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ABSTRACT 

 

When it comes to transformer industry, toroidal transformers plays a major role, 

especially in high-tech applications, as they outperform traditional laminated 

transformers. However, toroidal transformers have a much higher inrush current, 

especially compared to laminate transformers, which will be a major drawback at the 

high power applications. 

 

Currently there are many options available outside the toroidal transformer to avoid 

this inrush problem, but reliability issues will still there when using external inrush 

controlling mechanisms. Traditional inrush current mitigation methods on 

transformers are not sufficient for toroidal transformers. These methods tend to 

reduce good performance as well as inrush current. 

 

The proposed inrush current mitigation method using a transformer-based slotted 

core, significantly reduces the inrush current while protecting the excellent 

performance characteristics which is typical for toroidal transformers. In addition, it 

offers better control of the inrush current than traditional methods. 

 

The proposed method is a slotted core which has a slot in the outer periphery. 

That controls the saturation inductance and hence the inrush current. 

At the end, the slotted core maintains high performance without compromising 

normal operation. 

 

This document includes a practical development of slotted cores and as well as 

experimental tests of inrush current, and finally a new design tool for the optimized 

deigns.  
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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 manufacturing process, sufficient winding wire must be loaded into the 

winding shuttle of the machine , and then wind onto the toroidal transformer’s core 

as per the required turns in the particular design. This will be done for the both 

primary and secondary windings of the transformer. Also it can wind multiple 

parallel windings at once, hence saving cost.  

For primary -  secondary  isolation transformer, insulation is required in between the 

primary winding and the secondary winding. Generally the exposed enamel copper 

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 standard. 
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Toroidal transformer will not require a winding bobbin like with the laminated 

construction, but core insulation will act as a bobbin, which is creating better 

coupling of flux in the core together with the windings.  

 

Toroidal construction is not much 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 

 

Widely used 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 

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  wire  winding is done on a bobbin, and the wound bobbin is then 

inserted into the stacked E sections and then the I section will fixed on top of it. 
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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].   

 

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 worst when it comes to 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. 
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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.  

 

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 research is to develop a reliable and economical 

transformer-based inrush current mitigation method for toroidal transformers, which 

is compatible with the srilankan manufacturing facility. The conceptual proposal 

would be to use a slotted core which has a slot at the outer periphery of the steel core. 

 

Using the proposed slotted core method, it is supposed to limit inrush current while 

maintaining its performance . 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, even in the high power levels. 

 

 



Chapter 2  
 

Page | 6  

 

INRUSH CURRENT IN TOROIDAL TRANSFORMERS 

 

As mentioned in chapter 1 above, inrush current is a main problem for toroidal 

transformers than laminated transformers, especially considering high power levels. 

A brief introduction to toroidal transformers is provided in chapter 1 ,Here we will 

discuss the following key topics to better understand inrush current scenarios using 

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

Then, 

ϕ(t) =
𝑉𝑚

𝑁ω
. [−𝑐𝑜𝑠 (ωt + θ) + 𝑐𝑜𝑠 θ] + ϕ𝑟                    

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 
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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. 

 

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 
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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. 

 

 

𝐵 = µ. H                                (2.7) 

Where   H – Magnetizing force  

 

According to the BH characteristics of a typical silicon steel (see Figure 2.3), it 

maintains an almost linear relationship between B and H up to a certain magnetic 

flux density (which maintains maximum permeability), after which the steel is in the 

saturated region . Start to get closer. Hence, when the density of the magnetic flux 

increases further in the saturation region, the permeability decreases, approaching the 

values in the free space or in the air. This area is called the deep saturation of the 

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

difference in density of the magnetic flux where saturation begins. 

 

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].  

 

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. See 

Figure 2.3 for the steel characteristic curves taken from Kawasaki Steel data 

catalogue [4]. 

In this research also I have used M5 steel for the slotted core. Basically un cut area 

will be dominate at the normal operation and the slotted area will be dominate at the 

inrush 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 slot depth of the outer periphery, 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 slotted core concept for inrush current mitigation   

3) Calculation of saturation inductance Ls  

4) Calculation of inrush current 

 

3.1 Existing Inrush Current Mitigation Methods  

 

There are two main methods to mitigate inrush currents, those are external inrush 

control and others are transformer based in built inrush control systems. 

 

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   

 

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. 

