at 200 Hz applied phase to phase for 30 s to the LV winding
with the HV winding open-circuited and the frame earthed before short-circuit tests.

Satisfactorily withstood 650 V at 200 Hz applied phase to phase for 30 s to the LV winding
with the HV winding open-circuited and the frame earthed after the short-circuit and
lightning impulse tests.

Date of Tests Before Short-circuit : 2 February 2011
Date of Tests After Lightning Impuise : 17 February 2011

J. Child
NATA Signatory
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Test Record

Testing &
Laboratory Reference No: 102896 Certification
Australia
TEST RESULTS (Continued)
Temperature-rise Test at 100% rated current on Tap 9
a) Oil Temperature Rise
Average injected power during last hour of test =2022 W
Total rated losses = 1988 W
Average ambient temperature during last hour of test =32.1¢°C
Average top oil temperature-rise measured during last hour of test =41.0°C
Guaranteed limit : 60 K
Average oil temperature-rise measured during last hour of test =31.9°C
Corrected top oil temperature-rise Corrected average oil temperature-rise
0.8 0.8
1988 1988 ™
AB=410 | —— | = 404K AO=319 | ——| = 31.
( 2022 } ( 2022 ) gito K

b) Winding Temperature Rises

Average HV current during last hour of test =11.37 A
Rated HV current =11.35A
Temperatures extrapolated back to-time of switch off,

HV winding temperature = 80.8 °C
LV winding temperature = 78.4 °C

Average oil temperature-rise at switch off =319K
Ambient temperature at switch off =327 °C
Average oil temperature =64.6 °C

Winding temperature-rises above average oil temperature at switch off
HV winding = 80.8 - 64.6 = 16.1 K
LV winding =78.4-64.6 = 138K

Corrected winding temperature-rises above average oil temperature:

1.6 .
11.35 11.35
= 16. AO,LV = 138
11.37) 160 wkV (11.37

Corrected average oil temperature-rise during last hour of test to parta)=31.5K
HV winding temperature-rise = 16.1 + 31.5=47.6 K

LV winding temperature-rise = 13.8 + 31.5=45.3 K

Guaranteed limit: 65 K

Dates of Test : 3 and 4 February 2011
See Photographs No. 25039 - 1619 and 1620.

1.6
AGWHV=16.1( J =13.8K

J. Child
NATA Signatory
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Test Record
Testing &
Certification

Laboratory Reference No: 102896 t
Australia

TEST RESULTS (Continued)
Overload Temperature-rise Test at 150% rated current for 2 hours

Temperature-rise tests at 60% and 150% of rated current were performed at the client's
request and to the client’s instructions.
Measured and uncorrected results are shown for the tests at 60% and 150% rated current.

Stable Temperature-rises at 60% rated current

Average injected power during last hour of test =760 W
Average HV current during last hour of test ' =751MA
Average ambient temperature during last hour of test =256°C
Average top oil temperature-rise measured during last hour of test =222°C
Average oil temperature-rise measured during last hour of test =16.2 °C

Dates of Test : 7 and 8 February 2011

Temperature-rise Test at 150% rated current for 2 hours

Average HV current during test =17.44 A
Rated HV current =11.35A

Winding temperatures extrapolated back to time of switch off,

HV winding temperature = 83.0 °C
LV winding temperature = 78.9 °C

Top oil temperature-rise at switch off =38.1°C
Average oil temperature-rise at switch off =30.9°C
Average ambient temperature at switch off =26.2°C

HV winding temperature-rise = 83.0 - 26.2 = 56.8 K
LV winding temperature-rise = 78.9 - 26.2 = 52.7 K

Date of Test : 8 February 2011

(1) Note: Test supply current equal to 60% of rated current plus additional current sufficient to supply the
no-load loss of 134 W.

