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Abstract  
The current study presents an induction heating system design for fiber 

optics pipes joints. Remote heating methods are probably inconvenient 

due to non-uniform heat distribution resulting in unreliable joints. The 

induction heating generates uniform heat distribution which can be 

achieved by proper designing of inductive heating coil, and power 

system inverter that drives the induction system. Two different shaped 

open jaw type heating coils were designed i.e open claw type coil 

(OCTC) and curved spiral rectangular coil (CSRC). The coils were 

designed in COMSOL simulation software to check the coil and 

workpiece behaviours. These coil designs were then wounded by hand 

and resistance and inductance of each coil were measured. The OCTC is 

a short loop coil, having small inductance while the CSRC has a long 

loop so its inductance is high. CSRC design was selected in the current 

application. The CSRC inductance was calculated through modified 

Wheeler formula and current sheet approximation. To design the power 

inverter, firstly the power density of heating material i.e workpiece was 

calculated. Then the thermal losses of the coil were calculated, these 

losses were due to skin effect and proximity effect; and switch losses 

due to drain to source resistance(RDS) of Mosfets were estimated. The 

Mazzilli inverter was proposed for power system inverter design which 

works as a parallel resonant circuit. It was designed in Mandi 

simulation software and then implemented on hardware. Theoretical 

results were compared with the practical measurements through Matlab 

software. Coil efficiency, power inverter efficiency and overall system 

efficiency were also calculated. This induction heating method for fiber 

optics joints is repeatable, consistent, generates uniform heat and is 

more convenient for site-specific heat generated on workpiece. It is 

portable, user friendly and environmental friendly as well.    

 

Keywords: Parallel resonant circuit, ZVS, Matlab, COMSOL, Mandi, 

Skin effect, Proximity effect, Modified Wheeler formula, Current-sheet 

approximation.  
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1 Introduction 
Induction heating (IH) is the process of heating the electrically 

conductive materials without any physical contact between them. It is a 

complex process, involving two physical phenomena i.e the 

electromagnetic induction and joules heating effect. The energy is 

transferred by electromagnetic induction to the object, whose basic 

phenomenon was discovered in early 1831 by Michael Faraday [1]. The 

joules heating effect is the relationship between the electric current and 

resistance of heating material. When current is passed through a 

conductor, it offers some resistance to this current flow which results in 

power losses in the form of heat [2].    

The induction heating system design depends on several parameters, 

some parameters are related with material properties which is to be 

heated like thermal and geometrical properties and others are related 

with the operation conditions like coil design, electrical current through 

the induction coil, frequency of the current and time. The temperature 

distribution on the workpiece primarily depends on these parameters 

[3].  IH is a complex process involving power supply design, load 

matching, coil design and workpiece itself [4]. 

The most critical part of the induction heating system design is the 

power supply (inverter) design. The power supply affects the 

parameters of IH system including reliability, maintainability, system 

flexibility, energy efficiency and cost. The design of power supply 

inverter faces different issues like the level of power rises and size of 

system falls. There is also increasing demand of better system efficiency. 

The amount of temperature change in the workpiece is also an 

important factor of induction heating system design. More induction 

power is usually required for increase in amount of temperature change. 

The load matching is also an important factor of induction heating 

system design, as some IH coils are compatible only with certain types 

of power supplies. The coil design is another most important part of the 

induction heating system design. The choice of right coil design reflects 

the heating pattern on the workpiece which maximizes the power 

supply efficiency. It should allow easily insertion and removal of the 

heating material [5].   
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Today, the IH process has wide range of applications in metal industries 

and residential appliances because of being very cheap, fast, having 

precise control of temperature; generating site specific heat and energy 

efficient. However modern IH systems produce very high temperature 

in different applications such as steel melting, brazing, surface 

hardening and subsequent heating of other metals. Nowadays, efforts 

are there to develop more flexible, cost-effective, and efficient IH 

system; through the development of power inverters, the control 

algorithms and the optimal design of inductor, such systems are more 

consistent and repeatable and thus useful in the industries for increased 

production and better quality of product [5]. 

1.1 Background and problem motivation 

Fiber optics cables are the transmitters which are mostly used in 

communication to large area network. Data is travelled in the form of 

light signals. They are used in telecommunication companies, industries 

and hotels for data travelling and security purposes as well.    

The fiber optics cable joints are covered with a protected jacket for safe 

and efficient transmission of light signals. Usually a joint is firstly filled 

with glue, then covered with protected jacket and heated through open 

flame, torch flame or heat air blower to fix the joint which protects the 

inner light signal from the environment. But such joints are un-reliable 

because of leakage through the joints that occurs after some time. The 

signals become weak causing transmission loss. The main reason of this 

leakage is non-uniform heat distribution within the joints jacket. The 

open flame, torch flame and other heating methods provide non-

uniform heat distribution in the jacket. To overcome this problem, the 

induction heating system is designed. It generates uniform heat within 

the jacket (due to workpiece) and makes the joints durable and hence, 

reliable.       

1.2 Overall aim / High-level problem statement 

The overall aim of current study is to design an induction heating 

system for fiber optics pipes weld joints; which produces uniform heat 

within the workpiece and makes reliable, durable and strong joints. 

 The efficiency of induction heating depends on the power inverter 

design, coil design and the workpiece to be heated. To design an 

efficient IH system, a flexible interface is required to match the output 
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characteristics of the power supply to the input characteristics of both 

the induction coil and the workpiece. 

1.3 Scope 

The industrial application of induction heating system is to make 

inductive weld of fiber optics pipes joints, having uniform heat 

distribution on the surface of joints. The heating pattern in this inductive 

system is repeatable and consistent, that makes each joint stronger, long 

lived and environment protected. This heating method for jointing the 

fiber optic pipes is very cheap, fast, energy efficient, having precise 

control of temperature, easily portable, user friendly and environmental 

friendly as well.   

1.4 Outline 

Chapter 2 describe the related work / theory to design the induction 

heating system, how an induction heating system works. The basic 

induction heating system working principals are defined in this chapter 

and also define the major components such as coil design, inverter 

design and workpiece properties. 

 Chapter 3 describe the Methodology/ model to design the Inductive 

weld of joints for fiber optic pipe. The flow chart shows the whole 

procedure to implement the hardware design of an induction heating 

system. 

Chapter 4 describe the implementation techniques to design an 

induction heating system for fiber optic weld joints. The software 

modelling techniques are used for design an efficient induction heating 

system for specific application and hardware implementation of 

proposed design.   

 Chapter 5 shows the overall system results simulation results and 

hardware measured results. 

1.5 Contributions 

The final PCB analogue part and digital control part was designed by 

Muhammad Sahyouni the bachelor thesis, and the digital control 

programming was implemented by Wasiq Naeem 15 Credit project. 
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2 Theory / Related work 
The IH is the heating method of conductors having electrical resistivity 

property. The electromagnetic field is produced when the electric 

current flows through the conducting material. This electromagnetic 

field produces the eddy current inside the conductor itself. The eddy 

current and the electrical resistance generate heat inside it [6]. The 

amount of heat which is generated inside the material depends on 

several parameters; such as conducting material properties, induction 

heating time, power supplied, geometry and positioning of workpiece in 

the coil, coil structural geometry, number of turns of coil and power 

supply frequency [1]. The schematic view of induction heating 

mechanism is shown in figure 1. 

  
 

 
 

Figure 1: Schematic view of induction heating mechanism [1] 

The basic theory of IH is similar to the transformer theory which is 

explained through the figure 2. This figure 2 illustrates the IH coil and 

the current to define the electromagnetic induction. 
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(a)                     (b)  

Figure 2: Basics of induction heating [7] [8] 

In the figure 2(a) shows the basic form of conventional transformer. The 

secondary coil current is directly proportional to the primary coil 

current according to the turn ratio. In the induction heating system, the 

primary coil has many turns while the secondary coil has only one turn 

and it is short-circuited. The losses in coils are caused by the resistance 

of the primary and secondary windings. The leakage magnetic current is 

ignored here. If the secondary current is very high, the losses will be 

very high which is shown-up in the form of heat figure 2(b). The 

primary purpose of IH is to maximize the heat generated in the 

secondary coil [8]. The three basic factors which are involved in the IH 

system are; electromagnetic induction, skin effect, and conduction of 

heat [7]. 

2.1.1 Electromagnetic Induction  

 

Electromagnetic field is produced due to flow of current inside an 

inductive coil, when an alternating voltage is supplied to it. If a 

conductor is placed near this magnetic field, an emf is induced in it. 

According to the faraday’s law of induction, the magnitude of emf E 

induced in the workpiece is equal to the rate at which the magnetic flux 

Ф changes with time, the induce emf E tends to oppose the flux change 

[7] [9]. So, Faraday’s law is formally written as  

E = 
𝒅∅

𝒅𝒕
                          Equation 1 

Where 

E: voltage  

∅: magnetic flux [Wb] 

t: time [s] 
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2.1.2 Conduction of heat 

Induction heating phenomena is based on two mechanisms of energy 

produce in the work piece. 

 

 Joules effect 

 Hysteresis losses.  

Joules effect 

A magnetic field is formed around the coil when AC is supplied to it. It results 

in an induced emf in the conducting material which opposes magnetic 

flux change. The induced emf voltage also produces eddy currents or 

Foucault currents having same frequency but opposite direction [6]. 

 

When the eddy current flows through a conductor, it faces resistance 

that results in power losses in the form of heat. The amount of heat loss 

is directly proportional to the square of the current and resistance [2]. It 

can be expressed as:   

𝑸 = 𝑰𝟐 ∗ 𝑹 ∗ 𝒕                         Equation 2 

 

Where Q is, the heat generated by the constant current I, flowing 

through a conductor of electrical resistance R, for a time t.  
 

 
 

Figure 3: The coil current and induced current direction [1] 

Hysteresis 

When magnetic materials are heated by induction, friction is produced 

between dipoles of the conducting material due to changing magnetic 

flux. It leads to heat generation in the conducting material known as 

hysteresis loss. This phenomenon occurs in magnetic materials only 

below their curie temperature, magnetic materials become non-magnetic 

above this temperature [2] [6]. 
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Figure 4: Hysteresis effect on ferromagnetic heating materials [2] 

2.1.3 Skin effect  

When an alternating current flow through a conductor, there is non-

uniform current distribution inside its cross-sectional area. The 

maximum current density flows on the surface of the conductor and 

decreases towards centre. This is known as skin effect. In the induction 

heating system skin effect is produced in the coil when AC current flows 

through it and is produced in the workpiece due to eddy current 

concentration. The skin effect is shown in the figure 5.  
 

 

    
 

Figure 5: Skin effect on wire and workpiece [10] [11] 
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 The skin effect is important in electrical applications. When AC current 

is supplied to a conductor, the approximately 67% of the current flow’s 

only in surface layer. The penetration depth δ of the conductor depends 

on the applied frequency and material properties such as the electrical 

resistivity ρ and relative permeability μr of the conductor. When high 

frequency is applied or when the radius of the workpiece is relatively 

small, skin effect increases. However, the penetration depth decreases at 

higher frequency while increases with high temperature [7]. The current 

density distribution on the workpiece can be roughly calculated by the 

equation 3:  

 

 

𝑰 = 𝑰°𝒆
−

𝒚

𝜹                        Equation 3 

 

 

Where 

I:   current density at distance y from the surface A/m2. 

