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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. 
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This dissertation includes practical development of the composite core together with 

silicon steel types CK37-35H300 and M0H-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. 
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INTRODUCTION 
 

Inrush current (sometimes called input surge current) is defined as maximum peak 

current drawn by electrical equipment due to driving its core into deep saturation at 

the time of energization. Inrush current is an undesirable phenomenon to occur and 

the equipment manufacturers/designers have to take this in to consideration where it 

is applicable. Elimination of inrush current could be very costly and impossible but 

mitigation of inrush current is possible [1].  

 

Generally for all cases inrush current does not last for a long time. For example it 

lasts only for few cycles for alternating current (AC), for transformers and motors. 

Magnitude of inrush current to its rated current could be several times, or even closer 

to 30 times in extreme cases, especially with toroidal transformers [2]. The 

magnitude of the inrush current is based on several parameters like; switching angle, 

source impedance, magnitude of input voltage, residual flux on the core, saturation 

inductance, etc. As a result, more often overcurrent protection reacts for these high 

currents and trips the device from the source resulting inability to energize the 

equipment. Also the inrush current will result in significant voltage drops, and thus 

affect the power quality, reliability and stability [2]. 

 

Inrush current most of the time is harmless to the device but unwanted tripping could 

cause undue problems to the electrical system. But in special cases, mostly with 

toroidal transformers which normally connected at high end applications, it needs to 

protect the expensive power electronic equipment from the high currents [2].  

 

To understand this phenomenon in transformers and motors it requires sound 

knowledge of mathematics and magnetism. Inrush current occurrences on 

transformers are explained in chapter 2 to the extent of the topic being discussed. 

Typical inrush current transient waveform when a transformer is energized is 

illustrated in Figure 1.1, which is captured on a single phase 1000VA toroidal 

transformer. 
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Figure 1.1: Inrush current transient waveform  

 

 
 
1.1 Toroidal Transformer Construction 

 

Toroidal winding is considered to be challenging with respect to winding in 

laminated transformer, as it required rotating the coil during winding through the 

inner diameter of the core. Typical toroidal core does not hold any gaps in its 

magnetic path, which cause the toroidal transformer to be high performing with 

respect to the laminated transformers. The performance of an ideal transformer can 

be closely approximated with this most expensive toroidal construction [1].  

 

In the process, first sufficient winding wire must be wound or loaded onto the 

winding shuttle (or magazine), and then unwound onto the toroidal transformer’s 

core as per the required turns in the particular design. This is repeated as for the 

number of primary and secondary windings on the transformer. Also it is having the 

capability to wind several copper wires together to wind several windings at once, 

hence saving cost. For isolation transformer, insulation is required in between the 
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primary winding and the secondary winding. Generally the exposed enamel copper 

(or aluminium) wire is protected by outer wrapping insulation tape for safety 

purpose. Normally all the insulations are done based on the creep and clearance 

distance requirements coming under IEC 61558. 

 

Toroidal transformer will not require a bobbin or tube like with the laminated 

construction, but the insulated core itself act as the bobbin, which is creating better 

coupling of flux in the core together with the windings.  

 

Toroidal construction is less common and not popular in the industry due to its 

manufacturing complexity and high cost. However toroidal components can be seen 

in high end applications regardless of its high costs due to their high performance 

requirements.  

 

Figure 1.2 shows a single-phase toroidal transformer which goes to a power supply 

unit for high-end audio amplifier.  

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Toroidal transformer 

 

Most common transformer construction is laminated type transformers due to its 

simplicity in construction. A typical laminated type transformer is illustrated in 

Figure 1.3. When comes to low power transformers, most of the laminated type 
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transformers are made with EI shaped core laminations. These are stamped as 

English letters ‘E’ and ‘I’ and these E’s and I’s are then stacked to form the core. 

Then the copper/aluminium wire (or foil) winding is done on a bobbin, and the 

wound bobbin is then inserted into the stacked E and I core parts, and finally they are 

fixed tightly by suitable mechanism.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: EI laminated transformer 

 

 

1.2 Motivation to the Research 

 

Toroidal transformer has its advantages over laminated transformers of high 

efficiency, low weight, low leakage and low Electro Magnetic Interference (EMI), 

low volume, etc. The core loss in a toroidal transformer is very low since its gapless 

round shape, and which supports and allows the magnetic flux to travel ideally in a 

less reluctance magnetic path with minimum stray field. As a result, when designing 

toroidal transformers, the designers can go for high design flux densities and utilise 

material effectively than in laminated type [1].   
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However due to its low reluctance to flux, toroidal transformer exhibits severe inrush 

currents than standard laminated type transformers. This is one major drawback in 

toroids and it becomes significant especially considering high power transformers. 

The situation gets worsen when higher quality grade steel is used, due to even low 

reluctance in the core to the flux. 

       

High quality grain-oriented silicon steel (GOSS) has steep induction curve against 

excitation current and also they do have higher residual flux (remanence flux) which 

cause high inrush of the transformer. This occurrence is further described in chapter 

2, also comparing different types of electrical steel grades (Grain-oriented and Non 

grain-oriented) usually used in toroidal transformer designing. 

 

Presently there are many methods to limit inrush current on toroidal transformers, 

both using external equipment based and transformer-based solutions. But most of 

the existing transformer-based mitigation methods are weakening the performance 

indicators of the toroidal transformer design; even it is more reliable than the external 

equipment based inrush current mitigation methods [1].  

 

Therefore still there is an industry requirement to search for a more developed and 

optimized inrush mitigation method to boost the market share on toroidal 

transformers. 

 

 

1.3 Objective of the Research 

 

The main objective of this study is to propose a reliable and economical transformer-

based inrush current mitigation method for toroidal transformers. The conceptual 

proposal would be to use a composite core with an uncut inner-core and a gapped 

outer-core. 

 

Using the proposed composite core method, it is envisaged to increase the 

performance of transformer by using low grade steel in the un-gapped core in place 
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of air-gapped high grade steel. With this method, it is expecting to save material 

costs and labour on the product and overall being competitive in the market.    

 

The ultimate goal of the project is to promote toroidal transformers in the industry 

over other types of transformers (laminated), even in the high power levels. 

 

Furthermore, limiting the use of high grade materials unworthily in magnetic 

components is also an objective of this study. General norm is high grade materials 

are extracted and manufactured with higher energy intense processes, and therefore 

an environment friendly and resource conservative benefits are secured out of this 

research. The possibility of using re-cycled steel for composite core method is also 

an advantage of this regards [1].         
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INRUSH CURRENT IN TOROIDAL TRANSFORMERS 

 

As stated in the previous Chapter 1, inrush current is a critical problem for toroidal 

transformers compared to the laminated transformers, especially considering higher 

power levels. A brief introduction to toroidal transformer is done in previous Chapter 

1 under section 1.2, and in this chapter the following main topics are discussed in 

order to have a better understanding on the inrush current scenario with toroidal 

transformers. 

 

1) Theoretical background of inrush current  

2) Toroidal core  

3) Saturation inductance and inrush current 

  

2.1 Theoretical Background of Inrush Current 

 

This is a transient scenario, where high saturation of the transformer core originates 

high inrush current at the point of energization. There are several explanations on 

this scenario in several sources, but the below will illustrate the basics of the inrush 

current occurrence in a simpler way. 

 

Basically the input voltage applied to the transformer will be the driving force to the 

inrush current and that will force the flux to build up double the steady state flux plus 

the remanence flux. Hence the transformer gets in to deep saturation and that result 

with creating a high energization current [3]. 

 

Inrush current occurrence of a transformer is a transient effect which could be 

explained with electromagnetism as described follows. 
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The inrush current phenomenon is governed by Faraday’s law [3]. 

v(t) =
𝑑

𝑑𝑡
ϕ'(t)                     (2.1) 

 

Where v(t) is the instantaneous voltage applied and ϕ’(t) is the instantaneous flux 

linkage.  