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 
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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 temperature and the resistance 

by Y axis. That shows how the resistance drops with the temperature rise. 

 

The main dis-advantages 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 

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.      
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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 
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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. 

 

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. 

 

An advantage of this method is, this method does not change the core losses 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 slotted core method 

introduced with this research. 
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3.2 Proposed Slotted Core Concept for Inrush Current Mitigation 

 

3.2.1 Scope of the Research 

 

Together with the discussions this research will be confined into the following scope. 

 

1) Design flux density varied from 0.9T to 1.6T and experiments conducted only 

for 230V mains input. 

2) Slot width kept constant as blade thickness of 1.5mm 

3) Slot depth varied as 5, 10, 15, 20, 25mm. 

4) Considered only the steel types M5 steel.  

5) Considered transformer power range 1kVA  

 

3.2.2 Methodology 

 

In this method, a slot will be added to the outer periphery of the toroidal core as 

below. As discussed in the previous chapter, what we supposed to control is the 

saturation inductance of the core, hence the inrush current. 

 

 

  

 

      Figure 3.7: Slotted core 

 

Here the thickness of the slot will be constant as the cutting blade thickness.  

And the slot depth will be varied throughout the research in order to get the optimum 

value. 

 

Slotted core 
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3.2.3 Simulation of flux distribution 

 

In toroidal transformers, centre of the core will be magnetized at the no load 

condition, as in below FEMM simulation. As per the theory the majority of flux will 

concentrate on the lowest magnetic path length (means close to the inner core), 

 

 

Figure 3.8: No load condition 

 

But at the inrush condition , flux will be distributed in the complete core and the core 

will get saturated. That inrush condition also can be simulated as below. 

 

 

 

Figure 3.9: Inrush condition 
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3.2.4 Development of slotted core 

 

Toroidal core has made with a steel strip wound on a circular bobbin. So before the 

core cutting, first of all core varnishing has to be done to avoid peel off strips. 

In order to make this slot , existing core cutting machines ( Band saw machines ) has 

to be modified with circular saw and need a special jig for slot cutting. 

 

 

 

 

 

 

 

 

 

Figure 3.10: Machine modification for slot cutting 

 

Without this machine modification we cannot cut the slot because the existing band 

saw can cut only full way through the complete core. So this modification is essential 

to avoid practical issues with slot cutting. 

 

Then finally slot cutting can be done as below Figure 3.10 . 

 

 

 

 

 

 

 

Figure 3.11: Slotted core 
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Then as per the research scope , slot depths are made for 5 levels as below. 

( 5,10,15,20,25mm depths ) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Different slot sizes 

 

3.2.5 Transformer winding 

In this research transformers were designed for 1.6T flux density and throughout the 

research flux density will be changed for 8 levels 0.9T to 1.6T by increasing no of 

turns for inrush testing.  

When considering 5 different slot depths and 8 flux densities, all together 40 samples 

will be tested for inrush current. 

 

Figure 3.13: Sample windings 
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3.2.6 Theoretical inrush calculation 

 

Slot depth is the main design parameter in designing process with slotted core 

designs. 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.   

So in this case when the slot depth will be increased, saturation inductance increases. 

But at some point it will be effect for the core saturation and it counter effects to 

increase inrush current. So there will be an optimum depth for a transformer to meet 

the specified inrush current. 

 

 

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 slot depths. 

 

 

Figure 3.14: 1.6T flux sample test results 

 

With the above test results we can see that for a particular flux density there is an 

optimum slot depth where we can have the minimum inrush current. 

Since the inrush current depends on the flux density, the experiment has followed for 

8 levels of flux densities. 

 

  

Figure 3.15: 0.9T flux sample test results 
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Above is the test result for different gap sizes, for 0.9T flux density. There we can 

see the effect of flux density for the inrush current of the transformer.  

This flux density was changed by increasing no of turns of the already wound 

samples. Even at that lower flux, the inrush curve shows that there is an optimum 

slot depth for the minimum inrush. Here below is the test result for the 40 samples. 

 

 

Figure 3.16: Sample test results 

 

By analysing above test results, we can see that we can control the inrush current by 

controlling the design flux density and the slot depth. So according to the customers 

requirement we can select those figures and get the optimum design output. 
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3.3 Calculation of saturation inductance Ls 

 

According to the concept, as the slotted core subjected to deep saturating condition, 

the outer slotted area will retain in the “Just unsaturated” stage, while the centre 

uncut core area will be saturated. 