I0:  Current density at the workpiece surface A/m2 

y : distance from the surface toward the core m 

δ : the penetration depth in meter. 

 

 
Figure 6: Distribution of current density and skin effect [7] 

The penetration depth is described in the meters as 

 

𝜹 = √
𝝆

𝝅.𝝁𝒓.𝑭
                        Equation 4 
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Where 

ρ = electrical resistivity of the metal Ω *m, 

μr = relative magnetic permeability, and  

 F = frequency, Hz 

 

The equation 4 shows that the skin depth primarily depends on the 

applied frequency and magnetic permeability. The geometrical 

parameters of the workpiece and heat treatment determine the 

frequency range whose choice is important in induction heating system. 

The penetration depth changes with the temperature due to change in 

the resistivity and permeability of material. It increases with 

temperature due to increased resistivity of material. The magnetic 

permeability decreases as the temperature of material reaches to its curie 

temperature [2]. 

2.2 Design of induction heating element  

 In the IH system coil and workpiece behave like a transformer. The 

induction heating coil is made up of copper metal usually, which is a 

good conductor of electricity and heat, has low resistivity so offer less 

losses to the heating element. In most induction heating applications, 

there is non-uniform distribution of current in the coil so resistance is 

difficult to be determined [5] [12]. 

 

2.2.1 Basic considerations in coil designing 

The induction heating system should have coil with high inductance 

and low resistance values to generate better heat in the workpiece. The 

most important feature of coil designing is that the efficiency of 

coupling between the coil and the workpiece is inversely proportional to 

the square of the distance between them. In addition, the current in the 

coil, multiplied by the number of turns of coil, is equal to current in the 

workpiece. Several conditions should be kept in mind when designing 

the coil [12]. 

 Maximum heating rate is observed inside the workpiece due to 

more concentration of flux lines. The flux is also more 

concentrated near the coil turns. So, in the geometric centre of coil 

the flux is weak and near the coil, the flux is denser. 
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 The coil should be closely coupled with the workpiece for 

maximum energy transfer. Maximum magnetic flux lines cutting 

the heated area produce maximum heat energy due to more 

current produced in the workpiece.  

 The design of coil must be such that there is no cancelation of 

magnetic field. Inductance is zero in the absence of a loop. 

Presence of a long loop in the coil provides the inductance and 

produce magnetic flux in the coil.  

 Magnetic field is weaker at the point of joining of coil with the 

leads. 

  The number of coil turns is directly proportional to the magnetic 

flux.  

2.2.2 Inductance of coil 

Two approximate expressions are used to calculate the inductance of 

square or rectangular spiral coils. First one is a modified expression 

developed by Wheeler; the second expression is derived by 

approximating the sides of the spirals as a current sheet. These 

expressions have accuracy with 2-3% of error [13]. 

Modified Wheeler formula  

 The simple modification of the original Wheeler formula that is valid 

for planer spiral inductors can be expressed as:  

𝑳 = 𝑲𝟏𝝁
𝒏𝟐𝒅𝒂𝒗𝒈 

𝟏+𝝆 𝑲𝟐 
                        Equation 5 

Where 𝜌 is the fill ratio, defined as  

𝝆 =
𝒅𝒐𝒖𝒕−𝒅𝒊𝒏

𝒅𝒐𝒖𝒕+𝒅𝒊𝒏
                             Equation 6 

The value of  𝜌  is approaches to unity as the inductor winding fills the 

entire space, and approaches to zero as the inductor becomes hollow 

[14]. K1 and K2 are coefficients which are layout dependents and are 

shown in the table t1, n is the number of turns of coil and davg is the 

average of input and output diameter of coil. The thickness of the 

inductor can be ignored in expressions due to its very small effect on the 

inductance [13]. 
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Current-sheet Approximation 

Another simple expression for estimation of the inductance of planer 

spiral coil can be obtained by approximating the sides of spirals as 

symmetrical current sheets of equivalent current densities. Self-

inductances and mutual inductances of current sheets are evaluated 

using the concepts of geometric mean distance(GMD), arithmetic mean 

distance (AMD), and arithmetic mean square distance (AMSD) [15]. The 

resulting expression is  

 𝑳 =
𝝁𝒏𝟐𝒅𝒂𝒗𝒈𝒄𝟏

𝟐
(𝐥𝐧(

𝒄𝟐
𝝆⁄ ) + 𝒄𝟑𝝆 + 𝒄𝟒𝝆𝟐)                        Equation 7 

Where cn are the coefficients and are a function of geometry. The 

coefficient c1 is simply the area for a given outer dimension; the factor c2 

is the primary term, while c3 and c4 may be considered first and second 

order correction factors respectively. 

2.2.3 Leakage inductance  

Leakage inductance or inductive impedance is observed due to 

imperfect linking of coil to the workpiece or when magnetic fluxes of 

primary winding and secondary winding are not completely linked 

with one another.  

𝑳 = 𝑵
∅

𝑰
                                               Equation 8 

Where  

N= number of turns  

Ø = magnetic flux 

L = inductance in Henries 

I = current 

This inductance is in series with the induction coil or primary winding 

of the transformer [16]. 

2.2.4 Electrical Resistance of the coil 

Electrical resistance of a conducting material is directly proportional to 

the electrical resistivity 𝜌 and the length l of the conducting material and 

inversely proportional to the cross sectional area of the coil [1] [17]. 
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 𝑹𝒅𝒄 =
𝝆.𝒍

𝑨𝒄
                                                 Equation 9 

 

The resistivity 𝜌 shows the electrical conductivity of material. The 

resistivity of the metals will increase with increasing the temperature. 

The above formula shows the DC resistance of the coil. Table 1 in 

appendix A shows the values of electrical resistivity and temperature 

coefficient for some materials at room temperature. Resistivity of the 

pure metals can generally be represented as a linear function of 

temperature [1] [17] . 
  

  

𝝆(𝑻) = 𝝆°(𝟏 + 𝜶(𝑻 − 𝑻°))                        Equation 10 

 

Where  

 

𝜌°: The resistivity at ambient temperature 

𝑇°: Ambient temperature 

𝜌(𝑇): Resistivity at temperature T 

T: temperature 

α: the temperature coefficient of the electrical resistivity  

 

α value can be negative for the materials whose resistivity decreases 

with increasing temperature. For other materials α is the nonlinear 

function of temperature. The electrical resistivity of some materials for 

different temperature is shown in figure 7   
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Figure 7: Resistivity of materials vs temperature [17] 

2.2.5 AC resistance of coil   

 

When an alternating current is passed through a conductor, it is not 

uniformly distributed throughout the cross-section area of the 

conductor. This is due to skin effect and proximity effect [13], so the AC 

resistance at constant temperature t. 

 

𝑹𝒂𝒄𝒕
= 𝑹𝒅𝒄𝒕

(𝟏 + 𝒚𝒔 + 𝒚𝒑)                       Equation 11 

   

Where 
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𝑅𝑑𝑐𝑡
: dc resistance at temperature t. 

ys: skin effect factor 

yp: proximity effect factor 

 

Skin effect factor (ys): 

 

 Effective resistance of the coil is increased with increasing skin effect. 

The skin effect factor is calculated as  

 

𝒚𝒔 = 𝒙𝒔
𝟒/(𝟏𝟗𝟐 + 𝒙𝒔

𝟒)                          Equation 12 

   

Where  
 

xs
2 = 8 ∗ π ∗ f ∗ 10−7 ∗ ks/Rdct

 

 

 

f = frequency (Hz) 

ks = factor determined by the conductor configuration  

𝑅𝑑𝑐𝑡
= dc resistance at temperature t. 

Proximity effect factor (yp) 

When two conductors are present closed together, proximity effect 

arises. If their currents are in same direction; the halves of the 

conductors in close proximity to each other, are cut by more magnetic 

flux than the remote halves. Less current is flows here than the other 

halves. If they carry currents in the opposite directions, the halves of 

conductors in the close proximity will carry the greater current density 

than the remote halves. The proximate effect also increases the effective 

resistance of coils [18].  

 

   
                Current in same direction         Current in the opposite direction 

Figure 8: Proximity effect of conductors [19] 
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Proximity effect of two single core cables is  

     

𝒚𝒑 = 𝒙𝒑
𝟒/(𝟏𝟗𝟐 + 𝟎. 𝟖𝒙𝒑

𝟒) ∗ (
𝒅𝒄

𝑺
)𝟐 ∗ 𝟐. 𝟗                        Equation 13 

   

 

Proximity effect of three single core cables is: 

 

𝒚𝒑 = 𝒙𝒑
𝟒/(𝟏𝟗𝟐 + 𝟎. 𝟖𝒙𝒑

𝟒) ∗ (
𝒅𝒄

𝑺
)𝟐 ∗ [𝟎. 𝟑𝟏𝟐 ∗ (

𝒅𝒄

𝑺
)𝟐 + 𝟏. 𝟏𝟖/{𝒙𝒑

𝟒/(𝟏𝟗𝟐 +

𝟎. 𝟖𝒙𝒑
𝟒) + 𝟎. 𝟐𝟕}]                         Equation 14 

 

Where  

 
xp

2 = 8. π. f. 10−7. kp/Rdct
 

 

 

f: frequency(Hz) 

kp: factor determined by the conducting material’s configuration 

dc:     diameter of conductor (mm) 

𝑅𝑑𝑐𝑡
: Dc resistance at temperature t. 

S:      space between the conductor centres (mm) 

2.3 Induction heating power system  

The power inverter design for an IH system totally depends on heat 

treatment to the workpiece. The energy required to heat the workpiece 

totally depends on workpiece mass, the specific heat of workpiece and 

initial temperature and final temperature. The thermal losses due to 

conduction of current in coil, due to convection and radiation may also 

be considered [5]. 

2.3.1 Power density calculation 

The power required to heat the workpiece at a specified temperature is 

calculated by the following formula and it is denoted by Pw [6]. 

 

 𝑷𝒘 =
𝒎𝒄(𝑻𝑭𝒊𝒏𝒂𝒍− 𝑻𝑰𝒏𝒊𝒕𝒊𝒂𝒍) 

𝒕
                        Equation 15 

 

Where  

m = workpiece mass. 

C = material’s specific heat  
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t = heating time.  
TInitial is initial temperature and Tfinal  is final temperature.  

 

 

The specific heat of some common metals are shown in table 2 appendix 

B 

2.3.2 Power inverter  

 In the IH system, when the workpiece is placed in a changing magnetic 

field, eddy current is produced by AC current in the coil and results in 

heating of the workpiece. The high AC current in the coil is supplied by 

the oscillatory circuit also called resonant circuit or tank circuit. The 

oscillation is fed by an inverter, whose characteristics depend on type of 

resonant tank, the frequency and power [6].  

Resonant tank circuit 

The resonant tank circuit consists of a capacitor, an inductor and a 

resister. The resonance circuits are of two type’s i.e series resonant 

circuit and parallel resonant circuit. Resonance occurs when the 

capacitor and the inductor exchange the energy [7]. 

 Series resonant circuit  

The capacitor and inductor are connected in series in series 

resonant tank circuit. The circuit behaves like a current source 

while the voltage is fed by the inverter through the capacitor. 

Constant voltage is maintained due to high capacitance of 

capacitor [6].   

 

Figure 9: Series resonant tank circuit [7] 

 Parallel resonant circuit 

In the parallel resonant circuit, the capacitor and inductor are 

parallel to each other. The circuit behaves as a voltage source and 
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current is fed by an inverter through the inductor/coil. The high 

value of inductance maintains constant current in the circuit.  