 

Then,        ϕ'(t) = ∫ 𝑣(𝑡) 𝑑𝑡 
𝑡

0
               (2.2) 

 

Neglecting the leakage flux component, the total instantaneous flux Φ(t) of the core 

with N number of turns of the winding can be written as, 

ϕ'(t) = 𝑁ϕ(t)                      (2.3) 

 

Then with combining equations (2.2) and (2.3) 

ϕ(t) =
1

𝑁
∫ 𝑣(𝑡) 𝑑𝑡 

𝑡

0

            (2.4) 

 

Consider the supply voltage for the transformer is sinusoidal with switching angle θ 

   v(t) = Vm. sin (ωt+ θ) 

 

Then re-write equation (2.4) with sinusoidal supply voltage v(t) 

 

ϕ(t) =
1

𝑁
∫ 𝑉𝑚. sin (ωt + θ) 𝑑𝑡 

𝑡

0

               (2.5) 

ϕ(t) =
𝑉𝑚

𝑁
∫ sin (ωt + θ) 𝑑𝑡 

𝑡

0

                    

ϕ(t) =
𝑉𝑚

𝑁ω
. [−𝑐𝑜𝑠 (ωt + θ)]

𝑡
0

                  

ϕ(t) =
𝑉𝑚

𝑁ω
. [−𝑐𝑜𝑠 (ωt + θ) + 𝑐𝑜𝑠 θ] + ϕ(0)                   

Considering the remanence flux at t=0 is ϕ(0) = ϕ𝑟 (Remanence flux) 

Then, 

ϕ(t) =
𝑉𝑚

𝑁ω
. [−𝑐𝑜𝑠 (ωt + θ) + 𝑐𝑜𝑠 θ] + ϕ𝑟                    
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The maximum flux ϕ𝑚𝑎𝑥 is generated at zero crossing of the input voltage applied; 

means θ = 0 

ϕmax =
𝑉𝑚

𝑁ω
. [2] + ϕ𝑟                   

ϕmax =
2𝑉𝑚

𝑁ω
+ ϕ𝑟                   

 

ϕmax = 2ϕ𝑚 + ϕ𝑟                (2.6)   

 

So it is proven that, the inrush transient forces the flux to build up double the steady 

state flux plus the remanence flux. This scenario can be illustrated in graphical form 

as per the Figure 2.1 [3]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Graphical interpretation of Inrush current with remanence 

 

2.2 Toroidal Core  

 

Toroidal core is having donut shape with no air gaps in the magnetic path, against the 

laminated transformer cores. These cores are available in many material types; 

Silicon steel (SiFe), Nickel iron (NiFe), Perm-alloy, Nano-crystalline (NC) and 

others [1]. Silicon steel and nickel iron mainly available as tape wound cores or 

laminated pieces. In this research, only Silicon steel types are considered for toroidal 

transformer cores. 
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2.2.1 Silicon steel  

 

Silicon steel is available as tape wound reels with different types/grades, thicknesses, 

widths and can be purchased based on the requirements of the relevant designs. 

Standard available steel widths are varying with the steps of 5mm, but still possible 

to purchase even other sizes in between, based on the demand. Figure 2.2 shows a 

silicon steel coil before the slitting process done, and in this form it is called as the 

‘Mother coil’. Mother steel coil is commonly available with 350mm width. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Silicon steel mother coils 

 

2.2.2 Silicon steel on toroidal core  

 

Generally the silicon steel contains high permeability (µ) providing low reluctance 

(R) for a given Magnetic Path Length (MPL). When a transformer core is 

magnetized to the flux density (B) and the permeability increases as per following 

basic equation. 
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𝐵 = µ. H                                (2.7) 

Where   H – Magnetizing force  

 

As per the B-H characteristics of typical silicon steel (refer Figure 2.3), it retains 

almost linear relationship between B and H up to certain flux density (where it holds 

maximum permeability) and then the steel starts approaching to the saturation region. 

Then, if the flux density further increased in the saturation region, the permeability 

decreases approaching to the value of free space or air. This region is called as deep 

saturation of the steel core. This is a common scenario for all the silicon steel types, 

apart from the difference of the flux densities where it start saturation. 

 

Electrical steel comprises of various grades and have different classifications. One of 

the standard classifications is from its AISI grade. AISI stands for American Iron and 

Steel Institute [1].  

 

There are mainly three types of silicon steel types discussed in this research; one is 

non-grain oriented steel type AISI CK37 (35H300) and other two are grain oriented 

steel types AISI M-5 and AISI M-0H. See Figure 2.3 to 2.5 for the steel 

characteristic curves taken from Kawasaki Steel data catalogue [4]. 

 

Mainly the grain oriented steel type AISI M-5 is used for conventional low inrush 

designs to retain better performance, even together with fully air-gapped core. The 

drawbacks of this method are discussed in the next chapter 3. 

 

But in this research, the steel types AISI CK37 (35H300) and AISI M-0H M103-27P 

are mainly discussed in the composite core. Basically with the proposed composite 

core method, the steel AISI CK37 is used as the centre core to operate in the normal 

condition at its unsaturated region, while AISI M-0H is used to dominate in the 

inrush condition at its “Just unsaturated” condition. 
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2.3 Saturation Inductance and Inrush Current 

 

In this research, it is proven that the most significant parameter affect to the inrush is 

saturation induction. In many literatures, they say the input winding resistance 

mainly affects the inrush current, but in practical scenario the designers do not have 

much allowance to change the winding resistances having a design is normally 

bound for particular temperature class.  

 

Therefore in this research, the effects of saturation induction to the inrush current is 

mainly discussed and go through details on the inrush current variation by changing 

the air-gap in the outer core, hence changing the saturation induction. 
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RESEARCH DESIGN 

 

In chapter 2, it was discussed about the inrush current phenomenon on toroidal 

transformers and about the factors that affect the magnitude of in rush transients; 

mainly the saturation inductance and electrical steel characteristics.  

 

In this chapter following aspects are discussed descriptively. 

1) Existing inrush current mitigation methods  

2) Proposed composite core concept for inrush current mitigation   

3) Importance of source impedance on inrush current 

4) Scope of the research 

 

3.1 Existing Inrush Current Mitigation Methods  

 

Mainly there are two categories of inrush mitigation methods available for toroidal 

transformers; one is external equipment based inrush current mitigation and the other 

is transformer-based inrush current mitigation. 

Out of these two categories, most of the high end applications prefer the transformer-

based solutions for inrush current mitigation, due to their higher reliability [1]. 

Followings are some of the methods used by designers/manufacturers for mitigation 

of inrush currents in toroidal transformers.   

 

3.1.1 NTC thermistor in primary winding   

 

This method can be used with general purpose toroidal transformers, where the 

transformer is not designed intending to mitigate the inrush current. The main 

advantage of this method is, here the transformer can be designed in higher flux 

density utilizing the magnetization curve to its maximum possible point. Also the 

transformer efficiency, weight, dimensions could also be to its optimum and also that 

lead avoiding complex manufacturing processes, hence finally be economical. 
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The Negative Temperature Coefficient (NTC) thermistors are thermally sensitive 

semiconductor resistors which exhibit inverse characteristic between the resistance 

and the absolute temperature, as shown in Figure 3.1. In typical operation of the NTC 

thermistor, this is connected in series with the transformer input winding and initially 

holding high resistance at lower ambient temperature. But after the transformer is 

powered up, the resistance of the NTC thermistor can be brought down either by a 

change in the ambient temperature or by self-heating resulting from current flowing 

through the device [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Typical characteristic curve for NTC 

  

 

Referring the Figure 3.1, the x-axis is representing the multiplying factor M, which 

should multiply with specified nominal resistance of the NTC at Imax, to get the 

resistance value at each Iop / Imax. 

Imax - The maximum steady state RMS AC or DC 

Iop  - The actual operating current. 

 

The main drawbacks of this method are the addition of primary resistance to normal 

operation of the transformer and the heat dissipation and ultimately leading to low 

efficiency of the total equipment. And the next drawback is, it will not do the 

intended function in successive power interruptions, because due to the thermal 
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inertia the thermistor may hold high temperature - low resistance stage in the next 

power up. The other drawback is the reliability. Transformer itself is highly reliable 

but adding the NTC thermistor in series with the supply makes the combination 

unreliable.      

 

3.1.2 Use of NGOSS  

 

The typical B-H curve for silicon steel presents steep magnetization characteristic 

after they exceed the maximum unsaturated flux density. This characteristic is far 

great especially with GOSS types, while it is not that much critical for NGOSS types. 

 

Generally toroidal transformers are wound using high grade GOSS for its common 

intended performances, but the said steep magnetization curves of GOSS and high 

design flux density makes easy to saturate the core. See Figure 3.2 and Figure 3.3 for 

magnetization characteristics with corresponding loss curves for GOSS (AISI M-5) 

[4].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Magnetization characteristics for GOSS-AISI Grade M5  
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Figure 3.3: Core loss curve for GOSS-AISI Grade M5 

 

As a result, designers are using NGOSS for low inrush designs due to lower steep 

characteristics in magnetization [1]. NGOSS transformers have to be designed in low 

flux density and then its narrow magnetization characteristics can be used to keep it 

unsaturated, compared to the GOSS types. Following Figures 3.4 to 3.5 illustrates 

magnetization characteristics with corresponding loss curves for NGOSS (35H300) 

[4], for easy understanding of above mentioned point.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Magnetization characteristics for NGOSS 35H300 



Chapter 3 Research Design 

 

Page | 20  

 

Figure 3.5: Core loss curve for NGOSS 35H300 

 

Selection of NGOSS does reduce the inrush current to some extent, but when the 

application is critical on inrush current, the designers also tend to use above NGOSS 

without annealing process [1]. Annealing is a special heat treatment process done to 

regain the magnetic properties back to steel core, after it has been lost in the core 

manufacturing process (due to stresses exerted on the steel strips). 

 

The main drawback of this method is the less efficiency of the transformer due to 

high core losses (see Figure 3.5) and high excitation current. These designs are 

obviously bulky and weight is more than the standard GOSS designs. 