 

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

inductance of saturated core (air choke). 

𝐿𝑢𝑛𝑐𝑢𝑡 =
4π x 10−7 . 𝑁2. 𝐴. 𝜇𝑟

MPL𝑢𝑛𝑐𝑢𝑡
                 (3.2) 

 

 

 

 

 

 

 

 

Where MPL is calculated by, 

𝑀𝑃𝐿 =
π x (OD − ID)

ln (
𝑂𝐷
𝐼𝐷

)
 

 

Considering the 1000VA transformer, with 10mm slot depth and total core size  

180 x 75 x 35. 

Uncut core dimension (OD x ID x H)  : 160 x 75 x 35 mm 

Cut core dimension (OD x ID x H)  : 180 x 160 x 35 mm 

Number of turns    : 371 turns 

 

 

 

Luncut - Saturated Inductance of the inner uncut core area.  

A - Cross sectional area of core 

μr - Relative Permeability 

MPL - Magnetic path length 

OD/ID – Outer/Inner diameter of core 

N - Number of turns 
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The parameters for the centre “uncut core”; 

Saturated (uncut) core area   = 1399.24 mm2 

Relative permeability   = 1 (Air) 

MPL    = 351.40 mm 

Substituting the uncut core data into equation 3.2 

𝐿𝑢𝑛𝑐𝑢𝑡 = 0.6887𝑚𝐻 

 

Then the inductance of the outer slotted core area can be calculated from the 

equation 3.3  

 

 

 

 

 

The parameters for the slotted area. 

 

Un-saturated Slotted core area    = 1350 mm2 

Relative permeability    = 102.00  

MPL     = 532.09 mm 

Air gap     = 1.5 mm 

 

Substituting the cut core data into equation 3.3 

𝐿𝑐𝑢𝑡 = 0.0089𝐻 

Then the total Saturation inductance Ls is; 

𝐿𝑆 = 𝐿𝑢𝑛𝑐𝑢𝑡 +  𝐿𝑐𝑢𝑡 

𝐿𝑆 = 0.0096𝐻 

 

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

the resultant inductance 𝑳s, and hence on the inrush current. 

 

 

𝐿𝑐𝑢𝑡 =
4𝜋 × 10−7𝑁2𝐴. 𝜇𝑟

𝑀𝑃𝐿 + 𝜇𝑙𝑔
              (3.3) 

Lcut - Slotted area un-saturated Inductance  

lg  - Air gap 
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3.4 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 slot size. This is proven as following. 

 

 

Consider the BH loops of two slotted core transformers of 1000VA, which are 

identical except having different slot depths of 10mm and 20mm. 
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Figure 3.17: BH loops at different air-gaps 

 

According to Figure 3.16, the change of the remanence flux is almost negligible even 

for high variation of slot 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 slotted core is subjected to deep saturation level and studied its BH loop 

characteristics. Refer Figure 3.17. 

 

 

 

 

 

 

10mm slot 20mm slot 
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Figure 3.18: BH loop at deep saturation 

 

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

nearly 2.5 times, means closer to 600V (230V nominal). 

 

Therefore we can derive, Bs : Bn =  2.5 : 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 theoretical value for the Imax , together with the 

calculated saturation inductance Ls and calculated winding resistance (R =  0.635 Ω) 

 

𝐼𝑚𝑎𝑥 = 243.12 A 
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But the measured inrush current under the laboratory facility will be vary from this 

value.The reason for this deviation is the line inductance for the test bench supply 

system.The source impedance to the transformer makes a great effect to the above 

deviation, over the other factors. So in order to correct it we have to do line 

inductance correction for the calculated inrush value. 

By adding 0.006H as the line inductance correction, we will have the theoretical 

value 

 

𝐼𝑚𝑎𝑥 = 151.67A 

The actual value measured was 151A , which is almost equal for the theoretical 

value. 
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EXPERIMENTAL DATA COLLECTION 

 

In chapter 3, slotted core method had been discussed together with 1000VA 

transformer. This chapter discusses on further details of experimental data collected 

for slotted core designs, which has slot sizes from 5mm to 25mm and flux densities 

from 0.9T to 1.6T. All together 40 samples were tested in order to identify the 

relationship between inrush current, flux density and slot depth. 