 

Figure 10: Parallel resonant tank circuit [7] 

 

2.3.3 Resonant frequency  

It is the frequency at which the inductive reactance of the inductor and 

the capacitive reactance of the capacitor become equal [7]. The inductive 

reactance is 

  

𝑿𝑳 = 𝒋𝝎𝑳 = 𝟐𝝅. 𝒇. 𝑳 [Ω]                        Equation 16 

 

and the capacitive reactance is  

𝑋𝐶 =
1

jωC
=  

1

j2πfC
 [Ω] 

 
 𝑋𝐿 =  𝑋𝐶 

 

 j2πfL =
1

j2πfC
  

 

`` 𝒇 =
𝟏

𝟐𝝅√𝑳𝑪
 [𝑯𝒛]                        Equation 17 
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Impedance is minimum at resonant frequency so if a voltage is fed to 

the RLC tank circuit whose frequency is same as resonant tank 

frequency, maximum current flows in tank circuit and heat is generated 

in the work-piece. Power transfer is equivalent to the conductance in 

series resonance circuit, whereas in the parallel resonance circuit power 

transfer is equivalent to the impedance. Mostly induction systems use 

series RLC circuits providing high currents using relatively low voltages 

[6].   

Quality factor  

It is the ratio between reactive power and active power of coil-

workpiece system. The quality factor Q is  

 𝑸 =
𝟐𝝅𝒇𝑳

𝑹
=

𝟏

𝟐𝝅𝒇𝑪𝑹
=

𝒁

𝑹
                         Equation 18 

 

The figure3.7 shows the relationship between output current and the 

source frequency. At resonant frequency, maximum current and 

maximum energy are present [7].  

 

 
Figure 11: Frequency curve [7] 

The resonant frequency of the inverter is same for series and parallel 

tank circuit. The current across the capacitor and the voltage across the 

inductor are derived by the following formulas. 

 

 𝐈𝐜 = 𝐂
𝐝𝐯𝐜

𝐝𝐭
                        Equation 19 

and  

 

 𝐕𝑳 = 𝐋
𝐝𝐢𝐋

𝐝𝐭
                         Equation 20 
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When the circuit is resonating, the full energy is in the inductor when 

capacitor is fully discharged (VC=0V), and the capacitor is fully charged 

when the inductor is fully discharged (IL=0A) [20]. The component 

energy equations are  

  

 𝐄𝐋 =
𝟏

𝟐
. 𝐋(𝐈𝐋)𝟐                     Equation 21 

 

        𝐄𝐂 =
𝟏

𝟐
. 𝐂(𝐕𝐂)𝟐                     Equation 22 

Where, energy is “E” in joules. The resonant circuit, energy is around 

between L and C, at resonance until the energy is completely consumed 

by the circuit losses (called damping). The resistance in the circuit 

damp’s the oscillation, this resistance is capacitor’s ESR and inductor’s 

ESR at particular frequency, the inductor’s ESR, which is potentially 

consists of DC wire resistance and AC losses (such as eddy current, skin 

effect and proximity losses). Every real L-C circuit has some resistance; 

the high quality of circuit has low resistance.  

The Q factor tells about losses of the resonant circuit.  The equation for 

series and parallel resonant circuit is same.  The resistance in the parallel 

resonant circuit is directly in series with the inductor and capacitor. 

 In the series resonant the impedance of the circuit to an AC waveform 

becomes zero (if Q is infinite), in the parallel case, the impedance of the 

circuit to an Ac waveform becomes infinite (if Q is infinite, the circuit 

appears as an open circuit to an AC current source at resonance. In the 

parallel resonant circuit the magnitude of current can be determined by 

the voltage across the capacitor (and /or inductor) [20].  

 
𝑉 = 𝐼. 𝑍 

 
𝑍 = 𝑅 + 𝑗. 𝑋 

 

𝑋𝑐 =
1

𝜔. 𝐶
 

  

𝑋𝐶 =
1

1

√𝐿. 𝐶
. 𝐶
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                                     𝑿𝑪 = √
𝑳

𝑪
                        Equation 23 

 Assuming resistance is negligible, 

 

                                     𝑰 = 𝑽. √
𝑪

𝑳
                         Equation 24 

The magnitude of the current can be found from the voltage and the 

resonant components and if current is known, then the voltage can be 

easily determined by rearranging equation: 

 

                                 𝑽 = 𝑰. √
𝑳

𝑪
                        Equation 25 

 

It is observed that, the impedance is equal to Req at resonant frequency. 

In this case the inductive reactance and capacitive reactance are equal 

and cancel each other effect. Similarly, voltage and current are both in 

phase and switching losses are nearly to zero because during 

communication current is nearly to zero. The parallel resonance circuit 

gives the current magnification while the series resonance gives the 

voltage magnification [5]. The Q factor is directly related to the current, 

if the value of Q is high the current in the tank circuit is also high [6].  

  

2.3.4 Power converter topology  

Switching losses in resonant inverters can be reduced by using certain 

power devices. These devices possess soft-switching techniques and 

include MOSFETs, IGBTs and transistors [6] . IGBTs are widely used in 

generators with frequencies up to 100 kHz. They require very little gate 

drive power. High switching frequencies can be achieved using 

MOSFETs. The switching frequency range is 100-800 kHz that’s why 

MOSFETs are generally used in high power applications [21]. 

 

The electronics power systems are classified into four categories: 

 

 DC-DC converters:  The magnitude of DC voltages is changed 

from input to output. 

 AC-DC Rectifiers: An alternating voltage is converted into a DC 

voltage. 
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 DC-AC Inverter: A DC voltage is converted into a time-varying 

signal with a specified magnitude and frequency. 

 AC-AC Cyclo converters: An AC voltage is converted into an AC 

voltage with different magnitude and/or frequency.  

In the proposed induction heating system, the DC-AC Inverter is used. 

It changes the DC current to the two phases AC current. These power 

converters are basically oscillator circuits [22] [23]. 

Royer Oscillator  

 

George Royer described the Royer oscillator in 1950’s. It is the self-

resonant circuit that is still used today. The Royer oscillator is shown in 

the figure 12. 

 
 

Figure 12: Royer oscillator circuit [20] 
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The L-C resonant tank is used in the Royer Oscillator. The L is the 

inductance of coil and C is a discrete capacitor which is connected to the 

collector of the NPN transistors. The main advantage in this circuit is the 

third winding on the primary side of the transformer which is connected 

with the base of the transistors. This winding has an important feature 

that ensures that one transistor is on while the other is off. As the 

sinusoidal resonance passes through the zero crossing, the active 

transistor is turned off and the other is turned on. The third winding is 

coupled with the resonant tank, and tracks the resonant frequency due 

to its zero-voltage switching.  It’s an efficient power circuit.  

L-C MOS oscillator 

L-C MOS is a self-oscillating cross-coupled oscillator as shown in the 

figure. The MOSFETs are used rather than the BJTs. The L-C MOS 

oscillator switches are operated through opposite drains. The cross 

coupling of the gates to the opposite drains causes negative impedance 

at the drains [20].  

 
 

Figure 13: L-C MOS oscillator circuit [20] 
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And the gain of the oscillator gm is  

 

𝒈𝒎 =  
𝑰𝑫

𝑽𝑮𝑺−𝑽𝒕
                        Equation 26 

For oscillation  
𝟏

𝒈𝒎
≥  

𝟐.𝝅.𝒇.𝑳

𝑸
                          Equation 27 

Where  

Q is the quality factor, gm is the gain, ID is the drain current, VGS is gate to 

source voltage and Vt is MOSFET threshold voltage. The gain is directly 

proportional to the drain current so when the current increases, the gain 

also increases and helps start-up. It keeps a more stable oscillation [20].  

This topology also follows the resonant frequency of the circuit  

There is a limitation that, L-C MOS oscillator can be designed to operate 

for significant voltages and currents. The voltages across the gate to 

source, can rarely withstand above 20 Volts. 

Mazzilli inverter  

This oscillator designed by Vladimiro Mazzilli is a derivative of the 

Royer oscillator and L-C MOS oscillator [20] [22]. It is self-resonating 

circuit at L-C oscillation frequency. The basic inverter scheme is shown 

in the figure14. 

 
 

Figure 14: Mazzilli inverter circuit [22] 
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The resonant frequency of the inverter is same as that of the series and 

parallel tank circuit as shown in the above. This inverter is operated 

through the gate drive circuitry, while the Royer Oscillator used a 

resistor from Vin, and a tertiary primary winding which drives the 

transistors. The Mazzilli inverter made changes in the L-C oscillator. The 

cross-coupling gates are connected through a diode to the opposing 

drains and the MOSFET gates are pulled up from Vin through a suitable 

resistor.  This overcomes the gate voltage limitation problem of the L-C 

MOS oscillator. MOSFETs are utilized in these inverters instead of the 

Royer’s BJTs, because MOSFETs are faster in switching the device.  

 

Description of circuit  

The converter circuit is operated in four modes of operations. 

Mode 1 

In this mode as the drains of the both switches approach to zero, the 

cross-coupling nature of the switches assures that switch 2 turns on and 

the switch 1 turns off, as shown in the figure 15.  

 

 
Figure 15: Mazilli Mode 1 operation [20] 
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During this mode of operation, the capacitor is completely discharged. 

The total energy of the resonant circuit is stored in the inductor in the 

current form, which is at the peak. There is no voltage across the coil, 

thus there is no output voltage or power transfer.  The switch oscillation 

follows the tank oscillation, so no current will flow through the 

switches.  

Mode 2  

As the switch 1 turns off and switch 2 turns on, the inductor current 

proceeds to resonate and the rise and fall of the drain1 voltage occurs. 

The energy is transferred from the inductor to capacitor and back to the 

inductor. 

 During this operation, the coil which is also the resonant inductor, 

transfers the power to the load. The load is reflected on the coil as 

shown the figure16. Note the leakage inductances from the coil are 

shown discretely.  

 
 

Figure 16: Mazilli Mode 2 operation [20] 
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Figure 17: Mazilli leakage inductance series with coil [20] 

 

Examining the loaded circuit, it is clear that due to the load resistance, 

the inductance could be changed, since the magnetizing inductance 

could be shunted by the load resistor. 

 

Mode 3  

As the drain 1 voltage resonates back down to zero, the switch 1 turns 

on and the switch 2 turns off as shown in the figure 18. 

  
Figure 18: Mazilli Mode 3 operation [20] 
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It behaves like a mode one operation, the capacitor is completely 

discharged and the energy is completely in resonant inductor in the 

current form, though in the opposite direction.  

Mode 4   

This is final mode of operation. The drain2 exhibits the resonant rise and 

fall, like that of the mode 2 operation. Power is transferred to the load 

again; the polarity of the output voltage has reversed, similar to the 

push-pull. At the completion of mode 4, the mode 1 repeats.   

 
Figure 19: Mazilli Mode 4 operation [20] 

 

Note the voltage across the coil naturally averages to zero, so this avoids 

the flux imbalance problem in push-pull inverters where the coil is 

driven slightly into the saturation due to a non-zero average voltage 

[22]. 

.     