J. Child
NATA Signatory
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Test Record

Testing &
Laboratory Reference No: 102896 Certification
Australia
TEST RESULTS (Continued)
Short-circuit Tests
Tap , 1 4 9
Rated Voltage -V [11495 11000 10175
Transformer Impedance - Q/Phase |25.68 23.68 20.13
X/R Ratio 5.06 4.96 4.74
Theoretical Short-circuit Winding Currents
Average Symmetrical -A|[149 185 168
Maximum Asymmetrical Peak -A|328 339 365
Test No. 8751.]008 009 010
Applied HV Line Voltage -V[12.3 121 11.4
HV Line Voltage During Short-circuit Tests -V [12.1 11.9 111
Duration -5)0.52 0.51 0.52
Symmetrical HV Winding Current * -A 141 148 162
-A (145 162 166
-A[143 150 164
Average Symmetrical HV Winding Current - A[143 150 164
Asymmetrical Peak HV Winding Current * -A|320 276 286
-A 275 341 307
-A[263 278 359
Percent change in reactance - A phase [3.0 3.1 3.2
- B phase |3.4 3.6 3.8
- C phase |3.7 3.9 4.0
Date of Tests : 8 February 2011

*Note: Phase values recorded in order A, B and C.

Note: Maximum allowable percentage change in reactance for transformers with non -
circular concentric coils in accordance with Clause 3.2.6.4 a) of AS 2374.5is 4.0 %.

The transformer passed the short-circuit tests.

See Photographs No. 25039 - 1634 and 1636

J. Child

NATA Signatory
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D.Load Cycle Data from Ausgrid Engineering
Guideline
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E. Plant Details of the Amorphous Core Transformers
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?mv;olkd

PLANT DETAILS
RE E REQUIRED(ref c1.8,2.2) FOR ANY ITEM |
Bopmssees RING ADJUDICATICN OR ON AWARDS 56l
1 _[Oversll dimensions
1.1 _ltanginiPole mounting sida) __mm 1385 B}
12 jwidth mm 950
1.3 |Height _ mm 1245
2 Istass )
2.1 |Toml[compﬂa with all fittings B
fifed with oil and ready for ko 1345(Max)
' s8[vice)
22 |core and winding ko 615 .
3 |insulating oil{required to fill
ta correct lavel of 15%:
31 |Mass iq 281
3.2 {volume _litre s
4 {MV bushings
41 iMake ZEP OR EQUIVALENT
4.2 {Typs PORCELAIN
43_|Referance to TX-4 drvr |
4.4_1Cutrent ratin A 30
% LY bushings
5.1 {Mmake ZEP OR EQUIVALENT
52 |ryps PORCELAIN
| 5.3 JRaferance to TX-1 drw
54 |cument rating A Ny 300
6 MV winding )
6.1 JType LAYER
6.2 JConduclor materizl . ALUMINIUM
6.3 [Totad mass of conduclior kg _ 103
64 [Shape of cross-section of
Canductor ROLND
6.5 leross-sectivnal aroa of condyctor _sgmm 62016
85 |Number of effective tums: B
on principal tapping 1716
_|On maximum tapping 1888 .
| 6.7_|Conducior insutation material o SUPER ENAMEL
68 |Current density Asamm ] 1.8(MAX)
6.9 |Rated vois par durn &.4101
7 _|Lvwinding '
7.1 |Vyoe SPIRAL
7.2 Conducior matesial _ ALUMINIUM
7.3 | Yotal mass of conducior kg 6Q
7.4 |Shape of cross-section of
i Conducior STRIF
(7.5 |cross-sectional area of canductor sqmm 239.6
76 |Number of tumng: 39
7.7 _|Conductor insulation material - SUPER ENAMEL
7.8 _|current density A samm 1.8{MAX})
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8.2 |Brard 6t trade name and grada
iahl 79 AMORPHOUS METAL & HITACHORJEGUIVALENT
8.3 Country of supply US 8JAPAN OR EQUIVALENT
84 ITnlal mass of alectrical steed _kg 452
8.5 lFlux density based on net eroos- .
sactional area with rated voliage
] laggllad al rated frequoncy B 1.4{MAX)
Limbs a T
Yokes . L T -
2 |impedence @llags ca'mponen.ts k1Y 4.G+EC TOL
rated cuament on orin i ]
9.1 |Resistarce vollage | %rared voltage 1.117{Approx)
9.2 |Resctance voliage Heared voltagn e 3.524
10 |Requlation o )
101 funity pt. % L 1.23
10.2 logp! ' 5% 325
11 |Dagrae of dryress sxpressed as %
dislectric loss angle 3t 20° LESSTHAN1 14 DEG C
12 |Maximum operating pressure of o
the saaling system at max. permi- kpa absohsde 25
ssible overload .
13 [Design withsland pressure af tank Mpa | . 0.0225
14_lvecuum withstand capscity
| 14.1 |Tank : i . Kpa 20
| 14.2 |comugation Kpa i 20
| 15 |Pemissitia gngle of tilt o the vertical
during ereclion
35.1 [paraliel to the langth | Pegrees 2.5(AS PER SPEC)
5.2 jparalle to the widih Degreas 2.5[AS PER SPEC)
NOTE:

1} SOUND LEVELS ARE MAINTAINED ACCORDING TO AS 2374.8 OF REDUCED LiMIT

2} %REGULATION VALUES ARE CALUCULATED BASED ON NOMINAL VALUES OF %IMPEDENCE ,
NOLOAD & LOAD LOSSES AT 75°C.

3} ALL DIMENSIONS AND WEIGHTS (EXCEPT OVERALL WEIGHT) ARE SUBJECTED TO +/ 10 TOL
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GUARANTEED PERFORMANCE FOR STANDARD
DISTRIBUTION TRANSFORMER

| osses on principal

|over voltage at any tap

1
tapat75°c
11 |Load w ] 2310{MAX)
1.2 |Noload w 124{MAX)
2 Temperature rise limts during
| overload condition ¢L6.3.5
21 {|Top cil *C 60(AT RATED LOAD)
22 |Winding(by resisstance) °C 85(AT RATED LOAD)
3  |Minimum insulation resistance at
20°c(1kv test after 1 minute) for
31 |HVwinding. | Mohms 1000
32 |SWER Winding M ohms
3.3 |LVwinding M ohms 1000
34 |Core ) M ohms NOT APPLICABLE
4 |continuous permissible % | 10(combined effect of voltage

and frequency)
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F. Matlab Script for TOC Simulator
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25/10/12 9:33 AM F:\ENG4112 Research Project 2\ENG4112 Re...\TOC Simulator.m 1 of 9

function varargout = TOC_Simulator0O_10(varargin)
© TOC_SIMULATORO_10 M-file for TOC Simulator0 10.fig

% TOC_SIMULATORO_10, by itself, creates a new TOC_SIMULATORO 10 or raises
existing

% singleton*.

%

% H = TOC_SIMULATORO_10 returns the handle to a new TOC_SIMULATORO 10 or thev
handle to N

% the existing singleton*.

%

TOC_SIMULATORO_10{'CALLBACK',hObject,eventData,handles,...) calls the local
function named CALLBACK in TOC_SIMULATORO_10.M with the given input arguments.

g0 o o0 @

TOC_SIMULATORO_10('Property','Value',...) creates a new TOC_SIMULATOR0O 10 or¥
raises the a
existing singleton*. Starting from the left, property value pairs are
applied to the GUI before TOC_Simulator0 10 OpeningFcn gets called. An
unrecognized property name or invalid value makes property application

stop. All inputs are passed to TOC Simulator0_10 OpeningFecn via varargin.

*See GUI Options on GUIDE's Tools menu. Choose "GUI allows only one
instance to run (singleton)".

o0 O OO O O o0 o0 o JIP

See also: GUIDE, GUIDATA, GUIHANDLES
% Edit the above text to modify the response to help TOC_Simulator( 10
% Last Modified by GUIDE v2.5 21-0ct-2012 12:30:59

% Begin initialization code - DO NOT &pIT

gui_Singleton = 1;

gui_ State = struct('gui Name', mfilename,
'gui_Singleton', gui Singleton,
'gui_OpeéningFecn', @TOC_Simulator0 10 OpeningFcn,
'gui_OutputFcn', @TOC_Simulator0 10 OutputFcn,
'gui_ LayoutFen', [] , ...
'gui_ Callback’', [1);

if nargin && ischar(varargin{l})

gui_State.gui_Callback = str2func(varargin{l});
end

if nargout
[varargout{l:nargout}] = gui_mainfcn(gui_ State, varargin{:});
else
gui mainfcn(gui_State, varargin{:}):;
end
% End initialization code - DO NOT EDIT

% --—- Executes just before i tmalator0_10 is made visible.

function TOC_Simulator0O_10_OpeningFcn (hObject, eventdata, handles, varargin)
% This function has no output 2:03, see OutputFcn.