 

 

4.1 Inrush Current Measurement on Samples 

 

The transformers were tested applying alternating rated voltage 230V/50Hz 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 

 

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 
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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 slot depth or the minimum inrush current. 

 

In this case, each design was tested for inrush current, varying slot depth and the flux 

density. Here optimum slot depth will be the minimum slot depth which can get at a 

higher flux density. Since core cutting time directly reflects to the manufacturing cost 

and because transformer size depends on the flux density, we can choose the 

optimum slot size with those two parameters. Here below are the test results for 40 

samples. 

 

Table 4.1: 1.6T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.6T 

8 25 1312.5 1.6 371 251 

16 20 1050.0 1.6 371 202 

24 15 787.5 1.6 371 164 

32 10 525.0 1.6 371 151 

40 5 262.5 1.6 371 210 

 

 

Table 4.2: 1.5T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.5T 

7 25 1312.5 1.5 396 220 

15 20 1050.0 1.5 396 150 

23 15 787.5 1.5 396 110 

31 10 525.0 1.5 396 124 

39 5 262.5 1.5 396 206 
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Table 4.3: 1.4T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.4T 

6 25 1312.5 1.4 424 198 

14 20 1050.0 1.4 424 127 

22 15 787.5 1.4 424 104 

30 10 525.0 1.4 424 114 

38 5 262.5 1.4 424 204 

 

Table 4.4: 1.3T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.3T 

5 25 1312.5 1.3 457 187 

13 20 1050.0 1.3 457 125 

21 15 787.5 1.3 457 100 

29 10 525.0 1.3 457 112 

37 5 262.5 1.3 457 203 

 

Table 4.5: 1.2T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.2T 

4 25 1312.5 1.2 495 182 

12 20 1050.0 1.2 495 121 

20 15 787.5 1.2 495 97 

28 10 525.0 1.2 495 108 

36 5 262.5 1.2 495 200 

 

Table 4.6: 1.1T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.1T  

3 25 1312.5 1.1 540 168 

11 20 1050.0 1.1 540 118 

19 15 787.5 1.1 540 90 

27 10 525.0 1.1 540 100 

35 5 262.5 1.1 540 194 

 

Table 4.7: 1.0T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@1.0T  

2 25 1312.5 1 594 165 

10 20 1050.0 1 594 114 

18 15 787.5 1 594 83 

26 10 525.0 1 594 93 

34 5 262.5 1 594 186 

mailto:Inrush@1.1T
mailto:Inrush@1.0T
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Table 4.8: 0.9T sample test results 

Sample No Slot A ( Slot) Flux Turns Inrush@0.9T  

1 25 1312.5 0.9 660 149 

9 20 1050.0 0.9 660 110 

17 15 787.5 0.9 660 70 

25 10 525.0 0.9 660 89 

33 5 262.5 0.9 660 175 

 

All together we can analyse test results as in Figure 3.16 

 

 

Figure 3.16: Sample test results 
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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 3.1 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. 

 

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) Theoretical inrush calculation 

2) Optimum slot depth calculation for a specified inrush current. 

3) Design tool development. 

 

 

5.1 Theoretical inrush calculation.  

  

As discussed in chapter 3, below equation (5.1) can be uses for theoretical inrush 

calculation. As input parameters we have operating voltage ( Vrms) , winding 

resistance ( R ) and saturation inductance( 𝐿𝑠 ) calculated according to the slot depth 

and core size as discussed in chapter 3.  

 

 

𝐼𝑚𝑎𝑥 =
3.75 𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
          (5.1) 
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5.2  Optimum slot depth calculation for specified inrush current 

 

Using experimental data collected as explained in chapter 4 , we can derive these 

equations for different flux densities.  

 

X= Slot depth 

Y= Inrush current  

  

Flux(T)  Equation for inrush with gap  

1.6   y = 0.0022x4 - 0.1727x3 + 5.245x2 - 64.383x + 421 

    

1.5   y = -0.0007x4 + 0.0147x3 + 1.3367x2 - 37.767x + 360 

    

1.4   y = 0.0041x4 - 0.2693x3 + 7.0967x2 - 85.067x + 483 

    

1.3   y = 0.0028x4 - 0.196x3 + 5.71x2 - 74.8x + 457 

    

1.2   y = 0.0032x4 - 0.2213x3 + 6.26x2 - 79.567x + 467 

    

1.1   y = 0.002x4 - 0.1613x3 + 5.27x2 - 73.367x + 448 

    

1   y = 0.0014x4 - 0.126x3 + 4.565x2 - 67.65x + 425 

    

0.9   y = -0.0035x4 + 0.1627x3 - 1.3733x2 - 18.567x + 284 

    

Here we can observe the trend will be differ with the design flux. And depending on 

the design flux we can choose the relevant trend for the relationship of the slot depth 

and inrush current. Here there will be two slot depths for a specific inrush value. 