 

However reliability point of view this method is better than the method described in 

previous section 3.1.1. 
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3.1.3 Cut core toroidal transformers  

 

Introducing a cut (or a small air-gap) to the magnetic path of the toroidal core will 

change magnetization characteristics of the steel; basically this will increase the 

unsaturation characteristic even at the high flux densities. Based on the BH 

characteristics, it will reduce the slop of the curve (or reduce permeability) and bring 

the knee point to the right side of magnetization curve, while increasing the 

magnetizing force. 

 

Also the other main purpose is reducing the remanence flux (ϕr).  As per the equation 

2.6 derived for inrush current (also Figure 2.1), the remanence flux (or remanence 

flux density, Br) plays an important role in the inrush current. The Figures 3.6 

illustrates how the remanence flux density get reduced (by ΔB) together with an air 

gap in the toroidal core [5]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: BH loops before and after core cut 

 

There are several advantages and disadvantages of this method. 

 

First discussing on the advantages; this method does not change the core losses 

(negligible increment) with respect to the uncut core. Note in Figure 3.6, the areas 

within the BH loops for with and without air-gap are almost same. 
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Also this inrush mitigation method is more reliable than the external NTC thermistor 

option described in previous section 3.1.1. 

 

Regarding the disadvantage; the gapped cores need more Magneto Motive Force 

(MMF) to magnetise the core than the normal toroidal core, hence it draws higher 

current in the off-load condition. Due to that reason, the gapped core transformer 

consumes lot more reactive power loss. Therefore this cannot be designed at its 

optimum flux density and hence should be designed approximately 30% lower value. 

Also core vibration due to loose lamination and noise issues could be an issue in the 

end application [1]. 

 

Based on the discussed inrush current mitigation methods, the gapped core option is 

mostly used in applications due to its reliability and other advantages. But still it is 

necessary to overcome its disadvantages, and hence the Composite core method 

introduced. 
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3.2 Proposed Composite Core Concept for Inrush Current Mitigation 

 

As per the concept of the composite core there are two cores positioned 

concentrically; one is uncut core in the centre and the other is a cut-core around the 

centre core. The basic arrangement is shown in the Figure 3.7 and Figure 3.8 [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Composite core arrangement 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Real manufactured composite core 
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In this core arrangement, the centre core is made with lower grade steel type (Steel 

AISI CK37 - 35H300, which will be used in this research) and the outer core is made 

with higher graded steel (AISI M0H - M103‐27P, which will be used in this 

research).  

 

According to the basics of magnetism, the majority of flux will concentrate on the 

lowest magnetic path length (means close to the inner core), and then the flux gets 

propagate over the whole cross sectional area of the core when the core energization 

gets higher. Similarly, the centre core will dominate in the normal operation of the 

transformer, and the outer core will dominate in the inrush current transient. 

 

There are three main design factors considered in the designing process. 

1) Design flux density  

2) Airgap size in cut core 

3) Uncut core – Cut core cross-sectional area ratio 

 

3.2.1 Design flux density 

 

In this research, the design flux density is kept fixed to the inner uncut core to 1.30T, 

and accordingly the number of turns for the primary winding is calculated (Refer 

Appendix-A, for ToroidEZE simulations for designs). Then the outer cut core is 

separately calculated based on the target inrush current requirement. Basically in 

normal operation, the inner core will be operated slightly below 1.30T flux density, 

while the outer cut core also will energize around 0.2-0.3T. 

 

This scenario will extensively discuss in section 3.2.2 and 3.2.3. 
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3.2.2 Airgap size in cut core 

 

Air gap is the main design parameter in designing process with composite core. First, 

the equation 3.1 is showing the general relationship between the maximum inrush 

current and the impedance of the product [6] [7]. 

 

𝐼𝑚𝑎𝑥 =
𝑉𝑚

√(𝜔𝐿𝑠)2+𝑅2
 . (1 + 𝑐𝑜𝑠 𝜃 +  

𝐵𝑠−𝐵𝑟

𝐵𝑛
)             (3.1) 

 

 

 

 

 

 

 

 

 

 

According to the equation 3.1, it is obvious that increasing the Saturation inductance 

(Ls) and Winding resistance (R) will be the main option to minimize the inrush 

current. When comes to winding resistance, in practical situation the designer does 

not have much allowance to changed resistance having the product itself should 

complied with certain thermal class. Hence changing the winding resistance is not an 

option to control the inrush current. Therefore, increasing the Saturation inductance 

will be the only option in this regards.   

 

It is obvious, reducing the airgap will increase the inductance value, but too much 

lowering the gap will lead saturating the outer core. Note, the outer core dominates in 

the inrush scenario, so it needs to maintain the outer core unsaturated in the inrush 

current transient. Therefore it needs to find the Optimum gap is such, which holds 

the maximum Ls, while keeping the outer core unsaturated. 

 

Imax - Maximum inrush current (peak current) 

Vm  - Maximum input voltage (peak voltage) 

R   - Winding resistance 

Ls  - Saturation inductance 

θ  - Switching angle 

Br - Residual flux density 

Bs - Saturation flux density 

Bn - Nominal design flux density 
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The following test has been done to the 1000VA transformer, where the inrush 

current is measured with different air gaps in outer core. See Figure 3.9. 

Figure 3.9: Variation of inrush current with outer core airgap 

 

According to the Figure 3.9, it shows higher inrush currents in the lower gaps due to 

saturating the outer cut core. As the air gap increases along the x-axis, the inrush 

current reduces due to moving the cut-core in to unsaturated region. But too much 

increase of the air-gap will again increase the inrush current due to drop of Saturation 

inductance (Ls). Means there is a particular air gap which should be maintained to 

minimize the inrush current, called “Optimum air gap”. 

 

It was experimentally found, that the Optimum airgap changes with the size of the 

cut-core cross sectional area. The distribution of Optimum airgap with respect to 

cross sectional area will be discussed in the chapter 4. 

 

3.2.2.1 Flux distribution in the composite core 

 

The next important step is analysing the flux distribution within the composite core 

(between cut core and uncut core), when the composite core is magnetized from the 

lower voltage to the deep saturation stage. As discussed early of this section, the 

inner uncut core dominates in the normal operation, while outer cut core share lesser 

flux. But outer cut core also holds considerable flux density (similar to the uncut 

core) when the composite core subjected in to deep saturation. Refer Figure 3.10. 
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 Figure 3.10: Flux density distribution between Cut/Uncut cores 

 

The flux densities of the cut core and uncut core at normal operation and at deep 

saturation stage (at inrush transient, energized 2.65 times to normal operation – Refer 

Section 3.2.2.3 / equation 3.6) are tabulated as per Table 3.1. The flux density 

variation of the corresponding conventional core also graphed to compare how the 

composite core maintain lower flux density at inrush transient to keep the combined 

core well unsaturated comparatively. 

 

Table 3.1: Flux densities at normal/inrush condition 

  Flux Density (T) 

  At normal operation At inrush transient 

Uncut core 1.205 2.114 

Cut core 0.304 2.215 

 

Finding the flux density of the cut core at inrush transient is the most important 

outcome of the above exercise. The reason behind is, the flux density of the cut core 

is needed to find the Relative permeability (µr) of the cut core at inrush, and which 

becomes the most dominant parameter for calculating Saturation inductance (Ls). 

After all, Ls be the most significant parameter in calculating the inrush current. 
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In order to extract µr via the flux density, the steel supplier’s BH characteristics of 

the outer core (AISI M0H - M103‐27P) should be used. But, having this scenario 

interested on µr at deep saturation level (at flux density 2.215T), the values for µr will 

be very low and practically difficult to read the exact values from Figure 3.11[4]. 

Figure 3.11: BH curve for AISI M0H - M103‐27P 

 

To overcome this issue, the research will continue with experimentally calculated µH 

characteristic curve, Figure 3.12. One advantage of this method is, the 

experimentally calculated µH characteristic will reflect the real annealing condition 

of the manufacturing facility and hence the accuracy becomes higher. 

Figure 3.12: Experimentally calculated µH characteristic curve 
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Then it is possible to extract the deep saturation section of curve (Figure 3.12) to 

derive Figure 3.13. Together with the experimental results in Table 3.2, it can derive 

the Bµ characteristic curve Figure 3.14, which finally helps to calculate the exact 

values of µr for closely varying flux densities. Note, the value of Ls is solely 

depending on the value of µr; hence the accuracy is much important. 

Figure 3.13: Extract of calculated µH characteristic 

 

Table 3.2: Experimental test data on AISI M0H - M103‐27P 

Flux Density (T) Magnetizing Force (A/m) Relative Permeability 

1.99 2555 619.1 

2.00 3027 525.9 

2.02 3441 467.1 

2.04 4229 383.8 

2.05 4618 353.4 

2.07 5676 290.6 

2.09 6736 247.1 

2.10 7652 218.4 

2.11 8258 203.7 

2.13 8906 189.9 

2.15 10347 165.0 

2.17 11731 147.0 

2.19 13200 131.7 

2.21 15200 115.4 

2.22 17000 104.0 

2.24 19350 92.1 

2.27 22600 79.8 

2.28 25000 72.6 

2.31 29400 62.4 
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Together with Table 3.2 and Figure 3.14, it is possible to find µr at flux density 

2.215T as 109.5. 