On the inductor one node is vin, and the other node is split between the 

two drains through coils. The switch off-state the drain voltages are 

represented by half sine wave due to parallel tank circuit, the full wave 

rectifier waveform represented though at half wave voltage of each 

drain, the drain voltage is derived as: 

  

Vind =
2

T
. ∫

Vpk. sin (
2. π

T )

2

T
2

0

dt 
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=
VPk

π
= Vin 

 
                              𝐕𝐩𝐤 = 𝛑. 𝐕𝐢𝐧                         Equation 28 

 

Where the Vind is the inductor voltage, T is the time period and Vpk is 

the peak drain voltage.   

 

Advantages  

 

 This converter locks the currents within the resonant tank due to 

its self-tracking nature.  

 Due to self-oscillation, the control unit component’s tolerance or 

variations during operation do not cause any problem.  

 The switches provide the DC current path with a ground returns, 

ideally carry the DC input current only [22].  

 The modern converters require some sort of regulation, so this 

converter is a shining star regarding the resonance and ZVS [20]. 

Drawbacks and limitations  

 

 The load is reflected across the coil during the power transfer and 

it appears parallel with the induction coil. As the load changes, 

the impedance of the coil is affected (worst case short circuit, 

shunting the entire magnetizing coil). The resonant frequency 

depends on the coil inductance.  If the magnetized coil 

inductance is shunted by the load, the operating frequency 

depends on the load. Within the range this may be fine, but 

under high load, the only resonant circuit remaining may be the 

capacitor resonating with the leakage inductances, this will not 

prevent oscillation, leakages in the modern high density coil tend 

to be low (typical coupling coefficient above 0.9) [24]. Thus, the 

resonant frequency and currents could be high, result in 

significant loss and possible failure of the system. 

 The MOSFET gate is powered from Vin through a resistor. The 

gate acts as a capacitance, so this produce R-C time constant to 
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charge the gate. For low frequencies, this R-C time constant is not 

an issue, for high frequencies the gate drive becomes a problem. 

The switching losses occur in the MOSFET when fast switching is 

desired, so fast gate signal is required [20]. 

 The higher voltage Vin creates a problem with the gate drive 

circuitry. The two power supplies are used to avoid this problem. 

The gate drive circuit operates on 12V and the gate drive circuit 

operates on 24V or high voltages.  

 When the gate signal is low, at that condition the switch is to be 

in off state and the gate voltage does not fall to zero volts. The 

opposing drain voltage and diode drop voltages are on the gate. 

The low voltage MOSFET’s with threshold 5 volts has no 

problem, but high current and high voltages cause problem. The 

high current through source to drain resistance causes significant 

voltage on the drain during that state. In this case, the gate 

voltages may be very near or above the threshold voltage. So, the 

both MOSFET’s latch-on, the alarming condition occurs.     

 When the drain voltages fall, it pulls the current from opposite 

gate through diode capacitance, which can pull the switch out of 

order. The losses will increase and switch would be destroyed. To 

overcome this problem, the gate resistance can be lowered in 

value.   

 During resonant operation mode 2 and mode 4, the entire 

resonant current is flowing in the induction coil; as such the coil 

must be designed for high frequency and high current than 

simple designing to desire power transfer of the coil.  

 Start-up conditions in this inverter are unfavourable as the input 

coil has no current flow through it. During the start-up, the coil 

adds the resonance to the system. If the coil is loaded properly, 

overshooting does not exit. 

 The latch-up condition occurs due to heavy load transient, this is 

harmful so avoid this condition. Slowly loading the coil may 

change the operating frequency.  
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 The major issue of this inverter is that it is unregulated.  No 

control to correct the output voltage is there, if any variation or 

glitches come into input voltage [20]. 

 

2.3.5 Power delivered to workpiece  

The power delivered to the workpiece can be easily calculated through 

the Req that represents the workpiece resistance. The power is 

calculated through formula 8 

 𝑷 = 𝑰𝟐𝑹𝒆𝒒 =
𝑽𝟐

𝑹𝒆𝒒
                            Equation 29 

 

The maximum power and current is present at the resonant frequency. 

The power delivered to the workpiece is controlled through voltage 

source [6].   
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3 Methodology / Model 
In this chapter, the approach was to address the problem related to 

implementing the design of induction heating system for fibre optics 

pipe joints.  

3.1 Method  

In the proposed method, to design an induction heating system; 

calculate power density, induction heating element design and 

induction heating power system design were considered. The work flow 

of the method is given below.      

  

Calculate power density for 

workpiece 

Induction heating element 

design 

Induction heating power 

system design COMSOL Physics 

Simulation 

Matlab 

Mendi 

Simulation 

Matlab 

 

AutoCAD2011 
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3.1.1 Power density for workpiece 

To design the induction heating system, the electrical and thermal 

properties and geometrical parameters of the workpiece should be 

known first. The workpiece was heated and the heat treatment for the 

workpiece was predefined. The system power inverter design totally 

depends on the workpiece properties and heat treatment. The power 

which was required to heat the workpiece was calculated through the 

equation 15.  

3.1.2 Induction heating element design 

The coil design for the proposed application was an important task 

because the proper coil design reflects the heat pattern on the 

workpiece.  For this specific application, round open jaw type coil’s 

design was selected, because of easiness in insertion and removal of 

fiber optics pipe. The coils were designed in two different shapes i.e 

OCTC and CSRC. Firstly, the designs were developed in 3D 

AutoCAD2011 and then imported in COMSOL Multiphysics software to 

apply physics on them. Two physics i.e electromagnetic field and 

induction heating; were applied on proposed designs to check the 

behaviour of coil and workpiece; in terms of electric current direction, 

magnetic field direction, heat generated in workpiece, resistance of the 

coil and skin effect. 

 These designs of the coil were then wounded by hand. The LCR meter 

was used to measure the resistance and inductance of the coils with 

different frequencies but at constant voltage. The Matlab was used for 

mathematical modelling of the coils resistance and inductance and for 

the comparing the results with respective practical measurements.    

3.1.3 Induction heating power system design 

The inverter design plays an important role in designing induction 

heating system, as it runs the whole IH system. Different topologies are 

used for designing inverter. In the current study, the method used was 

Mazzilli inverter with a little change in circuit design, the circuit run on 

two power supplies. The 12V power supply was used for its switching 

circuit and the 24V power supply was used for its resonant circuit.  

Firstly, the circuit was designed in the Mandi simulation software to 

check the electrical parameters; such as current in coil, voltage of coil, 

switching frequency, resonance frequency, and gate signal of Mosfet 

and switching behaviour of Mosfet.  
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The circuit was then designed in EAGLE layout editor 6.1 to design the 

PCB for the circuit. The components of circuit were mounted on the 

PCB. The physical measurements were taken through oscilloscope like 

measurement of the coil current, voltage across the coil and gate of the 

Mosfets; and measurement of the frequency of the circuit. The Matlab 

was used for modelling of power inverter and calculation of results. 

3.2 Measurements 

The coil inductance and resistance were measured through LCR meter 

and the coil current, voltage and circuit switching behaviour were 

measured through oscilloscope and the workpiece temperature was 

measured through thermal camera.   

3.2.1 Coil resistance and Inductance measurement   

 In experimental method, the readings of the coil were taken through a 

LCR meter. The meter was set on the L-R mode and biased volt of coil 

was set at 20V, and taken the reading with different frequencies.   

 

Figure 20 LCR Meter  

The frequency was increased from the 1 KHz to 1 MHz and readings of 

resistance and coil inductance were taken. The meter was very sensitive 

which can measure the milliohms resistance of the coil. The LCR meter 

is shown in figure 20. 
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3.2.2 Coil current, voltage and circuit switching behavior measure 

The coil current and voltage were measured in oscilloscope, for the 

current the FLUKE current meter was attached with oscilloscope to 

measure coil current. The circuit switching frequency behaviour was 

noted through oscilloscope. 

       

Figure 21 Oscilloscope and FLUKE current meter [25] 

3.2.3 Heat measurement 

The heat generated in the workpiece was measured through FLIR 

thermal camera. FLIR is a thermal imaging technology that detects 

infrared radiation or heat. It can also measure heat generated in 

different components mounted on the PCB.     

 

Figure 22 FLIR Thermal camera [26] 
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4 Design / Implementation 
The proposed design of induction heating system for specific 

application was implemented through different tasks: 

 Power density calculation, 

 Designing the induction heating element,  

 Designing the converter for induction heating system; and 

 Control design of induction heating system. 

4.1 Power density calculation 

In designing an induction heating system, the workpiece properties 

such as thermal and electrical properties decide how much power was 

required to heat the conducting material at a specific temperature. The 

power was calculated through the formula 15. 

4.2 Designing the Induction heating element 

The coil design was an important part of induction heating system 

design. Different coil designs are used for different applications. The 

heat distribution in a workpiece totally depends upon the coil geometry 

because it reflects the heating pattern on the workpiece.  

For the application of induction heating system of the fiber optics pipe 

joints, two different wounded shapes of rounded open jaw type coil 

were designed i.e OCTC and CSRC. The coils were designed in 

software’s for simulation and to check the behaviour of coils. The 

designs were then wounded by hand. 

Software design 

The coils were designed in 3D AutoCAD 2011 and then imported in 

COMSOL Multiphysics simulation software to check the behaviour of 

coils in terms of electromagnetic field and its direction; the electrical 

current and its directions in coil and workpiece; the skin effect and 

proximity effect of coil and workpiece; and coil losses. Two physics 

were applied on the coils i.e magnetic field and induction heating. The 

OCTC coil and CSRC coil are shown in the figure 23. 
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5 

 

                   OCTC                                                     CSRC 

Figure 23 COMSOL Multiphysics OCTC and CSRC Coils Design 

Hardware design of coils 

The open jaw type two coils OCTC and CSRC were wounded by hand 

as shown in the figure 23, both coils were 5cm long and their inner 

diameter was 2cm. To check the behaviour of coils, the resistances and 

inductances of the coils were measured by the LCR meter at constant 

voltage with different frequencies. The inductance of the OCTC was less 

than the CSRC inductance. The inductance has direct relation with the 

flux as shown in the above equation 8, so the magnetic flux was 

increased with increased the inductance and generates maximum heat 

in the workpiece and vice versa. 
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            OCTC coil                        Curved Spiral Rectangular coil  

Figure 24 OCTC and CSRC Coils Design Wound By Hand 

The OCTC coil was not a good design for IH because the magnetic flux 

was in closed proximity cancelled due to opposite direction of current.  

The CSRC design was a long-looped coil and its inductance was high, so 

it was selected for the specific application. The important characteristic 

of this coil design was that, it was like round open jaw. For joint a cable, 

firstly open the jaw of coil, place the fibre optic pipe inside the coil and 

close the jaw of coil and then made a joint. The inductance of coil was 

high so more magnetic flux generates inside the coil, which produce 

more heat in the workpiece.  

 The two-different cross sectional areas of wires 4mm and 6mm were 

wound in the CSRC shape, both wires had approximately the same 

length and coil design parameters were nearly same means 5cm long 

coil and 2cm inner diameter and observed the reading of both coils in 

LCR meter. The 6mm coil is shown in the figure 25. 

 The skin effect and proximity effect of coils was calculated through the 

formula, the proximity effect, three wires are very close to each other so 

that it causes to increase the proximity effect. 
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Figure 25 CSRC coil design of 6mm wire 

Disadvantages 

The coil proximity effect increased with high magnetic field that’s why 

the losses of the coil increased with high magnetic field. 

The temperature of coil increased the resistance of the coil, so the losses 

of the coil will increase. 