When considering manufacturing costs, the lowest slot depth will be the optimum 

value for the specific flux density.  
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5.3 Development of Design Tool for Slotted Core 

 

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

the equations and characteristics derived in the previous sections. 

 

 

As discussed in the chapter 3, all the designs considered in this research are done for 

1kva transformers which has different design flux densities and different slot depths. 

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

primary voltage and number of turns. Then the tool will calculate design flux by 

itself. Also we have to enter primary resistance which we can get from the toroid 

design tool. The Figure 5.1 shows the simplified flow chart for the calculation tool. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 Analysis Of Data 

 

Page | 40  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐿𝑢𝑛𝑐𝑢𝑡 =
4π x 10−7 . 𝑁2. 𝐴𝑜 . 𝜇

MPL𝑢𝑛𝑐𝑢𝑡
  

Input (core 

dimensions, Primary 

voltage, Number of 

turns) 

Input winding 

resistance (R) 

𝜇𝑟 =  0.3323𝐴 − 24.3 

𝐿𝑐𝑢𝑡 =
4𝜋 × 10−7𝑁2𝐴𝜇𝑟

𝑀𝑃𝐿 + 𝜇𝑟𝑙𝑔
  

𝐼𝑝𝑘 =
3.75 𝑉𝑟𝑚𝑠

√(𝜔𝐿𝑠)2 + 𝑅2
  

𝐿𝑠 = 𝐿𝑐𝑢𝑡 + 𝐿𝑢𝑛𝑐𝑢𝑡  

Calculate; Core cross sectional area 

(Ao), Mean mag. path lengths 

(MPL),flux density 

 

Calculate; Core cross 

sectional area of outer 

slotted-core (A)  

Calculate; Saturated 

inductance of inner 

core Luncut 

Calculate; Relative 

Permeability (µr) w.r.t. 

outer slotted-core area (A) 

Calculate; unsaturated 

inductance of inner 

core Lcut  

Calculate; Total 

saturated 

inductance (Ls)  
 

Calculate; Peak 

current (Ipk) 

Figure 5.1: Flow chart of Design tool 
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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 5.2: Design tool 

 

As shown in the Figure 5.2, 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 optimum slot depth according to the customer specified inrush current which 

designer has to meet at the end. 

 

5.4 Design tool validation 

 

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

with the measured inrush current values. Three samples were done for design tool 

validation and these samples were manufactured according to the design tool 

outcome. 
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Sample 1:- Customer specified inrush is 120A pk-pk , for 1KVA t/x. 

 New core dimensions will be  

 OD 170mm ,ID 75mm , H  40mm 

 According to the tool , optimum slot depth = 10.4mm 

 According to the tool, theoretical maximum inrush current will be  

136A pk-pk . 

                  

Measured inrush value=  116A pk-pk  

 

 

Sample 2:- Customer specified inrush is 150A pk-pk , for 1KVA t/x. 

 New core dimensions will be  

 OD 180mm ,ID 85mm , H  40mm 

 According to the tool , optimum slot depth = 7.9mm 

 According to the tool, theoretical maximum inrush current will be  

165A pk-pk 

 Measured inrush value=  136A pk-pk  

 

Sample 3:- Customer specified inrush is 180A pk-pk , for 1KVA t/x. 

 New core dimensions will be  

 OD 190mm ,ID 95mm , H  40mm 

 According to the tool , optimum slot depth = 6.2mm 

 According to the tool, theoretical maximum inrush current will be  

191A pk-pk 

 Measured inrush value=  173A pk-pk  

 

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.  
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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 , 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.  Therefore considering 

calculated values as the maximum inrush current is obviously safe, considering all 

the applications. 

Meantime the inrush current values shows that the slotted 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 slotted core method, it is possible to calculate the inrush current values 

within 10%, including the manufacturing tolerances. 