 

 

Figure 3.14: Calculated Bµ characteristic 

 

3.2.2.2 Calculation of saturation inductance Ls 

 

According to the concept, as the composite core subjected to deep saturating 

condition, the outer cut core will retain in the “Just unsaturated” stage, while the 

centre uncut core will be saturated. 

 

Hence the inductance of the inner uncut core can be considered as the inductance of 

saturated core (air choke). 

𝐿𝑢𝑛𝑐𝑢𝑡 =
4π x 10−7 . 𝑁2. 𝐴. 𝜇𝑟

MPL𝑢𝑛𝑐𝑢𝑡
                 (3.2) 
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Where MPL is calculated by, 

𝑀𝑃𝐿 =
π x (OD − ID)

ln (
𝑂𝐷
𝐼𝐷

)
 

 

Considering the 1000VA transformer; 

Uncut core dimension (OD x ID x H)  : 133 x 90 x 90 mm 

Cut core dimension (OD x ID x H)  : 165 x 135 x 90 mm 

Number of turns    : 430 turns 

 

The parameters for the centre “uncut core”; 

Saturated (uncut) core area   = 1935 mm
2
 

Relative permeability   = 1 (Air) 

MPL    = 345.902 mm 

Substituting the uncut core data into equation 3.2 

𝐿𝑢𝑛𝑐𝑢𝑡 = 1.299 𝑚𝐻 

 

Then the inductance of the outer cut core can be calculated from the equation 3.3  

 

 

 

 

 

The parameters for the centre “Cut core”; 

 

Un-saturated (cut) core area    = 1350 mm
2
 

Relative permeability    = 109.5 (μr at 2.215T) 

MPL     = 469.664 mm 

Air gap     = 0.075 mm 

 

Substituting the cut core data into equation 3.3 

𝐿𝑐𝑢𝑡 = 0.0718 𝐻 

𝐿𝑐𝑢𝑡 =
4𝜋 × 10−7𝑁2𝐴. 𝜇𝑟

𝑀𝑃𝐿 + 𝜇𝑙𝑔
              (3.3) 

Lcut - Uncut core un-saturated Inductance  

lg  - Air gap 
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Then the total Saturation inductance Ls is; 

𝐿𝑆 = 𝐿𝑢𝑛𝑐𝑢𝑡 +  𝐿𝑐𝑢𝑡 

𝐿𝑆 = 0.0732 𝐻 

 

It shows that the inductance of the uncut saturated core (𝐿uncut) is negligible on the 

resultant inductance 𝑳s, and hence on the inrush current. 

 

3.2.2.3 Calculation of inrush current 

 

Recall the equation 3.1 

𝐼𝑚𝑎𝑥 =
𝑉𝑚

√(𝜔𝐿𝑠)2 + 𝑅2
 . (1 + 𝑐𝑜𝑠 𝜃 +  

𝐵𝑠 − 𝐵𝑟

𝐵𝑛
)         (3.1) 

 

Having this research is concentrate only on the Maximum inrush current, which 

occurs at the zero crossing. Then apply θ = 0 

 

𝐼𝑚𝑎𝑥 =
𝑉𝑚

√(𝜔𝐿𝑠)2 + 𝑅2
 . (1 + 1 +  

𝐵𝑠 − 𝐵𝑟

𝐵𝑛
)          

 

𝐼𝑚𝑎𝑥 =
𝑉𝑚

√(𝜔𝐿𝑠)2 + 𝑅2
 . (2 +  

𝐵𝑠 − 𝐵𝑟

𝐵𝑛
)          

 

Also applying 𝑉𝑚 = √2 𝑉𝑟𝑚𝑠 

 

𝐼𝑚𝑎𝑥 =
√2𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
 . (2 +  

𝐵𝑠 − 𝐵𝑟

𝐵𝑛
)         (3.4)  

 

As per the experimental data, the value of  
𝐵𝑠−𝐵𝑟

𝐵𝑛
 stays almost constant, irrespective 

to the air gap size. This is proven as following. 
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Consider the BH loops of two composite core transformers of 1000VA, which are 

identical except having different air-gaps 0.05mm and 0.80mm in the outer cut-core. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.15: BH loops at different air-gaps 

 

According to Figure 3.15, the change of the remanence flux is almost negligible even 

for high variation of air gap size. Hence the ratio between the saturated flux density 

(Bs) and remanence flux density (Br) is considered fixed as following, in this 

research. 

 

Means,    Br   =  0.75 Bs 

 

Therefore we can calculate, 

    Bs – Br   =  0.25 Bs  (3.5) 

 

 

Then the composite core of 1000VA (with optimum air-gap) is subjected to deep 

saturation level and studied its BH loop characteristics. Refer Figure 3.16. 

 

0.80mm 0.05mm 
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Figure 3.16: BH loop at deep saturation 

 

Accordingly it is observed the design starts saturation when the nominal voltage gets 

nearly 2.65 times, means closer to 610V (230V nominal). 

 

Therefore we can derive, Bs : Bn =  2.65 : 1  (3.6) 

     

From equations (3.5) and (3.6), it is possible to derive, 

𝐵𝑠−𝐵𝑟

𝐵𝑛
  ≈ 0.65   (3.7) 

Then substituting the equation 3.7, into equation 3.4. 

𝐼𝑚𝑎𝑥 =
√2𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
 . (2 +  0.65)          

 

𝐼𝑚𝑎𝑥 =
3.75 𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
          (3.8) 

 

Accordingly it is possible to calculate the Imax , together with the calculated saturation 

inductance Ls and calculated winding resistance (R =  0.745 Ω) 

 

𝐼𝑚𝑎𝑥 = 38.86 A 
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But the measured inrush current under the laboratory facility is 36.3A.  

 

There are several factors effecting to this slight deviation between the calculated and 

measured inrush current values. Some of them are; the level of calibration of the test 

equipment, estimated assumptions made to simplify the calculation, source 

impedance to the transformer, etc. 

 

The source impedance to the transformer makes a great effect to the above deviation, 

over the other factors. The significance of the source impedance will be described in 

section 3.3 

 

3.2.3 Uncut – Cut core cross-sectional area ratio 

 

It is obvious (and experimentally proven) that increasing the outer cut-core cross 

sectional area reduces the inrush current. But the drawback of increasing the outer 

cut-core (which made with M0H - M103‐27P) is the cost and the size of the finished 

product. So the designer shall calculate and decide the steel area ratio required for the 

target inrush current. 

 

This aspect will be deeply discussed in the chapter 4 and chapter 5, and accordingly 

this research will be limit for the cross sectional area ratio range 1:0.60 to 1:0.80 

(Uncut : Cut). 

 

 

3.3 Importance of Source Impedance on Inrush Current 

 

In a typical installation, the cable sizes are selected mainly based on the nominal 

current ratings of the equipment installed, but definitely not considering the transient 

peak currents (inrush current), having considered those short time transients are not 

making any harm to the system.  Hence in an installation, it is a typical fact that these 

transient high currents do make significant voltage drops. 
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Due to the above point, it is evident that the inrush current definitely will not reach to 

the calculated inrush current in most of practical cases.  

 

Following Figure 3.17 and Figure 3.18 are showing the inrush current measured for 

the same transformer with two sources; first is having higher source impedance and 

the second is having negligible source impedance respectively. 

Figure 3.17: Inrush current measured with high source impedance 

 

In the Figure 3.17, it shows that the input sinusoidal waveform gets slightly 

deformed at the zero crossing (where the inrush current generated) and that cause the 

measured maximum inrush current value near 98.8A (peak). 

 

But in the Figure 3.18, it shows almost no deformation in the input sinusoidal 

waveform at the zero crossing, and that causes the measured maximum inrush 

current value near 115.0A (peak). 
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Therefore, with the purpose of avoiding/neglecting the effect of source impedance, 

the research is carried out all the important experiments on inrush current 

measurements with the source having negligible impedance. 

Figure 3.18: Inrush current measured with low source impedance 

 

. 

3.4 Scope of the Research 

 

Together with the discussions on the section 3.2, this research will be confined into 

the following scope. 

 

1) Design flux density fixed to 1.30T for the inner core and experiments 

conducted only for 230V mains input 

2) Considered only the steel types CK37 - 35H300 and M0H - M103‐27P for 

uncut core and cut core respectively 

3) Considered transformer power range 1kVA to 5kVA 

4) Considered core cross sectional area ratio range 1:0.60 to 1:0.80 (Uncut: 

Cut), which covering inrush current range 2 to 8 times of load current.  
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EXPERIMENTAL DATA COLLECTION 

 

In chapter 3, the proposed composite core method had been discussed together with 

1000VA transformer. This chapter discusses on further details of experimental data 

collected for composite core designs, covering the transformer power range 1kVA to 

5kVA. 