4.3 Designing the power system inverter 

 Simulation Software circuit design 

 PCB design 

4.3.1 Simulation software circuit design 

The power inverter designing is the most important part of the IH 

system design, which drives the whole system. The topology used in the 

proposed design of IH was Mazzilli converter topology. The main 

advantage of this topology was that it is self-resonant topology. The 

system runs automatically at the resonant frequency which was 

generated by the coil and resonant capacitor. The circuit diagram is 
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shown in figure 26. Firstly, the circuit was designed in the Mandi 

simulation software and checked the behaviour of the circuit and exact 

values of components were selected for getting better results. Small 

changes were made in the Mazzilli converter.  The proposed converter 

design was driven on two supplies rather than one, the gate driver 

circuit drove on 12 volts and the tank circuit drove on the 24 volts’ 

power supply. The gate driver was used to drive the switch. The circuit 

is shown below. 

 

 

Figure 26 Circuit Design in Mandi Simulation software 

The circuit used the ZVS technique to drive the MOSFETs which allow 

efficient transfer of the power. Standard resistors R1 and R2 of 10K ohm 

and 0.6W were used. The value of the resistor determines how quickly 

the MOSFETs can be turned on. The value of resistor should not be too 

small as the resistor is pulled to ground via the diode when the opposite 

MOSFET switch was on. The diodes D1 and D2 were used to discharge 

the gate of MOSFETs 
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4.3.2 PCB Design 

The design was implemented on the PCB the Eagle software was used 

for PCB design. The PCB analog design is shown in the figure 27.  

  

Figure 27 Circuit on PCB two-layer front and back sides 

4.3.3 Analog and digital control design 

The final PCB was designed by Muhammad Sahyouni the bachelor 

thesis, and the digital control programming was implemented by Wasiq 

Naeem 15 Credit project. Final PCB is shown in figure 28. 

 

Figure 28 Main PCB with Digital control 
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Selection of components 

MOSFETS 

The low drain-source resistance of MOSFETs was selected due to low 

losses of power and less heat dissipation and their response time is fast. 

The IRFB 4620 was used in proposed design because its RDS value is very 

small and its response time is very fast and its input CISS is 1000pf. The 

datasheet is shown online [27] 

Diode 

The low voltage drop and high speed schottky diode was selected. The 

voltage rating of the diodes must be sufficient to withstand the voltage 

rise of the resonant tank circuit. The SS16 schottky diode data sheet of 

the diode is shown online [28] 

Capacitor  

The low value of ESR capacitor was used because large amount of 

current will flow in the tank circuit if the resistance of ESR is high, more 

losses will occur and the capacitor will be heated. In the circuit 

IEC60384-14 MKP X2 capacitors were used, its value is 0.068µf, 275VAC. 

the data sheet is shown online [29]. 

Inductor  

The inductor L1 was used as the choke for keeping the high frequency 

oscillation out of the power supply and limited the current to the 

acceptable level. The value of the inductance should be quite large and 

wire should be thick that carries the all supply current. In the circuit, 

15uH was used. The data sheet is shown online [30].  

Gate driver 

The gate driver 3003 was used to drive the gate of the MOSFET quickly 

and efficiently it increased the power of the gate signal.  The data sheet 

is shown online [31]. 



Inductive weld of joints for optic 

fiber 

Muhammad Usman 

Results 

2017-11-13 

 

53 

5 Results 
This chapter shows calculated, simulation and measured results of 

induction heating system design. The power required to heat the 

workpiece was calculated first, after that design the coil in the 

simulation software and applied the physics on the coil and check the 

coil behaviour and then  physically wounded the coil’s design by hand 

and measured the current, voltages and frequency and also measured 

the power losses of coil and compare it with calculation, after that 

proposed power inverter circuit was designed on the simulation 

software and check the electrical behaviours of current, voltages, 

frequency and switching behaviour of MOSFET’s, finally the circuit was 

design on PCB and mount the calculated components on it and check its 

behaviours on real world and measured current, voltages and switching 

losses. The overall circuit results are shown below. 

5.1 Measured geometrical parameters of workpiece 

Firstly, the geometrical parameters of the workpiece were measured to 

design the induction heating coil. The workpiece was 4.5cm long, its 

inner diameter was 1.75cm and weight was 0.003grams. The workpiece 

is shown in figure 29. 

                

Figure 29 Workpiece 
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5.2 Calculate the power density of workpiece 

The workpiece was carbon steel; the specific heat of the workpiece was 

taken from the table 2. The power required to heat the workpiece was 

calculated through formula 14 shown in section 2.3.1. The initial 

temperature was 25 C and the final temperature was 150 C.  

𝑃𝑤 =
0.003𝑔 × 0.49(150 −  25) 

1𝑠
 

 
𝑃𝑤 = 183.75𝑊 

 

The IH system was required 183.75 watts’ power supply to heat the 

workpiece at 150-degree C without any other losses.  

5.3  Coil results 

The 6mm CSRC coil was designed in the COMSOL simulation software. 

The geometrical parameter of coil length was 5cm long and its inner 

diameters was 2cm and wire length was 1m, the coil was run on 

frequency transient with current 27A peak at frequency 237KHz. The 

time was set to 7 seconds and checks the coil behaviour.   

5.3.1 Software simulation results 

The COMSOL multiphysics software was used to check the flux density 

and its direction, resistance of the coil, skin depth of the coil and 

workpiece both and heat generated on the workpiece at different times. 

The only 6mm CSRC design was run on COMSOL simulation software. 

The computer-generated report is shown below  
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 Magnetic Flux Density Norm 1  

 

Figure 30 Time=10.126582 Multislice: Magnetic flux density norm (T) 

Temperature (Ih)  

 

Figure 31 Time=7.037975 Surface: Temperature (degC) 
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 Magnetic Flux Density Norm  

 

Figure 32  freq(131)=2.61e5 Multislice: Coil resistance (Ω) 

 1D Plot Group 14  

 

Figure 33 Global: penetration depth 
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 Resistance of coil 

 

Figure 34 Global: Coil resistance (Ω) 

 Magnetic Flux Density Norm 1.2  

 

Figure 35 Time=10.126582 Multislice: Skin depth (mm) 
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Skin depth of coil and workpiece  

 

Figure 36  Magnetic Flux Density Norm 1.3 

 

Figure 37 Multislice: Magnetic flux density norm (T) Arrow Volume: Magnetic flux 

density  
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5.3.2 Practical design of coils  

The proposed coil’s designs were wounded by hand for specific 

application, the geometrical parameters of both coils were nearly same 

but the wound shapes were different. The coils electrical parameters 

such as resistance, inductance was measured with different frequencies 

but at constant voltage through LCR meter model HP4284A which has 

variable frequency 20Hz to 1MHz available at the university as shown 

in the figure 38. 

 The LCR meter was settled on the LS-Rs mode from main menu and set 

the voltage level at 20V and measured the reading of both type of coils.   

 

 

Figure 38 Measure 4mm coil Inductance and resistance through LCR meter 
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5.3.3 CSRC 4mm wire reading and calculation 

Measured values  

Firstly, I measured the 4mm white CSRC coil reading, its resistance and 

inductance with different frequencies at constant voltage 20V and check 

the behaviour of coil. The reading is shown in the table 3 appendix B 

Matlab 

The Matlab was used to plot the measured readings and calculated 

readings through formulas. The figure 39 is shown the DC resistance 

and AC resistances of the coil. The DC resistance of the coil was 

measured through equation 8 shown in the section 2.2.4. The different 

AC resistances such as AC resistance through proximity effect and AC 

resistance through skin effect were calculated through equation’s 12 and 

13 in section 2.2.5.   

  

Figure 39 CSRC resistance and proximity and skin effects 

The two main factors were involved to increase the coil resistance when 

applying AC current, skin effect and the proximity effect which was 

occurs due to high frequencies and magnetic field, the proximity effect 

was greater than the skin effect as shown in the figure39.  The magnetic 
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field around the coils was high and they were close to each other its 

effect was large. The skin effect was increased with high frequencies; it 

has little contribution to increase the AC resistance than the proximity 

effect. The measured reading through LCR meter is shown in the blue 

square box line. This reading had some error because the meter or 

probes were not sensitive to measure the milliohms resistance. The total 

resistance of coil was sum of the DC resistance and AC resistances. The 

figure 40 shows the total combine resistances. 

  

  

Figure 40  DC resistance, AC resistance measured and calculated 

The resistance of the coil decreased the efficiency of the coil; the 

resistance of coil was direct relation with the losses of coil. The losses 

were calculated through equation 2 in section 2.1.2, where the losses 

were proportional to the square of the current and the resistance. The 

coil efficiency was also depending on the coil inductance, higher the coil 

inductance greater the magnetic field will be produced by coil.  The coil 

inductance was change with the frequencies as shown in the figure 41. 

This graph shows the measured reading of the inductor which was 

calculated through the LCR meter, the inductance of the coil was 

decreased in the high frequencies and increased with the low 
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frequencies. The inductance relationship formula with flux and current 

is shown in the section 2.2.3, equation 8. Where inductance is directly 

proportional to the magnetic flux and is inversely proportional to the 

current of the coil.  

 

Figure 41   Inductance VS frequency of CSRC 4mm coil. 

Skin depth 

The skin effect was caused by the AC current source. The majority of 

current was flow near the surface of the conductor. The skin depth was 

shown how much current flow inside the conductor. At the low 

frequencies, the depth of current was high; more current flow inside the 

conductor as the frequency increased the skin depth was going down 

and current flow on the surface. The figure 42 shows the skin depth of 

the copper wire. The skin depth was calculated through the equation 4 

in section 2.1.3. It’s depends on the resistivity of the materials and the 

frequency of the system and relative permeability. Every material has 

different skin depth. The skin depth was inversely relation with the 

resistance of the coil.         
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Figure 42   Skin depth of the copper wire 

5.3.4 OCTC coil 4mm reading  

The resistance and inductance of 4mm brown OCTC coil is shown on 

figure 24, the coil reading was measured through LCR meter with 

different frequencies and check the behaviour of coil through matlab. 

The reading is shown in the table 4 appendix B. The coil resistance 

relation with frequencies is shown in the figure 43 and the inductance of 

the coil is shown in the figure 44 respectively.   
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Figure 43  OCTC coil measured and calculated resistance 

 

Figure 44  OCTC coil measures Inductance 
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The resistance of the coil was near about same but the inductance of the 

OCTC coil was very low as shown in the figure 44. The CSRC coil and 

OCTC both used the same length, same cross sectional area of wire and 

also the coil wound length and coil inner diameter was also same but 

the coil’s wound shape was different. The CSRC had greater inductance 

and OCTC coil had very less inductance near about 9 times less, so the 

OCTC coil design was rejected, because the equation 8 shows that If the 

inductance of coil is low the current will be high and due to increase the 

current the losses should be also increases and the high-power inverter 

required to run the coil, so that design was in-efficient for induction 

heating system design.   

5.3.5 CSRC 6mm wire reading and calculation 

The 6mm blue CSRC coil reading was measured with LCR meter, its 

resistance and inductance with different frequency was measured and 

checks the behaviour of coil. The reading is shown in the table 5 

appendix B. The measured values are compared with calculated values, 

the DC resistance and AC resistances are shown in the figure 45.  

 

Figure 45  DC resistance, AC resistance’s measured and calculated 
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The calculated Rac, it was noted that when the diameter of the coil was 

increased the resistance of the coil was decreased which is shown in the 

figure 46 compared the result with figure 40. 