 

5.5 Comparison of electrical performance with conventional inrush 

mitigation method. 

 

Table 5.1: Electrical parameters comparison 

Normal core(170*75*40, 

M5) 

Cut core(170*75*40, M5) Slotted core(170*75*40, M5 

, 10.4mm slot) 

Inrush measured = 210 A pk-

pk 

Inrush measured = 112 A pk-

pk 

Inrush measured = 116 A pk-

pk 

Core loss = 17W Core loss = 25W Core loss = 23W  

( improved by 2W ) 

Voltage regulation = 6% Voltage regulation = 10% Voltage regulation = 8%  

( Regulation improved ) 

No load current =  68 mA 

 

 

  

No load current =  84 mA No load current =  78mA  

( improved by 6mA) 
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When comparing with other transformer based inrush mitigation methods, here it is 

observed there are lot of improvements in performance while having a good control 

in inrush current. 

 

 

5.6 Comparison of manufacturing cost with conventional cut core method. 

 

 

 Huge saving on core manufacturing cost over cut core method. 

 

 3 days of glue curing time is eliminated 

 

 Core cutting time 2.5mm/min  improved to 3.2mm/min (hence 

reduces machine time and labour time) 

 

 Gluing process has eliminated ( Save labour and material) 

 

 No need steel bands to keep tight the core 

 

 

 

 

Table 5.2: Conventional cut core costing 

 

Conventional Cut-core         
          

Description Unit 
Unit 
price(USD) Qty  Cost(USD) 

Copper kg 8.3 1.05 8.72 
M5 steel kg 2.40 3.12 7.49 
Glue LOCKTITE g 0.07 15.00 1.11 
Steel band pcs 1.10 2.00 2.20 
          
          
Material Cost       19.51 
          
Machine cost (35mm cut @ 2.5mm/min) min 2.30 14.00 32.20 
          
Total cost       51.71 
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Table 5.3: Slotted core costing 

 

Slotted core         
          

Description Unit 
Unit 
price(USD) Qty  Cost(USD) 

Copper kg 8.3 1.05 8.72 
M5 steel kg 2.40 3.12 7.49 
Glue LOCKTITE g 0.07 0.00 0.00 
Steel band pcs 1.10 0.00 0.00 
          
          
Material Cost       16.20 
          
Machine cost (10mm cut @ 3.2mm/min) min 2.30 3.13 7.19 
          
Total cost       23.39 
          

 

 

 

With the proposed slotted core method, core fixing glue and steel bands can be 

eliminated. Also with the machine modification and the small cut, the machine time 

is also reduced hence the machine cost reduces. Therefore when considering with the 

conventional cut core method, there is a huge saving on manufacturing cost in the 

new slotted core method. 
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CONCLUSION AND SUGGESTIONS FOR FUTURE RESEARCH  

 

6.1 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 slotted 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, mechanically stable reinforced structure, easier 

manufacturing and hence reduced material wastage. So the proposed method saves 

costs and also the resources. The slotted core is highly reliable on inrush mitigation 

for the 1kVA transformers, the reduction in inrush current was 40-50% compared to 

the corresponding conventional transformers. 

 

The main disadvantage of slotted core was the increment of the active core loss, but 

obviously that has to be sacrificed in order to limit inrush current. But it is still lesser 

than the loss of the conventional cut core method. 
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6.2 Suggestions for Future Research 

 

Followings are the future research suggestions, on the slotted core method discussed. 

 

1) This research is confined to particular steel type which is M5 steel grade, 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 slotted 

cores; like introducing laser cutting, 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  with 1.6T to 

0.9T flux density 

  

AA-182040 1.6T Design 
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AA-182040 1.5T Design 
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AA-182040 1.4T Design 
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AA-182040 1.3T Design 
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AA-182040 1.2T Design 
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AA-182040 1.1T Design 
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AA-182040 1.0T Design 
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AA-182040 0.9T Design 
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Appendix B – Test equipment details 

 
Mixed Signal Oscilloscope (DPO3000)
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Current Probes (DPO3000) 
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Zero crossing detecting circuit (SIEMENS 3RF2050-1AA02) 

 

 

 



Page | 66  

 

 

 

 

 



Page | 67  

 

 

 

 



Page | 68  

 

 

 

 



Page | 69  

 

 

 

 



Page | 70  

 

 

Measuring equipment (WT230/WT210) 
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