 

Here the following designs are mainly discussed. Note, all the below designs comes 

with constant core cross sectional area ratio (Cut core: Uncut core = 0.7 : 1.0) and 

with constant design flux density 1.30T for the inner core. 

 

1) TI-173622 (1000VA)  

2) TI-173618C (2000VA)  

3) TI-173618D (3000VA) 

4) TI-173618E (4500VA) 

  

4.1 Inrush Current Measurement on Samples 

 

The transformers TI-173622, TI-173618C, TI-173618D and TI-173618E were tested 

applying alternating rated voltage 230V/50Hz (Sinusoidal) across the primary 

winding. Then the inrush current transient waveforms are taken to an Oscilloscope 

(Tektronix DPO3000) connected via a current probe (Tektronix A621) to the circuit. 

Test set up for this arrangement is shown in Figure 4.1 [1]. 

Figure 4.1: Test setup for inrush current measurement 
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In this experiment, the inrush current data collected with two methods. First method 

is repeating the test several times (minimum 60 times per design), creating the 

possibility to switch the input wave form at zero crossing, and hence creating the 

maximum inrush current. The second method is switching the input via zero-point 

detecting circuit (made with SIEMENS 3RF2050-1AA02), which does monitor and 

detect the zero crossing of the input wave form and ensure to switch ON the 

transformer at that point. 

 

Both the options provided almost same maximum inrush current value, for each 

scenario to be discussed in section 4.2. 

 

4.2 Finding the Optimum Air Gap for Outer Core 

 

In this case, each design was tested for inrush current, varying the air-gap size of the 

outer core, while keeping the other design parameters fixed. Following sections show 

the maximum inrush current waves and the inrush current varying curves for each 

air-gap sizes. 

 

1) TI-173622 (1000VA) 

 

The design parameters of TI-173622 are as per Table 4.1. Note, the core dimensions 

typically denoted as “OD x ID x H”. Refer Annex A for more design details. 

 

Table 4.1: Design parameters for TI-173622 

 

The design TI-173622 is then tested for the maximum inrush current value at 

230V/50Hz, for each air gap in the outer core, as per the Figure 4.2. 
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Accordingly the “Optimum air gap” is selected as 0.075mm, where the minimum 

inrush current observed. 

Figure 4.2: Variation of inrush current with outer core airgap 

 

The measured inrush current at Optimum air gap is 36.3Apk-pk. Refer Figure 4.3 for 

the maximum inrush current wave captured through the oscilloscope. 

Figure 4.3: Inrush current wave form TI-173622 

 

The no load current of this design is measured as 65.7mA and the active and reactive 

core losses are 8.71 watt and 12.15 var, respectively. 
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And according to the flux density distribution analysis on the composite core 

(between the cut core and uncut core) in deep saturation, it is observed that the cut 

core operates at 2.215T at inrush transient (at 610V). Refer Figure 4.4 

 

 

Figure 4.4: Flux density distribution of Cut/Uncut cores 

 

2) TI-173618C (2000VA) 

 

The design parameters of TI-173618C are as per Table 4.2. Note, the core 

dimensions typically denoted as “OD x ID x H”. Refer Annex A for more design 

details. 

 

Table 4.2: Design parameters for TI-173618C 

 

The design TI-173618C is then tested for the maximum inrush current value at 

230V/50Hz, for each air gap in the outer core as per the Figure 4.5. 
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Accordingly the “Optimum air gap” is selected as 0.30mm, where the minimum 

inrush current observed. 

 

 

Figure 4.5: Variation of inrush current with outer core airgap 

 

The measured inrush current at Optimum air gap is 51.8Apk-pk. Refer Figure 4.6 for 

the maximum inrush current wave captured through the oscilloscope.  

Figure 4.6: Inrush current wave form TI-173618C 

 

The no load current of this design is measured as 86.7mA and the active and reactive 

core losses are 11.12 watt and 15.67 var, respectively. 
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And according to the flux density distribution analysis on the composite core 

(between the cut core and uncut core) in deep saturation, it is observed that the cut 

core is operates at 2.148T at inrush transient (at 610V). Refer Figure 4.7. 

 

 

Figure 4.7: Flux density distribution of Cut/Uncut cores 

 

3) TI-173618D (3000VA) 

 

 The design parameters of TI-173618D are as per Table 4.3. Note, the core 

dimensions typically denoted as “OD x ID x H”. Refer Annex A for more design 

details. 

Table 4.3: Design parameters for TI-173618D 

 

The design TI-173618D is then tested for the maximum inrush current value at 

230V/50Hz, for each air gap in the outer core as per the Figure 4.8. 
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Accordingly, the “Optimum air gap” is selected as 0.60mm, where the minimum 

inrush current observed. 

Figure 4.8: Variation of inrush current with outer core airgap 

 

The measured inrush current at Optimum air gap is 58.9Apk-pk . Refer Figure 4.9 for 

the maximum inrush current wave captured through the oscilloscope. 

Figure 4.9: Inrush current wave form TI-173618D 

 

The no load current of this design is measured as 122mA and the active and reactive 

core losses are 15.5 watt and 23.39 var, respectively. 
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And according to the flux density distribution analysis on the composite core 

(between the cut core and uncut core) in deep saturation, it is observed that the cut 

core is operates at 2.103T at inrush transient (at 610V). Refer Figure 4.10. 

 

 

Figure 4.10: Flux density distribution of Cut/Uncut cores 

 

 

4) TI-173618E (4500VA) 

 

 The design parameters of TI-173618E are as per Table 4.4. Note, the core 

dimensions typically denoted as “OD x ID x H”. Refer Annex A for more design 

details. 

Table 4.4: Design parameters for TI-173618E 

 

The design TI-173618E is then tested for the maximum inrush current value at 

230V/50Hz, for each air gap in the outer core as per the Figure 4.11. 
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Accordingly, the “Optimum air gap” is selected as 0.70mm, where the minimum 

inrush current observed. 

Figure 4.11: Variation of inrush current with outer core airgap 

 

 The measured inrush current at Optimum air gap is 59.5Apk-pk. Refer Figure 4.12 for 

the maximum inrush current wave captured through the oscilloscope. 

Figure 4.12: Inrush current wave form TI-173618E 

 

The no load current of this design is measured as 228mA and the active and reactive 

core losses are 25.1 watt and 46.08 var, respectively. 
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And according to the flux density distribution analysis on the composite core 

(between the cut core and uncut core) in deep saturation, it is observed that the cut 

core is operates at 2.071T at inrush transient (at 610V). Refer Figure 4.13. 

 

 

Figure 4.13: Flux density distribution of Cut/Uncut cores 

 

 

4.3 Summary of Inrush Current Measurements 

 

Following Table 4.5 comes with the summary of test data, together with the Relative 

permeability calculated based on the experimentally derived relationship of Figure 

3.14 in chapter 3. 

 

These data will be using in chapter 5 to develop some useful characteristics, in order 

to build up relationships to calculate inrush current. 
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Table 4.5: Summary of inrush current measurements 

Product Number 
Inrush current 

(A pk-pk) 

Air gap 

(mm) 

Flux Density (B) 

(cut core at inrush) 

Relative 

permeability 

TI-173622 (1000VA) 36.3 0.075 2.215 109.5 

TI-173618C (2000VA) 51.8 0.30 2.148 160.0 

TI-173618D (3000VA) 58.9 0.60 2.103 220.0 

TI-173618E (4500VA) 59.5 0.70 2.071 291.0 

 

 

4.4 Inrush Current Measurements for Different Area Ratios 

 

In this section, the two designs TI-173622 (1000VA) and TI-173618D (3000VA) are 

tested for different core cross sectional area ratios (Cut core: Uncut core) while 

keeping all the other parameters constant. Refer Annex B for design details. The tests 

are done under the same procedure discussed in the previous sections and the Table 

4.6 is showing the test result summary. 

 

Table 4.6: Inrush current measurements for different area ratios 

Steel area ratio 

Inrush Current (Apk-pk) 

TI-173618D 

(3000VA) 

TI-173622 

(1000VA) 

0.60 120.3 72.7 

0.65 78.5 47.3 

0.70 58.9 36.3 

0.75 47.2 28.2 

0.80 38.3 24.2 

 

Together with the experimental data in Table 4.6, it was found that the variation of 

the inrush currents with respect to the area ratio is following the same characteristic 

curve. In order to illustrate that, the inrush current is graphed as the multiple of load 
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current with respect to the area ratio. Refer Figure 4.14. The relationship at Figure 

4.14 will be used to calculate inrush current for different area ratios in the next 

chapters.  

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Inrush Current (x Iload) Vs Steel cross-sectional area ratio 

 

Following Table 4.7 shows test results on furthermore designs (having different core 

cross sectional area ratios) tested in the same way, covering the power range 1kVA 

to 5kVA.  