 

Figure 46: 6mm total resistance 

The wire diameter was changed to 6mm the others geometrical 

parameters of coil were same such as coil length, coil inner diameter 

wire length and wire wound design.  

Measured 6mm coil inductance 

The measured value of inductance of the coil is shown in the figure 47.  

The inductance of the coil was little bit increase than 4mm CSRC coil. 

The behaviour of inductor was same such as inductance decreased with 

high frequencies and increased with low frequencies, the inductance 

was increased due to not precisely control the geometrical parameters of 

coil design because of handmade coil. 
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Figure 47  CSRC 6mm Coil measured inductance 

Skin depth 6mm wire 

 

Figure 48: Skin effect of 6mm CSRC coil 

The skin depth was reducing at high frequency; the frequency was little 

bit increased here in 6mm CSRC coil. 
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Calculate 4mm coil inductance using Modified Wheeler and current 
sheet approximation  

Apply the equation 5, equation 6 and equation 7 by using matlab. The 

matlab code is shown in appendix A section 6.1.  The geometrical 

parameters of half coil are shown in figure 49 

 

Figure 49: CSRC coil geometrical parameters 

Modified wheeler inductance = 842nH. 

Current approximation inductance =852nH. 

5.4 Main circuit results 

The main circuit shows the overall results of the circuit, the calculated 

results, simulation results and measured results. Firstly, the calculated 

results of circuit are shown, and then the circuit was designed in the 

Mandi simulation software and shows the simulation results, the 

proposed circuit was design in the Eagle software for PCB design. The 

proposed circuit components were mounted on the PCB and at the end 

measured the reading of circuit and show the results. Then, these results 

were compared with each other.   

5.4.1 Calculated Results  

Firstly, the main circuit impedance was calculated, after that the voltage 

across the capacitor and current across the inductor was calculated; at 

the end calculated the power losses.    

Calculate the 4mm CSRC coil results without load 

The impedance of the circuit was calculated in the Matlab it was simple 

RC parallel tank circuit but the inductor’s resistance was series with 
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inductor the circuit is shown in figure 10 section 2.3.2. The 4mm CSRC 

coil resistance, inductor values and capacitor value was putted in the 

formula to measure the impedance of the circuit. The figure 50 shows 

the impedance of the circuit. It was noted that the impedance was high 

at the resonance frequency when XL=XC. If the frequency of the circuit 

was low the impedance was also low.  

 

Figure 50 CSRC 4mm coil circuit impedance 

 

Calculate the voltage 

The voltage was calculated across the capacitor through equation 28 

section 2.3.4. The input voltage of the parallel tank circuit was 25V.  

 

VPK = π x 25       

                                                             

= 78.54 Volts 
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Calculate the current of 4mm coil 

The current was calculated through simple ohm’s law shown in the 

figure 51.  

 

 
Figure 51 CSRC 4mm coil current 

The figure 51 shows the current in the resonant tank circuit, the current 

at resonance frequency is 23.84 RMS.  

Q factor of resonant circuit with 4mm coil 

The Q factor represented the quality of the resonant circuit. A high 

value of Q corresponds to very narrow band, the losses decreased. In the 

proposed circuit the coil resistance was series with the inductor, so the 

Q was calculated through equation 18 shown in the section 2.3.3. The 

calculated value is shown in figure 52. 

𝑄 =
2 ∗ 𝜋 ∗ 217𝑘𝐻𝑧 ∗ 988.83𝑛𝐻

0.0305
 

 
𝑄 = 44.21 
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Figure 52  CSRC 4mm coil Q Factor 

Calculated 4mm coil impedance results with load 

 

Figure 53: Calculated 4mm CSRC coil’s impedance with load 
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It was noted that when the load was inserted inside the coil the 

impedance was decreased and the frequency was increased. The current 

and Q factor of coil was also decreased. 

 

Figure 54: Calculated 4mm CSRC coil’s current with load 

 

Figure 55: Calculated 4mm CSRC coil’s Q-factor with load 
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Calculated 6mm wire’s coil impedance with and without load 

  

Figure 56: Impedance of circuit with 6mm wire coil 

Calculated 6mm wire’s coil current with and without load 

 

  

Figure 57: Calculated current of 6mm coil 

Q factor of coil with 6mm wire’s coil with and without load 

 

 

Figure 58: Q factor of resonant tank with 6mm coil 
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The 6mm coil results shows that when the diameter of coil increased the 

Q factor was also increased. The losses of coil were reduced due to 

decrease the amount of current. 

5.4.2 Simulation software Results 

The Mindi simulation software was used to check the behaviour of 

proposed circuit of Induction heating system in terms of current, 

voltages and switching frequency before implementation of hardware 

design. The different components values were selected to get the desire 

results. The main circuit design is shown in the figure 26, the drains 

current, voltage and gates switching behaviour is shown in the figure 

50.    

 

Figure 59  Main circuit current, voltages and switching behaviour 

Simulation results 

Switching behavior  

The ZVS topology was used in our proposed IH system design, which 

boosted up efficiency and performance. The Zero Voltage Switching 

(ZVS) which referred to turning on and turning off the switch, while the 

very small voltage still across the switch which was relative to the hard 

switching, the voltage was caused by the resistance RDS of MOSFET [20]. 

There was some power dissipated across the switch. The behaviour of 

switches is shown in figure50.  
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It was noted that gate voltage across the MOSFET-1 was 12V, the switch 

was turned on at that position, and the source to drain voltage across 

the MOSFET-1 was zero volts. When the gate voltage was near to zero 

volts the switch was turned off at that position, the source to drain 

voltage was near about 78volts. When switch was turned on position the 

maximum current flow across the switch, very small voltage produced 

across the switch due to the resistance RDS which caused the losses in 

power, this loss called switch losses. The MOSFET-2 works on same 

behaviour. It was noted that if MOSFET-1 turned off the MOSFET-2 

turned on and vice versa. The both drains currents were 180 degrees out 

of phase.  

5.4.3 Measured circuit result 

The components were soldered on the PCB board and attached the 

proposed design of coils one by one to check the behaviour of each coils. 

The difference between these coils are only diameter of wire, the designs 

of both coil were same such as coil length, coil diameter, coil turns and 

wire length.    

Measure the 4mm CSRC coil Results 

Firstly, the 4mm CSRC coil was attached with the Inverter circuit. The 

circuit was run on two voltage sources, the 12V and 24V. The circuit was 

operated with two 12V batteries; these batteries were connected in 

series, so the voltages were added. The 12V was supplied to the gate 

drive circuit and 24V was supplied to the resonant tank circuit, the 

ground was common for both circuits and run the circuit. The reading 

was measured through oscilloscope that shows the input and output 

signal behaviours, the figure 52 is shown drain current and drain 

voltage of the mosfet, here the circuit was operated in the 217Khz 

frequency, and the switching frequency was 50%. In this circuit design 

the ZVS technique was used, so the switching losses were very 

minimum.  

Firstly, the circuit was run without the load and measure the line 

current the circuit was taken 2.32A current without the load. The tank 

circuit current was measured with flex AC current probe as shown in 

the figure 60; the current meter is connected with the circuit.  
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Figure 60: Current measure in the coil 

 

The tank circuit current without load is shown in the figure 61. The 

circuit was operated in the 217 KHz. The current was near about 23.75A 

in the tank circuit. And the voltage of the tank was 78V. 

 

 
Figure 61 coil current and voltage without load 

 Now the load was place inside the coil and run the circuit the figure 62 

show the loaded circuit measurements. It was noted that the voltage and 

the current of the tank circuit was dropped little and the frequency of 

the circuit was also increased due to load. The circuit line current was 

measured with load was 11.25A.   
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Figure 62 coil current and voltage with load 

The circuit was run for 7seconds and measured the temperature of the 

workpiece through FLIR infrared sensor meter. The figure 63 shows the 

temperature of the work piece and other components temperature.  

 

 
Figure 63 Workpiece Heat 

It was noted that the other parts of the circuit were little bit worm but 

the workpiece temperature was increased to the 150-degree centigrade.  
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Circuit power losses Measure from main line  

Without load the circuit was taken the 2.32A current and the circuit runs 

on 24 V, so the power was calculated simply P=VI 

Plosses = 25*2.32 = 58W 

Circuit losses consist of coil losses and switching losses 

Coil losses 

Coil resistance = 0.0305Ω 

Current of tank circuit  = 23.75A 

Apply the equation 2  

Ploss of coil = I2 *R = 23.752 *0.0305 = 17.2W 

Switching losses  

Mosfet resistance [27] =72.5mΩ              

Current =23.75A  

Pswitching losses = I2 *R = 23.752 *0.0725 = 40.89W 

Total power loss = switching losses + coil losses 

                               = 58.09W. 

Efficiency of the circuit 

100*
tloadcurren

scurrentlostloadcurren
ciencySystemEffi


  

=(11.25-2.32)*100/11.25 =79.37 

Measure the 6mm CSRC coil results 

The circuit coil was changed with 6 mm CSRC coil.  The drain current 

and voltage reading is shown in the figure 64.  



Inductive weld of joints for optic 

fiber 

Muhammad Usman 

Results 

2017-11-13 

 

79 

 

Figure 64 CSRC 6mm coil current and voltages without load 

The resonant tank circuit current was 19.5A without load and the 

voltages was near about 78V. It was noted that the current of the tank 

circuit was decreased due to increase the inductance of coil; the losses of 

the coil were decreased due to increase the inductance and decreased 

the resistance of coil. Due to decrease the tank current, the power losses 

across the MOSFET due to RDS was also decreased. The line current of 

the circuit without load was 1.8A. The current and voltage across the 

tank circuit with load is shown in the figure 65.  

 

Figure 65 CSRC 6mm coil current and voltage with load 

The voltage and current was dropped due to the load, the current was 

17.5A and the voltage was 76V approximately, the frequency was 

increased to 247 kHz. 
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Circuit power losses Measure from main line with 6mm coil  

 In the induction heating system, the power losses were coil losses and 

the MOSFET losses. Current = 1.8A, voltage = 25.  

P = V*I = 1.8*25 = 45 

Coil loss of 6mm coil 

Coil resistance was = 0.022Ω 

Current of tank circuit was = 19.5A 

Apply the equation 2  

Ploss of coil = I2 *R = 19.52 *0.022 = 8.37W 

Switching losses  

Mosfet resistance [27] =72.5mΩ              

Current =19.5A  

Pswitching losses = I2 *R = 19.52 *0.0725 = 27.57W 

Total power loss = switching losses + coil losses 

                               = 35.94W  

Efficiency of the circuit 

100*
tloadcurren

scurrentlostloadcurren
ciencySystemEffi


  

=(9.2-1.8)*100/9.2 =80.43 

 

Battery requirements   

The battery gives the 5AH and two batteries were connected in the 

series. In the series, the current remained the same but the voltage was 

added so the total voltage of the battery was  

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 1 +  𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 2 

𝑉𝑡𝑜𝑡𝑎𝑙 = 24𝑉 
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The ampere-hour is a unit of current multiplied by a unit of time. 

Current is charge per unit time, so an ampere-hour. 