% hObject handle to figure

% eventdata reserved - tc be ¢xfined in a future version of MATLAB

% handles structure with handles and u=z=r data (see GUIDATA)
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% varargin  command line arguments to TOC_Simulator0 17 (see VARARGIN)

% Choose default command line output for TOC_Simulator0 10
handles.output = hObject;

% Update handles structure
guidata (hObject, handles);

% UIWAIT makes TOC_SimulatorO 10 wait for user response (see UIRESUME)

% uiwait (handles.figursl);

% —--- Outputs from this function are returned to the command 1ine.
function varargout = TOC_Simulator0 10 OutputFcn (hObject, eventdata, handles)

% varargout cell array for returning .cutput args (see VARARGOUT) ;
% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLZB
% handles structure with handles and user data (see GUIDATA)

% Get default command line output from handles structure
varargout{l} = handles.output;

% —-—- Executes on button press in factorial.
function factorial Callback(hObject, eventdata, handles)

% nohdect handle to facteorial (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data {sse GUIDATA)

clc

$Amorphous Core Transformer Information

Wi str2num(get (handles.Wi AMCT, 'String'))

Wc = str2num(get (handles.Wc AMCT, 'String'))
Ctr = strZ2num(get{(handles.Ctr AMCT, 'String')) -

$Silicon Steel Core Transformer Information
Wil = str2num(get (handles.Wi_Si,'String'))
Wcl = strZnum{get (handles.Wc_Si,'String'))
Ctrl = strZnum(get (handles.Ctr Si,'String'))

$Determine the Load Cycle Selected

str = get(handles.LoadCycle, 'String')
val = get(handles.LoadCycle, 'Value')
$%%%%%%%%%%%% Initialise Variables %$%%%%%%%%%%%%%%%%
switch str{val};
case 'Commercial and Industrial (S&W)' % User DMW
Pe = 0.70893112;
case 'Domestic Little Water Heating (NSW)' % User DMW

Pe = 0.714810581;

case 'Domestic Much Water Heating (W)' % User DMW
Pe = 0.742450896;

case 'Domestic Much Water Heating (S)' User DMW
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cas
cas
cas
cas
cas
end
M =

r_d
r =

Pe = 0.731200497;
e 'Mixed Predominantly Domestic (W)' % User DMW
Pe = 0.757025429;

e 'Mixed Predominantly Domestic (S)' % User DMW
Pe = 0.7; )
e 'Mixed Predominantly Industrial (S&W)' % User DMW
Pe = 0.815242806;
e 'Continuous' % User DMW

Pe = 1.0;

e 'Manual' % User selects Manual

Pe = str2num(get (handles.Manual Pe, 'String'))

str2num(get (handles.M, 'String'))
ecimal = strZnum(get(handles.Rate, 'String'))
r decimal/100

EP = str2num(get (handles.EP, 'String'))

for

cal

£f

ff1
set
set

33%%%%%%%%% Carry out Simulation using For loop %%%%%%%%2%%%%%%2%%%%%

g=[1/(1+x) "yl *[[Wi+ (Pe”2*Wc)]*8760* (EP/1000)+Ctr]; samorphous core TOCW

culation
f=f+g
fa(x)=f;

gl=[1/(1+x) y]*[[Wil+(Pe”2*Wcl)]*8760*% (EP/1000)+Ctrl]; %$CRGO TOC calculation
f1=fl+gl
fb(x)=f1;

if ((£1>f) && (f inter<l))
f inter=x
end

2002002020002 20 220 0 Q 2o 0Q o oc % o Q
$%3%3%%%%%%%%%% Output Results %%%%%%%%%%%%%%%%%%%%

= num2str (f)

= num2str (fl)
(handles.NPV_AMCT, 'string’, £f)
(handles.NPV_Si, 'string’, ££1)