 

Table 4.7: Inrush current measurements for all samples 

Article Number 
Measure inrush current 

(Apk-pk) 

TI-173622 (1000VA) 36.3 

TI-173628 (1000VA) 58.3 

TI-173630 (1000VA) 21.8 

TI-173618C (2000VA) 51.8 

TI-173618M (2500VA) 93.4 

TI-173618D (3000VA) 58.9 

TI-173618N (3500VA) 30.7 

TI-173618E (4500VA) 59.5 
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ANALYSIS OF DATA 

 

In this chapter, it is mainly focused to build up a methodology to calculate inrush 

current towards developing a design tool. As discussed in chapter 3, basically the 

equation 5.1 can be used for inrush calculation. But together with the experimental 

data collected in chapter 4, there are certain characteristics can be built and 

embedded in to the calculation towards handling the design parameters. 

 

𝐼𝑚𝑎𝑥 =
3.75 𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
          (5.1) 

 

In this chapter the following aspects will be discussed together with the data obtained 

in chapter 4 and the inrush current calculation method discussed in the chapter 3.  

  

1) Selection of optimum air-gap  

2) Calculation of relative permeability  

3) Calculation of inrush current for different core cross-sectional area ratios 

4) Development of design tool for composite core 

5) Comparison between measured and calculated inrush current values 

 

 

5.1 Selection of Optimum Air-Gap  

  

The optimum air-gap of the outer core is found to be related together with the size of 

the core, or explicitly the cross sectional area of the cut-core. Therefore based on the 

experimental data discussed in chapter 4, it is possible to derive a direct relationship 

between the optimum air-gap and the cut-core cross sectional area. 

 

Refer Table 5.1 for the summary of experimental test results extracted from chapter 4 

and consequent graph in Figure 5.1. 
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Table 5.1: Optimum air-gap to the cut core cross sectional area 

Product 
Cut core area 

(mm
2
) 

Optimum air-gap 

(mm) 

TI-173622 (1000VA) 1350 0.075 

TI-173618C (2000VA) 1890 0.30 

TI-173618D (3000VA) 2520 0.60 

TI-173618E (4500VA) 3150 0.70 

 

 

 

Figure 5.1: Optimum air-gap to the cut core cross sectional area 

 

The respective equation for Figure 5.1 comes as the following equation 5.2  

 

𝑌 =  −1.2808 × 10−7𝑋2 + 0.000924𝑋 − 0.93474      (5.2) 

𝑅2 = 0.9939 

 

Accordingly the designers are recommended to stick into the given curve in Figure 

5.1 (in contrast the polynomial equation 5.2) for selecting the air-gap.  
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5.2 Calculation of Relative Permeability  

 

As per the proposing design guideline, the designer is expected to follow the air-gap 

selection with respect to the cut core area as discussed in section 5.1. And also 

having this research is restricted to a fixed flux density 1.30T (see section 3.2.1) for 

the inner core, it is possible to make a direct relationship between the cut core cross 

sectional area and the saturation flux density (and hence the relative permeability) of 

the outer core. See Table 5.2 arranged based on the experimental data discussed in 

chapter 4. 

 

Table 5.2: Relative permeability to the core cross sectional area 

Product 
Cut-core area 

(mm2) 

Air gap 

(mm) 

Flux density (B) 

of cut core 

Relative 

permeability 

TI-173622 (1000VA) 1350 0.075 2.21 109.5 

TI-173618C (2000VA) 1890 0.30 2.15 160.0 

TI-173618D (3000VA) 2520 0.60 2.10 220.0 

TI-173618E (4500VA) 3150 0.70 2.07 291.0 

 

Based on the data in Table 5.2, it is possible to derive a characteristic curve for 

Relative permeability with respect to Cut-core cross sectional area as per Figure 5.2. 

 

The respective equation for Figure 5.2 comes as the following equation 5.3  

 

𝑌 =  0.1004𝑋 − 28.437      (5.3) 

𝑅2 = 0.9979 

 

This characteristics equation 5.3 shall be used in permeability calculation purpose in 

design tool development, towards inrush calculation. 
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Figure 5.2: Relative permeability Vs Cut-core cross-sectional area 

 

Note, the characteristic in Figure 5.2 is strictly valid only for the core cross sectional 

area ratio 1:0.7 (CK: MOH), and note the four designs discussed here are with the 

same area ratio, as discussed under chapter 4. This restriction is because, as the area 

ratio changes, the parameters of Optimum air-gap, Saturation flux density (hence 

Relative permeability) get changed for particular cross sectional area ratio, means 

different core cross sectional area ratios result with different characteristics. 

 

5.3 Calculation of Inrush Current for Different Core Cross-Sectional Area 

Ratios 

 

Even the characteristic in Figure 5.2 valid only for finite core cross sectional area 

ratio 1:0.7 (CK: MOH), it is not admissible fixing the design guideline only for finite 

core cross sectional area ratio. To meet the flexibility to design in different core cross 

sectional area ratios, the characteristics in the Figure 5.3 will be used. 

 

Each curve is generated with the transformers having same parameters in all aspects, 

except changing the core cross sectional area ratio. Note, this characteristic is 

generated based on the two designs TI-173622 (1000VA) and TI-173618D 

(3000VA). 
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Figure 5.3: Inrush Current (x Iload) Vs Steel cross-sectional area ratio 

 

Accordingly, once the inrush current is calculated based on core cross sectional area 

ratio 1:0.7 (CK: MOH), the following polynomial equation 5.4 can be used in 

calculating inrush currents for different core area ratios. 

 

𝑌 =  −690𝑋3 + 1582.4𝑋2 − 1218.9𝑋 + 318.11      (5.4) 

𝑅2 =   0.9985 

 

The research covers the steel ratio range 1:0.60 to 1:0.80 and that will cover the 

inrush current range approximately 2 to 8 times of load current.  This range cover the 

most of application requirements comes under toroidal transformers. 

 

Having the characteristics curve for Relative permeability and Cut-core cross 

sectional area (Figure 5.2) is already complied with core cross sectional area ratio 

1:0.7 (CK: MOH), the equation 5.4 shall be corrected for X = 0.7 before integrating 

with equation 5.1, as following. 

 

Consider,  

𝑌 =  −690𝑋3 + 1582.4𝑋2 − 1218.9𝑋 + 318.11       
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Calculate Y0.7 at X = 0.7 

𝑌0.7 =  −690 × (0.7)3 + 1582.4 × (0.7)2 − 1218.9 × (0.7) + 318.11       

𝑌0.7 =  3.586     

 

Then the Ratio factor (say Kratio) will be derived as following, 

Kratio = Y / Y0.7 

 

𝐾𝑟𝑎𝑡𝑖𝑜 =  −192.415𝑋3 + 441.27𝑋2 − 339.905𝑋 + 88.709      (5.5) 

 

Accordingly the factor Kratio can be integrated with the equation 5.1 as following. 

 

𝐼𝑚𝑎𝑥 =
3.75 𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
 ×  𝐾𝑟𝑎𝑡𝑖𝑜         (5.6) 

 

𝑤ℎ𝑒𝑟𝑒  𝑋 =   𝑐𝑜𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑟𝑎𝑡𝑖𝑜  

 

So the equation 5.6 can be used as the general equation for inrush current 

calculations for different area ratios. 

 

5.4 Development of Design Tool for Composite Core 

 

This section will discuss on development of a design tool for composite core, 

integrating the equations and characteristics derived in the previous sections. 

 

As discussed in the chapter 3 (section 3.2.1), all the designs considered in this 

research are done for constant flux density 1.30T considering the centre uncut core. 

Hence in this design tool the designer will only need to input the core dimensions of 

the inner core and the outer core (and the input winding resistance), then the design 

tool itself will calculate the number of turns of the input winding and the other 

parameters, and finally calculate the inrush current value. The Figure 5.4 shows the 

simplified flow chart for the calculation tool. 
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𝜇𝑟 =  0.1004𝐴 − 28.437 

𝐿𝑢𝑛𝑐𝑢𝑡 =
4π x 10−7 . 𝑁2. 𝐴𝑜 . 𝜇

MPL𝑢𝑛𝑐𝑢𝑡
  

𝑙𝑔 =  −1.2808 × 10−7𝐴2 

+0.000924 𝐴 − 0.93474       
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𝑀𝑃𝐿 + 𝜇𝑟𝑙𝑔
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Figure 5.4: Flow chart of Design tool 

𝐴𝑟𝑒𝑎 𝑟𝑎𝑡𝑖𝑜 (𝑋) = 𝐴/𝐴𝑜 

Calculate; Factor 

(Kratio) 

𝐾𝑟𝑎𝑡𝑖𝑜 = −192.415𝑋3 
+441.27𝑋2 − 339.905𝑋 + 88.709 
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Then the flow chart can be presented as a design tool, which can be programmed 

with different software programming languages. The following Figure 5.5 is showing 

the program which is done on the Flow chart, with Microsoft Excel. 

 

 

Figure 5.5: Design tool 

 

As shown in the Figure 5.5, the designer will only have to input only the dimensions 

of the cores and the resistance of the input winding, and the design tool will calculate 

the maximum inrush current accordingly. 