 
AH = 5A × 3600 

 

So the potential energy stored in the battery is equal to the  

 

𝑃. 𝐸 = 5 × 3600 × 24 
 

= 432𝐾𝐽 

 

Energy required for the joint 

A joint was taken 7s of 11.25A current and the voltage was 24 V, so the 

total energy taken by the joint was. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑗𝑜𝑖𝑛𝑡 = 11.25 × 7 × 24 

= 1890𝐽 

Joints in the day 

The total joint an engineer can make in the day of 5AH and 24V battery 

is  

𝑇𝑜𝑡𝑎𝑙 𝑗𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑎𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑒𝑛𝑒𝑟𝑔𝑦

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑗𝑜𝑖𝑛𝑡 𝑒𝑛𝑒𝑟𝑔𝑦
 

 

=
432000

1545.6
 

 = 228 𝑗𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑎𝑦s 
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6 Conclusions / Discussion 
The induction heating is most convenient method for heating the metals 

because energy is produced uniformly inside the heating metals. This 

method is cheap, energy efficient, portable, consistent of heat 

generating, repeatable and energy efficient. The ZVS is achieved from 

proposed design. The Mosfet with minimum RDS is best for less switch 

loss. The coil resistance should be low because in the equation 2 losses 

are square of the current and resistance.  The inductance of the coil 

should be high to decrease the losses. 
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6.1 Modified Wheeler and current approximation matlab code 
clear all 
clc 
fr=235000; 
C=544e-9; 
L=1./(((2*pi*fr)^2)*C);   
c1=1.27; 
c2=2.07; 
c3=0.18; 
c4=0.13; 
davg=(30000+55000+30000+50000+25000+45000+21000+40000+18000+3500

0+15500+30000+13000+25000+10000)/15e6; 
n=3.5; 
dout=(55000+30000+50000+30000)/4e6; 
din=(30000+13000+25000+10000)/4e6; 
p=(dout-din)./(dout+din);% equation 6 
L_current_approximation=(((1e-

6).*n^2.*davg.*c1)./2)*(log(c2/p)+c3.*p+c4.*p^2)*2;% equation 7 

  
K1=2.34; 
K2=2.75; 
L_modifiedwheeler=(1e-6)*K1*(n^2*davg)/(1+K2*p)*2; % Equation 5  

 

 

6.2 4mm CSRC coil resistance 
clear all; 
clc 
resistance=[0.00006,0.00079,0.00186,0.00334,0.00440,0.00613,0.00

715,0.00830,0.01021,0.01240,0.01491,0.01620,0.01723,0.01952,0.02

137,0.023730,0.02620]; 
frequency= 

[25000,30000,40000,50000,60000,80000,100000,120000,150000,200000

,250000,300000,400000,500000,600000,800000,1000000]; 
Inductance= 

[0.86261,0.85692,0.85087,0.84531,0.84267,0.83837,0.83587,0.83337

,0.83179,0.82937,0.82766,0.82669,0.82512,0.82378,0.82300,0.82150

,0.82011]; 

  

  
length =1; 
A=6e-6; %http://myelectrical.com/notes/entryid/112/the-dc-

resistance-of-conductors 

  
rho=1.7241e-8; 
Rdc=rho*length/A; %http://www.google.com/patents/US20130014973 
Ks=0.435; 
Kp=0.37; 
dc=2.764; 
% dc=(1000*(sqrt(4*A/pi)))^2; 
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s=1.45; 
f=10.^[3:0.001:6] 
Xs=sqrt(8*pi*f*10^(-7)*Ks/Rdc); 
for i=1:3001; 
Ys(i)= (Xs(i))^4/(192+0.8*(Xs(i))^4); 
end 
Xp=sqrt(8*pi*f*10^(-7)*Kp/Rdc); 
for i=1:3001; 
Yp(i)= 

(Xp(i))^4/(192+0.8*(Xp(i))^4)*(dc/s)^2*(0.312*(dc/s)^2+1.18/((Xp

(i))^4/(192+0.8*(Xp(i))^4)+0.27)); 
end 
for i=1:3001; 
Rac(i)=Rdc*(Yp(i)); 

  
end 
for i=1:3001; 
TRac(i)=Rdc*(1+Ys(i)+Yp(i)); 

  
end 
for i=1:3001; 
skr(i)=Rdc*(Ys(i)); 
end 

  
fr=235e3; 
 xs=sqrt(8*pi*fr*10^(-7)*Ks/Rdc); 
 ys= (xs)^4/(192+0.8*(xs)^4); 
 xp=sqrt(8*pi*fr*10^(-7)*Kp/Rdc); 
 yp= 

(xp)^4/(192+0.8*(xp)^4)*(dc/s)^2*(0.312*(dc/s)^2+1.18/((xp)^4/(1

92+0.8*(xp)^4)+0.27)); 
% yp = (xs)^4/(192+0.8*(xs)^4)*2.9*(dc/s)^2; 
 rac=Rdc*(1+ys+yp) 
 u=4*pi*10^-7; 

  
 for i=1:3001; 
Skindepth(i)=sqrt(rho/(pi*f(i)*u)); 
 end 
 Skin=sqrt(rho/(pi*fr*u)); 
figure(1) 
semilogx(frequency,resistance,'bs-',1e3,Rdc,'ro',f,TRac,'g-'); 
ylabel('Resistance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Resistance Vs Frequency'); 

  
figure(2) 
semilogx(frequency,Inductance,'r'); 
ylabel('Inductance (µH)'); 
xlabel('Frequency (Hz)'); 
title('Inductance Vs Frequency'); 
figure(3) 
semilogx(f,Skindepth,'b'); 
ylabel('Depth (m)'); 
xlabel('Frequency (Hz)'); 
title('Skin Depth Vs Frequency'); 

  
figure(4) 
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semilogx(frequency,resistance,'bs-',1e3,Rdc,'ro',f,Rac,'g-

',f,skr,'c'); 
ylabel('Resistance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Resistance Vs Frequency'); 

  

 

6.3 4mm OCTC coil resistance and inductance 
clear all; 
clc 
resistance=[0.01304,0.01342,0.01409,0.01452,0.01511,0.01545,0.01

639,0.01780,0.01832,0.01901]; 
frequency= 

[120000,150000,200000,250000,300000,400000,500000,600000,800000,

1000000]; 
Inductance= 

[0.09351,0.09312,0.09290,0.09268,0.09247,0.09196,0.09152,0.09120

,0.09087,0.09046]; 

  
length =1; 
A=4e-6; %http://myelectrical.com/notes/entryid/112/the-dc-

resistance-of-conductors 

  
rho=1.7241e-8; 
Rdc=rho*length/A; %http://www.google.com/patents/US20130014973 
Ks=0.435; 
Kp=0.37; 
dc=2.257; 
% dc=(1000*(sqrt(4*A/pi)))^2; 
s=1.67; 
f=10.^[3:0.01:6] 
Xs=sqrt(8*pi*f*10^(-7)*Ks/Rdc); 
for i=1:301; 
Ys(i)= (Xs(i))^4/(192+0.8*(Xs(i))^4); 
end 
Xp=sqrt(8*pi*f*10^(-7)*Kp/Rdc); 
for i=1:301; 
Yp(i)= 

(Xp(i))^4/(192+0.8*(Xp(i))^4)*(dc/s)^2*(0.312*(dc/s)^2+1.18/((Xp

(i))^4/(192+0.8*(Xp(i))^4)+0.27)); 
end 
for i=1:301; 
Rac(i)=Rdc*(Yp(i)); 

  
end 
for i=1:301; 
TRac(i)=Rdc*(1+Ys(i)+Yp(i)); 

  
end 
for i=1:301; 
skr(i)=Rdc*(Ys(i)); 
end 

  
fr=235e3; 
 xs=sqrt(8*pi*fr*10^(-7)*Ks/Rdc); 
 ys= (xs)^4/(192+0.8*(xs)^4); 
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 xp=sqrt(8*pi*fr*10^(-7)*Kp/Rdc); 
 yp= 

(xp)^4/(192+0.8*(xp)^4)*(dc/s)^2*(0.312*(dc/s)^2+1.18/((xp)^4/(1

92+0.8*(xp)^4)+0.27)); 
 rac=Rdc*(1+ys+yp) 
 u=4*pi*10^-7; 

  
 for i=1:301; 
Skindepth(i)=sqrt(rho/(pi*f(i)*u)); 
 end 
 Skin=sqrt(rho/(pi*fr*u)); 
figure(1) 
semilogx(frequency,resistance,'bs-',1e3,Rdc,'ro',f,TRac,'g-'); 
ylabel('Resistance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Resistance Vs Frequency'); 

  
figure(2) 
semilogx(frequency,Inductance,'r'); 
ylabel('Inductance (µH)'); 
xlabel('Frequency (Hz)'); 
title('Inductance Vs Frequency'); 
figure(3) 
semilogx(f,Skindepth,'b'); 
ylabel('Depth (m)'); 
xlabel('Frequency (Hz)'); 
title('Skin Depth Vs Frequency'); 

  
figure(4) 
semilogx(frequency,resistance,'bs-',1e3,Rdc,'ro',f,Rac,'g-

',f,skr,'c'); 
ylabel('Resistance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Resistance Vs Frequency'); 

  

 

6.4 6mm CSRC coil resistance 
clear all; 
clc 
resistance=[0.00467,0.00493,0.00526,0.00534,0.00549,0.00559,0.00

588,0.00625,0.00662,0.00741,0.00805,0.00853,0.00903,0.00970,0.01

039,0.01117,0.01204,0.01339,0.01435,0.0158,0.01674,0.01916,0.020

71,0.02364,0.02390,0.025020,0.02690,0.02730,0.02820]; 
frequency= 

[1500,2000,2500,3000,4000,5000,6000,8000,10000,12000,15000,20000

,25000,30000,40000,50000,60000,80000,100000,120000,150000,200000

,250000,300000,400000,500000,600000,800000,1000000]; 
Inductance= 

[0.9712,0.96481,0.95111,0.9470,0.94368,0.93957,0.93466,0.92847,0

.9258,0.91544,0.9087,0.9005,0.89581,0.88817,0.88317,0.87752,0.87

188,0.8665,0.86422,0.86024,0.85805,0.85444,0.85235,0.8500,0.8486

2,0.84749,0.8468,0.84550,0.8444]; 
length =1; 
A=4e-6; %http://myelectrical.com/notes/entryid/112/the-dc-

resistance-of-conductors 
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rho=1.7241e-8; 
Rdc=rho*length/A; %http://www.google.com/patents/US20130014973 
Ks=0.435; 
Kp=0.37; 
dc=2.257; 
% dc=(1000*(sqrt(4*A/pi)))^2; 
s=1.67; 
f=10.^[3:0.001:6] 
Xs=sqrt(8*pi*f*10^(-7)*Ks/Rdc); 
for i=1:3001; 
Ys(i)= (Xs(i))^4/(192+0.8*(Xs(i))^4); 
end 
Xp=sqrt(8*pi*f*10^(-7)*Kp/Rdc); 
for i=1:3001; 
Yp(i)= 

(Xp(i))^4/(192+0.8*(Xp(i))^4)*(dc/s)^2*(0.312*(dc/s)^2+1.18/((Xp

(i))^4/(192+0.8*(Xp(i))^4)+0.27)); 
end 
for i=1:3001; 
Rac(i)=Rdc*(Yp(i)); 

  
end 
for i=1:3001; 
TRac(i)=Rdc*(1+Ys(i)+Yp(i)); 

  
end 
for i=1:3001; 
skr(i)=Rdc*(Ys(i)); 
end 

  
fr=235e3; 
 xs=sqrt(8*pi*fr*10^(-7)*Ks/Rdc); 
 ys= (xs)^4/(192+0.8*(xs)^4); 
 xp=sqrt(8*pi*fr*10^(-7)*Kp/Rdc); 
 yp= 