3 of 9
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s = fl1-£;
ss = num2str(s)
ff_inter = num2str(f inter)

set (handles.Savings, 'string’', ss)
set (handles.Breakeven, 'string’, ff_inter)

plot (years, fa, 'r', years, fb, 'b")

xlabel ('Years')

ylabel ('$5")

legend ('Amorphous', 'Silicon', 'Location', 'SouthEast"')

function Wi_AMCT Callback(hObject, eventdata, handles)

% hObject handle to Wi AMCT (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject,'String') returns contents of Wi AMCT as text

% str2double (get (hObject, 'String’')) returns contents of Wi AMCT as a double
% --- Executes during object creation, after setting ali properties.

function Wi AMCT CreateFcn (hObject, eventdata, handles)

% hObject handle to Wi AMCT (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal(get(hObject,'BackgroundColor'), get¥
(0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

function Wc_AMCT Callback(hObject, eventdata, handles)

% hObject handle to Wc_ AMCT (see GCBRO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

o

Hints: get(hObject, 'String') returns contents of We AMCT as text
% str2double (get (hObject, 'String')) returns contents of Wc AMCT as a double

% --- Executes during object creation, after setting all properties.
function Wc_AMCT CreateFcn(hObject, eventdata, handles)
% hObject handle to Wc_AMCT (see GCBO)

% eventdata reserved - to be defined in a future version oFf MATLAB
% handles empty — handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.
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if ispc && isequal(get (hObject, 'BackgroundColor'), getw
(0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white');
end

function Manual_Pe Callback (hObject, eventdata, handles)

% hObject handle to Manual Pe {see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see CUIDATA}

% Hints: get (hObject, 'String') returns contents of Manual Pe as text
% str2double (get (hObject, 'String')) returns contents of Manual Pe as a double

% --- Executes during object creation, after setting all properties.
function Manual_Pe CreateFcn(hObject, eventdata, handles)

% hObject handle to Manual Pe (see GCRO)

% eventdata reserved - to be defined in a future version =f MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usuzlly have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'), get«
(0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor', "white');
end

function M Callback(hObject, eventdata, handles)

% hOblect handle to M (see GCBO)

% eventdata reserved - to be defined in a future versicn of MATLABR
% handles structure with handles and user data (see GUIDATA)

% Hints: get(hObject, 'String') returns contents of M as text
% str2double (get (hOhject, 'String')) returns contents of M as a double

% --- Executes during object creation, after setting all properties.
function M CreateFcn (hObject, eventdata, handles)

% hObject handle to M (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFecns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER. -

if ispc && isequal (get (hObject, 'BackgroundColor'), get¥

(0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColoxr', 'white');

end ‘



25/10/12 9:33 AM F:\ENG4112 Research Project 2\ENG4112 Re...\TOC Simulator.m

6 of 9

function Rate Callback (hObject, eventdata, handles)
% hObject handle to Rate (see GCBO)
% eventdata reserved - to be defined in a future wersion of MATLAB
% handles structure with handles and user data (see GUIDATA)
% Hints: get (hObject, 'String') returns contents of Rate as text‘
% str2double (get (hObject, 'String')) returns contents oF Rate as a double
% —--— Executes during object creation, after setting all properties.
function Rate_CreateFcn(hOCbject, eventdata, handles)
% hObject handle to Rate (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAR
% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgrcundColor'), get¥
(0, 'defaultUicontrolBackgroundColor'))

set (hObject, 'BackgroundColor', 'white') ;
end
function Ctr_ AMCT Callback(hObject, eventdata, handles)
% hObject handle to Ctr AMCT (see GCBO)
% eventdata reserved - to be defined in a future wersion of MATLAB
% handles structure with handles and user data (ss2e GUIDATA)
% Bintse: get(hObject, 'String') returns contents of Ctr AMCT as text
% strzZzdouble (get (hObject, 'String')) returns contents of Ctr AMCT as a double
% --- Executes during’ object creation, after setting all properties.
function Ctr AMCT CreateFcn(hObject, eventdata, handles)
% hObject handle to Ctr AMCT (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFens called
% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'), getw