 

5.5 Comparison between Measured and Calculated Inrush Current Values 

 

In this section, it shows the performance of the developed tool comparing together 

with the measured inrush current values. The Table 5.3 has shown the summary of 

measured inrush current values and the calculated inrush current values based on the 

characteristic relationships developed in the previous sections.  
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Table 5.3: Comparison between measured and calculated inrush current values 

Article Number 
Measure inrush 

current (A pk-pk) 
Calculated inrush 
current (A pk-pk) 

Deviation 
% 

TI-173622 (1000VA) 36.3 38.86 6.6 

TI-173628 (1000VA) 58.3 61.40 5.0 

TI-173630 (1000VA) 21.8 22.10 1.4 

TI-173618C (2000VA) 51.8 54.22 4.5 

TI-173618M (2500VA) 93.4 96.10 2.8 

TI-173618D (3000VA) 58.9 60.74 3.0 

TI-173618N (3500VA) 30.7 31.80 3.5 

TI-173618E (4500VA) 59.5 60.84 2.2 

 

In Table 5.3, the deviation in the last column is calculated together with the 

following equation 5.7. 

 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) =  
𝐼𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 −  𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 × 100      (5.7) 

 

 

 

 

 

 

Accordingly it is observed that there is only a small deviation between the calculated 

and measured inrush current values. Means it is evident that the characteristic 

equations built up for inrush calculation is with high accuracy towards calculating 

inrush current.  

 

Also it is noted that the deviations are always positive, means the calculated inrush 

current values are always higher, than the measured inrush current values.  

 

One of the main reasons for that will be the source impedance (section 3.3), which 

will never be zero in real applications. Note, the above measured values are taken 

from a source with very low impedance, hence the deviations are minimal.  

Icalculated - Calculated inrush current  

Imeasured  - Measured inrush current  
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Therefore considering calculated values as the maximum inrush current is obviously 

safe, considering all the applications. 

 

Meantime the inrush current values in Table 5.3 evident that the composite core 

method does have a good control over the inrush current value, rather than the 

conventional transformer based inrush current mitigation methods. Hence it can be 

concluded that, together with the composite core method, it is possible to calculate 

the inrush current values within 10%, including the manufacturing tolerances. 

 

The manufacturing controls will further discussed in chapter 6, under the 

manufacturing aspects of the composite core. 
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RESULTS DISCUSSION AND MOTIVATION 

 

In this chapter, mainly discusses on the results obtained for the composite core 

designs in chapters 4 and chapter 5; comparing with the corresponding same cost 

conventional low inrush transformer designs (total cut-core designs). In addition to 

electrical parameters, transformer manufacturing aspects also briefly discussed. 

Followings are the main topics to be discussed; 

 

1) Comparison of electrical parameters  

2) Use of recycled steel cores 

3) Comparison of manufacturing aspects 

4) Comparison of mechanical parameters  

  

6.1 Comparison of Electrical Parameters 

 

Mainly there are four electrical parameters to be discussed under this section. They 

are Inrush current values, No load current values, Reactive core loss value and 

Active core loss value. 

 

6.1.1 Comparison of inrush current values 

 

Here the inrush current values obtained from the composite core designs will be 

compared with the corresponding conventional low inrush designs. The following 

Table 6.1 shows the measured data on the both options, covering the power range 

approximately 1kVA to 5kVA. 

 

Table 6.1: Inrush current measurements of composite / conventional designs 

Power (VA) 
Inrush Current - 

Composite core (Apk-pk) 
Inrush Current – 

Conventional (Apk-pk) 
Reduction % 

1000 36.3 52 30.19 

2000 51.8 95 45.47 

3000 58.9 125 52.88 

4500 59.5 155 61.61 
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Here the Reduction (%) is calculated by equation 6.1, 

  

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =  
𝐼conventional −  𝐼composite 

𝐼conventional 
 × 100      (6.1) 

 

 

 

Also these findings can be graphed as per the Figure 6.1. 
 

 

Figure 6.1: Inrush current of composite / conventional designs 

 

The Figure 6.1 illustrates that the inrush current values of conventional method 

increases as the power level increases, but the composite core method do have much 

control over inrush currents, especially in higher power levels. So basically it can 

conclude that the composite core method do reduce the inrush current by around 40-

60%, compared to conventional method, within the power range 1kVA to 5kVA. 

 

Also if the same inrush current level considered, the composite core method will 

reduce the transformer cost by 5% for 1000VA power level with respect to the 

corresponding conventional core transformer, and this saving will further increase 

even up to 10% considering 5000VA. 
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6.1.2 Comparison of no-load current values 

 

Here the no-load current values obtained from the composite core designs will be 

compared with the corresponding conventional low inrush designs. The following 

Table 6.2 shows the measured data on the both options, covering the approximately 

power range approximately 1kVA to 5kVA. 

 

Table 6.2: No-load current measurements of composite / conventional designs 

Power (VA) 
No-load Current - 

Composite core (mA) 
No-load Current – 
Conventional (mA) 

Reduction % 

1000 65.7 208 68.41 

2000 86.7 240 63.85 

3000 122.0 287 57.49 

4500 228.1 410 44.39 

 

 

Here the Reduction (%) is calculated by equation 6.2, 

  

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =  
𝐼conventional −  𝐼composite 

𝐼conventional 
 × 100      (6.2) 

 

 

 

 

Also these findings can be graphed as per the Figure 6.2 

 

As the Figure 6.2 illustrates, the no-load current values in conventional method is 

much higher, but with the composite core method it can be reduce by more than 

50%. The basic reason for higher currents in the conventional method is, it cut the 

total core resulting higher magnetic force requirement in normal operation, while in 

composite core method the centre uncut core keeps the required magnetic force 

lower. 

 

I conventional - No-load current from conventional method 

I composite - No-load current from composite core method 
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Figure 6.2: No-load current of composite / conventional designs 

 

6.1.3 Comparison of reactive power loss 

 

Here the reactive power loss values obtained from the composite core designs will be 

compared with the corresponding conventional low inrush designs. The following 

Table 6.3 shows the measured data on the both options, covering the power range 

approximately 1kVA to 5kVA. 

 

Table 6.3: Reactive power loss measurements of composite/conventional designs 

Power (VA) 
Reactive power loss - 
Composite core (Var) 

Reactive power loss – 
Conventional (Var) 

Reduction % 

1000 12.15 47.6 74.45 

2000 15.67 53.4 70.63 

3000 23.39 65.5 64.27 

4500 46.08 93.5 50.70 

 

Here the Reduction (%) is calculated by equation 6.3, 

  

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =  
𝑣𝑎𝑟conventional −  𝑣𝑎𝑟composite 

𝑣𝑎𝑟conventional 
 × 100      (6.3) 
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Also these findings can be graphed as per the Figure 6.3. 

 

 

Figure 6.3: Reactive power loss of composite / conventional designs 

 

As discussed in section 6.1.2, the transformers with conventional method shows 

significantly higher no load current, and consequently that shows a higher reactive 

power loss. Typically it maintains over 50% reduction of reactive power loss in 

composite core method within power range 1kVA-5kVA. 

 

 

6.1.4 Comparison of active power loss 

 

Here the active power loss values obtained from the composite core designs will be 

compared with the corresponding conventional low inrush designs. The following 

Table 6.4 shows the measured data on the both options, covering the power range 

approximately 1kVA to 5kVA. 
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Table 6.4: Active power loss measurements of composite / conventional designs 

Power (VA) 
Active power loss - 

Composite core (watt) 
Active power loss  – 
Conventional (watt) 

Increment % 

1000 8.71 5.2 40.30 

2000 11.12 6.1 45.14 

3000 15.5 8.2 47.10 

4500 25.1 12.5 50.00 

 

 

Here the Loss increment (%) is calculated by equation 6.4, 

  

𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 (%) =  
𝑤𝑎𝑡𝑡composite −  𝑤𝑎𝑡𝑡conventional 

𝑤𝑎𝑡𝑡composite 
 × 100      (6.4) 

 

 

 

 

Also these findings can be graphed as per the Figure 6.4. 

 

 

Figure 6.4: Active power loss of composite / conventional designs 
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As Figure 6.4 illustrates, the composite core method is having significantly higher 

active power loss in normal operation compared to the conventional method. The 

reason for this is, the composite core uses low graded steel in place of high graded 

steel for cost saving purpose. But still note, considering the transformer power range 

1kVA to 5kVA, this active power loss increment will drop the transformer efficiency 

only by 0.25% to 0.35% considering the off-load condition. 

 

6.2 Use of Recycled Steel Cores  

 

The disadvantage of active power loss increment (discussed in section 6.1.4) can be 

overcome by use of low cost “Recycled steel cores” for inner core. Recycle cores are 

typically made with small strips of used high grade steel types (and varnished), 

instead of virgin steel. Due to this reason, the cost of recycle cores are very low, even 

closer to the cost of low grade NGOSS cores made with virgin steel. But still recycle 

cores are holding very low core losses, as they are made with high grade steel. 