(xp)^4/(192+0.8*(xp)^4)*(dc/s)^2*(0.312*(dc/s)^2+1.18/((xp)^4/(1

92+0.8*(xp)^4)+0.27)); 
% yp = (xs)^4/(192+0.8*(xs)^4)*2.9*(dc/s)^2; 
 rac=Rdc*(1+ys+yp) 
 u=4*pi*10^-7; 

  
 for i=1:3001; 
Skindepth(i)=sqrt(rho/(pi*f(i)*u)); 
 end 
 Skin=sqrt(rho/(pi*fr*u)); 
figure(1) 
semilogx(frequency,resistance,'bs-',1e3,Rdc,'ro',f,TRac,'g-'); 
ylabel('Resistance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Resistance Vs Frequency'); 

  
figure(2) 
semilogx(frequency,Inductance,'r'); 
ylabel('Inductance (µH)'); 
xlabel('Frequency (Hz)'); 
title('Inductance Vs Frequency'); 
figure(3) 
semilogx(f,Skindepth,'b'); 



Inductive weld of joints for optic 

fiber 

Muhammad Usman 

 Appendix A 

2017-11-13 

 

xci 

ylabel('Depth (m)'); 
xlabel('Frequency (Hz)'); 
title('Skin Depth Vs Frequency'); 

  
figure(4) 
semilogx(frequency,resistance,'bs-',1e3,Rdc,'ro',f,Rac,'g-

',f,skr,'c'); 
ylabel('Resistance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Resistance Vs Frequency'); 

  

6.5 4mm CSRC coil impedance, current and Q factor without 
load. 
clear all 
clc 
RL=0.0305;  %Inductor Resistance 
RC=0.00;  %Resistance 
C=544*10^(-9);  %Capacitance 
f=10.^[2:0.001:8]  %Resonant Frequency 
fr=217000; % Resonance frequency 
XC=1./(2*pi*f*C); % Capacitive Reactance 
L = 1/(((2*pi*fr)^2)*C);%Inductance 
XL=2*pi*f*L; % Inductive reactance 
for i=1:6001 
ZL(i) = sqrt((RL^2)+(XL(i)^2) );% coil impedance 
end 
for i=1:6001 
ZC(i) = sqrt((RC^2)+(XC(i)^2) ); % capacitor impedance 
end 

  
for i=1:6001 
ZT(i) = 2*(ZL(i)*ZC(i))/(ZL(i)+ZC(i)); % Admitance 
end 
for i=1:6001 
Q(i) = ZT(i)/RL; 
end 
for i=1:6001 
I(i) = (25 * ZT(i)/sqrt(2)); % Simple Ohm law 
end 
 figure(1) 
semilogx(f,ZT,'g') %See also result in w axis in log domain 

  
ylabel('Impedance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Impedance Vs Frequency'); 
figure(2) 
semilogx(f,Q,'r') 
ylabel('Q of coil'); 
xlabel('Frequency (Hz)'); 
title('Q-factor Vs Frequency'); 
figure(3) 
semilogx(f,I,'r') 
ylabel('Current (Amp)'); 
xlabel('Frequency (Hz)'); 
title('Current Vs Frequency'); 
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6.6 4mm CSRC coil impedance, current and Q factor with 
load. 
clear all 
clc 
RL=0.0305;  %Inductor Resistance 
RC=0.00;  %Resistance 
C=544*10^(-9);  %Capacitance 
f=10.^[2:0.001:8]  %Resonant Frequency 
fr=230000; % Resonance frequency 
XC=1./(2*pi*f*C); % Capacitive Reactance 
L = 1/(((2*pi*fr)^2)*C);%Inductance 
XL=2*pi*f*L; % Inductive reactance 
for i=1:6001 
ZL(i) = sqrt((RL^2)+(XL(i)^2) );% coil impedance 
end 
for i=1:6001 
ZC(i) = sqrt((RC^2)+(XC(i)^2) ); % capacitor impedance 
end 

  
for i=1:6001 
ZT(i) = 2*(ZL(i)*ZC(i))/(ZL(i)+ZC(i)); % Admitance 
end 
for i=1:6001 
Q(i) = ZT(i)/RL; 
end 
for i=1:6001 
I(i) = (25 * ZT(i)/sqrt(2)); % Simple Ohm law 
end 
 figure(1) 
semilogx(f,ZT,'g') %See also result in w axis in log domain 

  
ylabel('Impedance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Impedance Vs Frequency'); 
figure(2) 
semilogx(f,Q,'r') 
ylabel('Q of coil'); 
xlabel('Frequency (Hz)'); 
title('Q-factor Vs Frequency'); 
figure(3) 
semilogx(f,I,'r') 
ylabel('Current (Amp)'); 
xlabel('Frequency (Hz)'); 
title('Current Vs Frequency'); 

 

6.7 6mm CSRC coil impedance, current and Q factor without 
load. 
clear all 
clc 
RL=0.022;  %Inductor Resistance 
RC=0.00;  %Resistance 
C=544*10^(-9);  %Capacitance 
f=10.^[2:0.001:8]  %Resonant Frequency 
fr=235000; % Resonance frequency 
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XC=1./(2*pi*f*C); % Capacitive Reactance 
L = 1/(((2*pi*fr)^2)*C);%Inductance 
XL=2*pi*f*L; % Inductive reactance 
for i=1:6001 
ZL(i) = sqrt((RL^2)+(XL(i)^2) );% coil impedance 
end 
for i=1:6001 
ZC(i) = sqrt((RC^2)+(XC(i)^2) ); % capacitor impedance 
end 

  
for i=1:6001 
ZT(i) = 2*(ZL(i)*ZC(i))/(ZL(i)+ZC(i)); % Admitance 
end 
for i=1:6001 
Q(i) = ZT(i)/RL; 
end 
for i=1:6001 
I(i) = (25 * ZT(i)/sqrt(2)); % Simple Ohm law 
end 
 figure(1) 
semilogx(f,ZT,'g') %See also result in w axis in log domain 

  
ylabel('Impedance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Impedance Vs Frequency'); 
figure(2) 
semilogx(f,Q,'r') 
ylabel('Q of coil'); 
xlabel('Frequency (Hz)'); 
title('Q-factor Vs Frequency'); 
figure(3) 
semilogx(f,I,'r') 
ylabel('Current (Amp)'); 
xlabel('Frequency (Hz)'); 
title('Current Vs Frequency'); 

 

6.8 6mm CSRC coil impedance, current and Q factor with 
load. 

 
clear all 
clc 
RL=0.022;  %Inductor Resistance 
RC=0.00;  %Resistance 
C=544*10^(-9);  %Capacitance 
f=10.^[2:0.001:8]  %Resonant Frequency 
fr=245000; % Resonance frequency 
XC=1./(2*pi*f*C); % Capacitive Reactance 
L = 1/(((2*pi*fr)^2)*C);%Inductance 
XL=2*pi*f*L; % Inductive reactance 
for i=1:6001 
ZL(i) = sqrt((RL^2)+(XL(i)^2) );% coil impedance 
end 
for i=1:6001 
ZC(i) = sqrt((RC^2)+(XC(i)^2) ); % capacitor impedance 
end 
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for i=1:6001 
ZT(i) = 2*(ZL(i)*ZC(i))/(ZL(i)+ZC(i)); % Admitance 
end 
for i=1:6001 
Q(i) = ZT(i)/RL; 
end 
for i=1:6001 
I(i) = (25 * ZT(i)/sqrt(2)); % Simple Ohm law 
end 
 figure(1) 
semilogx(f,ZT,'g') %See also result in w axis in log domain 

  
ylabel('Impedance (Ohm)'); 
xlabel('Frequency (Hz)'); 
title('Impedance Vs Frequency'); 
figure(2) 
semilogx(f,Q,'r') 
ylabel('Q of coil'); 
xlabel('Frequency (Hz)'); 
title('Q-factor Vs Frequency'); 
figure(3) 
semilogx(f,I,'r') 
ylabel('Current (Amp)'); 
xlabel('Frequency (Hz)'); 
title('Current Vs Frequency'); 
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Appendix B 
 

Materials at room 

Temperature 

Electrical Resistivity 

(Ω .m) 

Temperature Coefficient 

(1/C) 

Silver 1.59×10-8 0.0061 

Copper 1.68×10-8 0.0068 

Gold 2.44×10-8 0.0034 

Aluminium 2.65×10-8 0.0043 

Tungsten 5.60×10-8 0.0045 

Zinc 5.91×10-8 0.0042 

Nickel 6.80×10-8 0.0069 

Cobalt 9.00×10-8 0.0053 

Mild Carbon Steel 15.9×10-8 0.0061 

Stainless Steel 70.0×10-8 0.0061 

Lead 1.59×10-8 0.0061 

 

Table 1: Electrical resistivity and temperature coefficients of materials 

[1]. 
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Table 2: Specific heat of common metals [32] 

 

Frequency (Hz) Resistance (Ω) Inductance (µH) 

25k 0.0006 0.8626 

30k 0.00079 0.8569 

40k 0.00186 0.8509 

50k 0.00334 0.8453 

60k 0.00440 0.8427 

80k 0.00613 0.8384 
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100k 0.00715 0.8359 

120k 0.00830 0.8334 

150k 0.01021 0.8318 

200k 0.01240 0.8294 

250k 0.01491 0.8277 

300k 0.01620 0.8267 

400k 0.01723 0.8251 

500k 0.01952 0.8238 

600k 0.02137 0.8230 

800k 0.02373 0.8215 

1M 0.02620 0.8201 

Table 3: CSRC 4mm coil measurement 

 

Frequency (Hz) Resistance (Ω) Inductance (µH) 

1M 0.01901 0.09032 

800K 0.01865 0.09057 

600K 0.01820 0.09152 

500K 0.01780 0.09196 

400K 0.01743 0.09247 

300K 0.01695 0.09280 

250K 0.01665 0.09389 

Table 4: OCTC 4mm coil measurement 
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Frequency (Hz) Resistance (Ω) Inductance (µH) 

1500 0.00467 0.9712 

2000 0.00493 0.96481 

2500 0.00526 0.95111 

3000 0.00534 0.9470 

4000 0.00549 0.9436 

5000 0.00559 0.9395 

6000 0.00588 0.9346 

8000 0.00625 0.9285 

10000 0.00662 0.9258 

12000 0.00741 0.9154 

15000 0.00805 0.9087 

20000 0.00853 0.9005 

25000 0.00903 0.8958 

30000 0.00970 0.8881 

40000 0.01039 0.8831 

50000 0.01117 0.8775 

60000 0.01204 0.8718 

80000 0.01339 0.8665 

100000 0.01435 0.8642 

120000 0.0158 0.8602 

150000 0.01674 0.8580 
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200000 0.01916 0.8544 

250000 0.02071 0.8523 

300000 0.02364 0.8500 

400000 0.02390 0.8486 

500000 0.025020 0.8474 

600000 0.02690 0.8468 

800000 0.02730 0.8455 

1M 0.02820 0.8444 

Table 5: CSRC 6mm coil reading 

 

 

 

 

Table 6 :  Coefficients tables of Modified wheeler and current sheet expression [13]



 

1 

 