(0

, 'defaultUicontrolBackgroundColoxr'))
set (hObject, 'BackgroundColoxr’', "white') ;

end

function EP_Callback(hObject, eventdata, handles)

%

5

%

oo

hObject handle to EP (see GCBO)
eventdata reserved - to be defined in a future version ©f MATLAB
handles structure with handles and user data (see GUIDATA)

Hints: get(hObject, 'String') returns o tz of EP as text
str2double (get (hObject, 'String')) returns contents =i EP as a double
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% —-- Executes during object creatiocn, after setting all properties.
function EP_CreateFcn (hCbject, eventdata, handles)

% hObject handle to EP (see GCBO)

% eventdata «reserved - to be defined in a future version of MATLAB

% handles empty — handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'), get¥
(0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor’', 'white');
end

function Ctr_Si Callback(hObject, eventdata, handles)

% hObject handle to Ctr Si (see GCBO)
% eventdata reserved - to be defined in a future version of MATLAB
% handlies structure with handles and user data (see GUIDATA)

% Hints: get(hObject, 'String') returns contents of Ctr Si as text
% str2double (get (hObject, 'String')) returns contents of Ctr_Si as a double

% --- Executes during object creation, after setting all propertiés.
function Ctr_Si CreateFcn (hObject, eventdata, handles)
% hObject handle to Ctr_Si (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called
% Hint: edit controls usually have a white background on Windows.

% See ISPC and COMPUTER.

if ispc && isequal (get (hObject, 'BackgroundColor'), get¥
(0, 'defaultUicontrolBackgroundColor?'))

set (hObject, 'BackgroundColor’, 'white');
end

function Wi_Si Callback(hObject, eventdata, handles)

% hObject handle to Wi_Si (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

oe

Hints: get (hObject, 'String') returns contents &f Wi _Si as text
% str2double (get (hObject, 'String')) returns contents of Wi _Si as a double

% --- Executes during object creation, after setting all properties.
function Wi_Si CreateFcn(hObject, eventdata, handles)
% hObject handle to Wi_Si ({see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles empty - handles not created until after all CreateFcns called
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% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'), getw
(0, '"defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor’, 'white');
end

function number2l Callback(hObject, eventdata, handles)

% hObject handle to Wec Si {see GCBO)

% eventdata reserved - to be defined in a future version of MATLAR

% handles structure with handles and user data (see GUIDATZ)

% Hints: get(hObject, 'String') returns contents of We Si as text

% str2double (get (hObject, 'String')) returns conteuts of Wc_Si as a double
% --- Executes during object creation, after setting all properties.

function Wc_Si_CreateFcn (hObject, eventdata, handles)

% hObject handle to Wc Si' (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles empty - handles not created until after all CreateFcns called

% Hint: edit controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'), getW
(0, 'defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor’, 'white') ;

end

% --—- Executes on selection change in LoadCycle.

function LoadCycle Callback (hObject, eventdata, handles)

% hObject handle to LoadCycle (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB

% handles structure with handles and user data (see GUIDATA)

% Hints: contents = cellstr(get (hObject, 'String')) returns LoadCycle contents as celle
array

% contents{get (hObject, 'Value'}} returns selected item from LoadCycle

% —--- Executes during object creation, after setting all properties.

function LoadCycle CreateFcn(hObject, eventdata, handles)

% hObject handle to LoadCycle {see GCBO}

% eventdata reserved - to be defined in a future version of MATLAE

% handles empty - handles not created until after all CreateFcns called

% Hint: popupmenu controls usually have a white background on Windows.
% See ISPC and COMPUTER.
if ispc && isequal (get (hObject, 'BackgroundColor'), get¥
(0, "defaultUicontrolBackgroundColor'))
set (hObject, 'BackgroundColor’, 'white');
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end

function Wc_Si_Callback (hObject, eventdata, handles)

% hObject handle to Wc_Si (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hints: get (hObject, 'String') returns contents of Wc_Si as text
% strZdouble (get (hObject, 'String')) returns contents of Wc_Si as a double

$ —--- Executes when user attempts to close figurel.

function figurel CloseRequestFcn(hObject, eventdata, handles)

% hObject handle to figurel (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Hint: delete (hObject) closes the figure
delete (hObject);
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