 

The specialty of the recycle cores are, they cannot be cut to separate due to its piece-

like structure (see Figure 6.5), because that will lead to loose the strips and then gets 

mechanically unstable. Hence it is difficult to use these recycle cores with 

conventional low inrush designs due to manufacturability issues. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Recycle core including joints in steel strips 
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The advantage of the composite core method is, it does not need to cut the centre 

core, and hence the recycle cores can be used in the place of centre uncut core 

without any manufacturing issue, while reducing the active core loss.  

 

6.3 Comparison of Manufacturing Aspects 

 

This section describes the pros and cons between the core manufacturing of 

composite core and conventional cut core. 

 

6.3.1 Manufacturing of conventional cut core 

 

Typically the conventional cores are totally made with high grade steel (GOSS-AISI 

Grade M5) in order to keep the core losses lower as possible, due to these cores are 

incorporated with a full cut radially. See Figure 6.6. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Conventional cut core 

 

To keep the core loss lower, these cores require special attention in the cutting 

process, to have a smooth finish on the cutting surfaces. In critical applications, it 

might require additional polishing process on the surfaces to get them smoother. Also 
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note, having this method required to cut the total core, it needs to varnish the total 

core as well. Due to the criticalness of the cutting process, this process consumes 

more labour time and also will result considerable material wastage, hence finally 

affect to the product cost. 

 

After it is cut, the core fixing also need to be processed with much attention as it 

needs to ensure the cutting surfaces are ideally aligned and fixed minimizing the core 

losses in normal process. Then the core needs to be reinforced together with the steel 

bands, glue etc. to make it rigid during manufacturing process and also most 

importantly in continuous operation. Note, this core operates at flux density around 

1.10 – 1.20T in normal operation, hence the level of reinforcement affect to the 

transformer performance (vibration issues). 

 

6.3.2 Manufacturing of composite core 

 

The composite core is comprised with two cores, one is uncut core in the centre 

made with a low grade steel type (NGOSS- AISI Grade 35H300) and other is cut 

core made with higher grade steel type (GOSS- AISI Grade MOH). See Figure 6.7. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Composite core 
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The advantage of the composite core is, it does not need to cut the total core, and 

hence it does not need to varnish the total core either. Most importantly the outer cut 

core does not need to have extreme smooth cutting surfaces, because in case of 

composite core scenario it needs to maintain a certain gap in the outer core. 

Therefore in this case, it consumes much lower labour time and minimizes material 

wastage. 

 

But maintaining the air gap is critical in composite core scenario, where it may use 

specially made spacers or commonly available Intek sticky tapes (Class H graded) 

with thickness steps 0.05mm. 

 

One more advantage of the composite core method is, the outer core does not need 

much of reinforcement together with the steel bands similarly in conventional cut 

core, because the outer core is already supported by the inner uncut core for 

reinforcement, in both manufacturing process and normal operation. Means this 

construction is more mechanically stable over the total cut core method. 

 

Hence it is possible to avoid steel bands under this construction in most of the 

applications (but need to use glue) and reduce cost. Note, the outer cut core operated 

at flux density around 0.2-0.3T in normal operation, and hence the said bonding level 

will not affect to the performance at transformer normal operation. 

 

6.4 Comparison of Mechanical Parameters 

 

In order to measure the mechanical stability of composite core, the only factory 

available methodology is Humming test. Here same sized two transformers made 

with the two methods (conventional and composite cores) are tested for humming at 

their normal operation. 
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Note, it is difficult to measure the absolute humming level under the factory 

condition, but only possible to “compare” the sound levels under the same ambient 

noise condition. 

 

Here the sound level measuring equipment Extech SL130G is used for measuring 

humming level, together with the wooden box with sound sealing material in the 

inner surfaces to install the transformer specimen. See Figure 6.8 for humming test 

set up. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Humming test set up 

 

Here the first step is calculating the ambient noise level and it was measured as 

approximately 30dB. 
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Then consequently the noise levels of the conventional core transformer & composite 

core transformer (which are made for same power level) are measured under the 

same mains input within limited time duration to keep the harmonics level of the 

mains as same as possible. 

 

The noise levels measured are 32.9dB and 33.1dB for the conventional core 

transformer & composite core transformer respectively. So it is evident that the core 

bonding mechanism suggested in section 6.2.2 is sufficient for the composite core. 

 

Apart from the humming comparisons, one of the drawbacks in the composite core 

method is, it occupies slightly larger space (about 8% increment in diameter 

compared to respective conventional design) in the lower power ranges (1kVA to 

2kVA). But this disadvantage get mitigated moving towards higher power ranges 

(4kVA to 5kVA), comparing together with the respective conventional transformer. 

 

In contrast this increment of volume results in increment of the weight of the final 

product, compared to the conventional transformer.  

 

 

 

 



Chapter 7

 

Page | 72  
 

CONCLUSION AND SUGGESTIONS FOR FUTURE RESEARCH  
 

7.1 Conclusion 

 

In this research study, it emphasized that the transformer based inrush mitigation 

methods are more reliable over the external equipment based (i.e. connecting NTC 

thermistor, start-up resistive load) inrush mitigation methods. Further, this research 

established the use of composite cores as the best option over the existing 

transformer based solutions to mitigate inrush current and several other drawbacks of 

the conventional solutions. 

 

The proposed method has the advantages of higher performance; lower inrush 

current, lower no-load current, low reactive core loss, mechanically stable reinforced 

structure, easier manufacturing and hence reduced material wastage. So the proposed 

method saves costs and also the resources. The composite core is highly reliable on 

inrush mitigation for the 1kVA to 5kVA range of test transformers, the reduction in 

inrush current was 40-60%, reduction in no load current was over 50%, and 

reduction in reactive core loss was over 50% compared to the corresponding 

conventional transformers. 

 

The main disadvantage of composite core was the increment of the active core loss, 

but which can be mitigated by using recycle cores. So this opportunity of using 

recycled steel core also an added advantage on saving the resource on the planet. 

 

The composite transformer is slightly larger and heavier, but still that will not cause 

much of a problem as the increase is small, about 8%. This too would diminish when 

the transformer capacity goes up. 
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7.2 Suggestions for Future Research 

 

Followings are the future research suggestions, on the composite core method 

discussed. 

 

1) This research is confined to particular steel types, steel area ratio range and 

transformer power range. So the same calculation methodology can be used 

to expand the ranges of above parameters while introducing new steel types. 

 

2) This research has done experiments only for 230V main input. But it will be 

useful building the same concept for the other common input voltages of 

other countries / applications (110V, 120V, 200V, 400V etc.), expanding the 

design calculation. 

 

3) Also there will be more easier and economical manufacturing methods on 

composite cores; like introducing welding on cut core for bonding purpose 

together with the centre uncut core, for more stable construction instead 

gluing etc. 

 
Also it will be worth experimenting for other constructional methods, which 

could be economical and might be high performing. 
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APPENDICES 

 

Appendix A – Design simulations with ToroidEZE programme for designs with 

steel area ratio Uncut : Cut – 1.0 : 0.7 

  

TI-173622 (1000VA) – Uncut centre core 
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TI-173622 (1000VA) – Composite core 
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TI-173618C (2000VA) – Uncut centre core 
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TI-173618C (2000VA) – Composite core 
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TI-173618D (3000VA) – Uncut centre core 
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TI-173618D (3000VA) – Composite core 
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TI-173618E (4500VA) – Uncut centre core 
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TI-173618E (4500VA) – Composite core 
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Appendix B – Design simulations with ToroidEZE programme for designs with 

different steel area ratios 

 

TI-173628 (1000VA with Cut:Uncut ratio = 0.6:1.0) – Uncut centre core  
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TI-173628 (1000VA with Cut:Uncut ratio = 0.6:1.0) – Composite core  
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TI-173630 (1000VA with Cut:Uncut ratio = 0.8:1.0) – Uncut centre core  

 

 

 
 

 

 

 

 

 

 

 



Page | 86  

 

 

 

TI-173630 (1000VA with Cut:Uncut ratio = 0.80:1.0) – Composite core  
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TI-173618M (2500VA with Cut:Uncut ratio = 0.6:1.0) – Uncut centre core  
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TI-173618M (2500VA with Cut:Uncut ratio = 0.6:1.0) – Composite core  
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TI-173618N (3500VA with Cut:Uncut ratio = 0.8:1.0) – Uncut core  
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TI-173618N (3500VA with Cut:Uncut ratio = 0.8:1.0) – Composite core  
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Appendix C – Test equipment details 

 

Mixed Signal Oscilloscope (DPO3000) 

 



Page | 92  

 

 

 

 

 

 



Page | 93  

 

 

 

 

 

 

 



Page | 94  

 

 

 

 

 

 

 



Page | 95  

 

 

 

 

 

 

 

 



Page | 96  

 

 

 

 

 

 

 

 



Page | 97  

 

 

Current Probes (DPO3000) 
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Zero crossing detecting circuit (SIEMENS 3RF2050-1AA02) 
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Sound level measuring meter  (Extech SL130G) 
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Measuring equipment (WT230/WT210) 
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