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ABSTRACT

Toroidal transformers play an important role in the transformer industry specially in
high end applications due to their superior performance, over the conventional
laminated transformers. But toroidal transformers lag in performance when comes to
high power requirements, specially due to their extremely high inrush currents
compared to the laminated transformers.

There are many options that can be used externally to the toroidal transformer to
avoid this issue, but due to the reliability concerns, transformer based inrush current
mitigation methods are always preferred in the industry. Conventional transformer
based inrush current mitigation methods fall short on toroidal transformers, because
those methods tend to mitigate their superior performance also, together with the

inrush current.

The proposed transformer based inrush current mitigating method with composite
cores will reduce the inrush current extensively, while protecting the typical superior
performance characteristics of toroidal transformers. Also the proposed method will
have better control over the inrush current than the conventional methods, while

being competitive in the market.

The proposed method involves two cores; one is lower grade NGOSS (Non Grain
Oriented Silicon Steel) core in the centre for the normal operation, and the other is
higher grade GOSS (Grain Oriented Silicon Steel) core positioned around the
NGOSS core with a controlled air-gap, for inrush current controlling purpose. Due to
the uncut NGOSS core in the centre, the composite core retains high performance in

the normal operation without compromising.



This dissertation includes practical development of the composite core together with
silicon steel types CK37-35H300 and MOH-M103-27P, and then experimental testing
on inrush current and finally converge the research findings for developing a new
design guideline for the optimized solution, while discussing the cost and the

manufacturing aspects.



TABLE OF CONTENTS

DECLARATION OF THE CANDIDATE AND SUPERVISORS..............
ACKNOWLEDGEMENT ..ottt e e e e e e
ABSTRACT
LIST OF FIGURES. ...t e e e e e e
LIST OF TABLES. ... e e e e e
LIST OF ABBREVIATIONS. ...ttt e e e e e e
LIST OF APPENDICES. .. ..ottt e e e e,
Chapter 1 - INTRODUCTION
1.1 Toroidal transformer construction.............ccoeevvevievieinennnn
1.2 Motivation to the research...........c.oovviiiiii i,
1.3 Objective of theresearch.............ooooviiiiiiiiiiii e
Chapter 2 - INRUSH CURRENT IN TOROIDAL TRANSFORMERS
2.1 Theoretical background of inrush current...........................
2.2 TOroidal COTe......oui ittt e e e e
2.2.1 Siliconsteel ....c.vvviniiiiii
2.2.2 Silicon steel on toroidal core .......ccccooeeeiiiiiiiennnn.
2.3 Saturation inductance and inrush current...............ccccoveennn.
Chapter 3 - RESEARCH DESIGN
3.1 Existing inrush current mitigation methods..........................
3.1.1 NTC thermistor in primary winding ......................
3.1.2 UseOF NGOSS ... e
3.1.3 Cut core toroidal transformers .............ccooeveineennnn,

3.2 Proposed composite core concept for inrush current mitigation ..

3.2.1 Design fluxdensity..........c.coevei i,
3.2.2 AIrgap Size iIN CUL COMB...cuvviine i,
3.2.2.1 Flux distribution in the composite core.......
3.2.2.2 Calculation of saturation inductance Ls......

3.2.2.3 Calculation of inrush current...................

10
10
12

16
16
18
21
23
24
25
26
30
32



3.2.3 Uncut — Cut core cross-sectional area ratio.............
3.3 Importance Of Source Impedance On Inrush Current .............
3.4 Scopeoftheresearch...........ccooiiii i
Chapter 4 - EXPERIMENTAL DATA COLLECTION
4.1 Inrush current measurement on samples................ccceevennn.
4.2 Finding the optimum air gap for outer core.........................
4.3 Summary of inrush current measurements...........................
4.4 Inrush current measurements for different area ratios.............
Chapter 5 - ANALYSIS OF DATA
5.1 Selection of optimum air-gap ..........coveeieeierieiiiee e,
5.2 Calculation of relative permeability .................cooooiinnn
5.3 Calculation of inrush current for different core cross-sectional
2L 1=T B =11 01
5.4 Development of design tool for composite core....................
5.5 Comparison between measured and calculated inrush current
VAIUBS. .. e
Chapter 6 - RESULTS DISCUSSION AND MOTIVATION
6.1 Comparison of electrical parameters ...............ccovviiiiennnn,
6.1.1 Comparison of inrush current values.....................
6.1.2 Comparison of no-load current values....................
6.1.3 Comparison of reactive power 10SS................c....ee.
6.1.4 Comparison of active power 10SS.............ccevvennne
6.2 Use of recycle steel Cores .......oovviiiii i e,

6.3 Comparison of manufacturing aspects.............cecevevveieennnnn.

6.3.1 Manufacturing of conventional cut core..................
6.3.2 Manufacturing of composite core...................evenee.

6.4 Comparison of mechanical parameters..................cooveiennen.

Chapter 7 - CONCLUSION AND SUGGESTIONS FOR FUTURE
RESEARCH

.1 CONCIUSION. .. e e e e,

7.2 Suggestions for future research...............ccoooiiiiiiiii i,

Vi

35
35
37

38
39
47
48

50
52

53
55

S7

60
60
62
63
64
66
67
67
68
69

72
73



RETEIENCE LiSt. .. e et e e e e e e e e e

N 0] 00 =

vii



LIST OF FIGURES

Figure No.

Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4:
Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:

Figure 3.10:
Figure 3.11:
Figure 3.12:
Figure 3.13:
Figure 3.14:
Figure 3.15:
Figure 3.16:
Figure 3.17:
Figure 3.18:

Figure 4.1:
Figure 4.2:

Description

Inrush current transient waveform ...............cccoeveiiecieciene.
Toroidal transformer..............oooiiiiii i
El laminated transformer ...,
Graphical interpretation of inrush current with remanence .....
Silicon steel mother coils ...
BH characteristics for AISI CK37 (35H300).....................
BH characteristics for AISI M-0H M103-27P......................
BH characteristics for AISIM-5............cooiiii,
Typical characteristic curve for NTC ..............cceeevininen.
Magnetization characteristics for GOSS-AISI Grade M5.......
Core loss curve for GOSS-AISI Grade M5............c.oovnen.
Magnetization characteristics for NGOSS 35H300..............
Core loss curve for NGOSS 35H300.........ccovvvviviinnnnne.
BH loops before and after core cut..............ccooovviviiieinnn,
Composite core arrangement..........c.oeveviveeinineeniienennnn.
Real manufactured composite core ................ccooeivinnnen.
Variation of inrush current with outer core airgap...............
Flux density distribution between Cut/Uncut cores..............
BH curve for AISI MOH - M103-27P..........cccooiiiiiiinnn..
Experimentally calculated pH characteristic curve..............
Extract of calculated pH characteristic............................
Calculated Byt characteristic .........ccooeeviiviniiiieeeieeeneee.
BH loops at different air-gaps .........ccccooeviiiniiiiieiieen
BH loop at deep saturation ..........cccooevviiiiniiiiiieieeee,
Inrush current measured with high source impedance..........
Inrush current measured with low source impedance...........
Test setup for inrush current measurement........................

Variation of inrush current with outer core airgap ...............

viii

10
13
14
15
17
18
19
19
20
21
23
23
26
27
28
28
29
30
33
34
36
37
38
40



Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9:

Figure 4.10:
Figure 4.11:
Figure 4.12:
Figure 4.13:
Figure 4.14:

Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 6.1:
Figure 6.2:
Figure 6.3:
Figure 6.4:
Figure 6.5:
Figure 6.6:
Figure 6.7:
Figure 6.8:

Inrush current wave form T1-173622
Flux density distribution of Cut/Uncut cores
Variation of inrush current with outer core airgap
Inrush current wave form T1-173618C
Flux density distribution of Cut/Uncut cores
Variation of inrush current with outer core airgap

Inrush current wave form T1-173618D

Flux density distribution of Cut/Uncut cores............c............

Variation of inrush current with outer core airgap
Inrush current wave form TI-173618E

Flux density distribution of Cut/Uncut cores

Inrush Current (X load) Vs Steel cross-sectional area ratio.......

Optimum air-gap to the cut core cross sectional area.............

Relative permeability Vs Cut-core cross-sectional area..........

Inrush Current (X lioad) VS Steel cross-sectional area ratio.......

Flow chart of Design tool

Design tool

Inrush current of composite / conventional designs

No-load current of composite / conventional designs............

Reactive power loss of composite / conventional designs.......

Active power loss of composite / conventional designs.........

Recycle core including joints in steel strips
Conventional cut core
Composite core

Humming test set up

40
41
42
42
43
44
44
45
46
46
47
49
51
53
54
56
57
61
63

65
66
67
68
70



LIST OF TABLES

Table No.
Table 3.1:
Table 3.2:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table 4.6:
Table 4.7:
Table 5.1:
Table 5.2:
Table 5.3:

Table 6.1:

Table 6.2:

Table 6.3:

Table 6.4:

Description
Flux densities at normal/inrush condition .............cccccecveenen..
Experimental test data on AISI MOH - M103-27P...............
Design parameters for T1-173622...........cccovvviiiiiiiinnnnn.
Design parameters for T1-173618C.............cccevviiininnnn.
Design parameters for T1-173618D..............ccccoeeviivinnnn.n
Design parameters for TI-173618E...................cooeevnnnn.
Summary of inrush current measurements........................
Inrush current measurements for different area ratios...........
Inrush current measurements for all samples.....................
Optimum air-gap to the cut core cross sectional area............
Relative permeability to the core cross sectional area...........
Comparison between measured and calculated inrush current
221 L 1S
Inrush current measurements of composite / conventional
dESIENS. .t
No-load current measurements of composite / conventional
AESIENS. .ottt
Reactive power loss measurements of composite/conventional
AESIENS. .o ne e
Active power loss measurements of composite / conventional

DTGNS, ettt

Page
27
29
39
41
43
45
48
48
49
51
52

58

60

62

63

65



LIST OF ABBREVIATIONS

Abbreviation

AC
AlSI
DC
EMI
GOSS

IEC
MMF
MPL
NC
NGOSS
NTC
oD
RMS

Description

Alternative Current

American Iron and Steel Institute
Direct Current

Electro Magnetic Interference
Grain Oriented Silicon Steel
Height

Inner Diameter

International Electrotechnical Commission
Magneto Motive Force

Magnetic Path Length

Nano Crystalline

Non Grain Oriented Silicon Steel
Negative Temperature Coefficient
Outer Diameter

Root Mean Square

Xi



LIST OF APPENDICES

Appendix Description Page

Appendix A: Design simulations with ToroidEZE programme for designs

with steel area ratio Uncut : Cut—1.0:0.7......ccccevvvivvceeceeee. 75
Appendix B: Design simulations with ToroidEZE programme for designs

with different steel area ratios ..o e e, 83
Appendix C: Test equipment details ...........c.cooveiiiiiiiiiiiii e, 91

Xii





