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A Novel Induction Heating System Using
Multilevel Neutral Point Clamped Inverter

Bashar Mohammed Flayyih Al Shammeri

Abstract

This thesis investigates a novel DC/AC resonant inverter of Induction Heating (IH) sys-
tem presenting a Multilevel Neutral Point Clamped (MNPCI) topology, as a new part
of power supply design. The main function of the prototype is to provide a maximum
and steady state power transfer from converter to the resonant load tank, by achieving
zero current switching (ZCS) with selecting the best design of load tank topology, and
utilizing the advantage aspects of both the Voltage Fed Inverter (VFI) and Current Fed
Inverter (CFI) kinds, therefore it can considered as a hybrid-inverter (HVCFI) category.
The new design benefits from series resonant inverter design through using two bulk volt-
age source capacitors to feed a constant voltage delivery to the MNPCI inverter with half
the DC rail voltage to decrease the switching losses and mitigate the over voltage surge
occurred in inverter switches during operation which may cause damage when dealing
with high power systems. Besides, the design profits from the resonant load topology of
parallel resonant inverter, through using the LLC' resonant load tank. The design gives
the advantage of having an output current gain value of about Quality Factor (@) times
the inverter current and absorbs the parasitic components. On the contrary, decreas-
ing inverter current means decreasing the switching frequency and thus, decreasing the
switching losses of the system. This aspect increases the output power, which increases
the heating efficiency. In order for the proposed system to be more reliable and matches
the characteristics of IH process , the prototype is modelled with a variable LLC' topol-
ogy instead of fixed load parameters with achieving soft switching mode of ZCS and
zero voltage switching (ZVS) at all load conditions and a tiny phase shift angle between
output current and voltage, which might be neglected.

To achieve the goal of reducing harmonic distortion, a new harmonic control modulation
is introduced, by controlling the ON switching time ¢, to obtain minimum Total Har-

monic Distortion (THD) content accompanied with optimum power for heating energy.

il
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Chapter 1

Introduction

T he electromagnetic induction phenomena forms the heart of Induction Heat-

ing IH concept was first discovered by Michael Faraday in 1831 [1]|. Since

then, the IH technology began to be the best choice in many industrial [2], domestic [3]
and medical applications [4], because of its advantages of: clean, rapid, contactless, su-
perior control design, non contaminated and high efficiency heating process as compared

with other traditional heating appliances like fuel heating furnaces.

The IH device consists mainly from an induction coil fed from a resonant IH power
supply and surrounds the material load (or also called workpiece) to be heated. The
basic concept of induction heating is similar to the transformer theory with the induc-
tor as a primary and a single turn-short circuited secondary winding as the workpiece.
Therefore, its current will be high and considerable losses are developed. When the coil
is excited, it produces an alternating magnetic field. The variation in the field induces
eddy currents along paths concentric with the axis. The magnetic field of eddy currents
opposes the main field according to Lenz law. This energy dissipation mechanism is
called Joule effect 5], and it concentrates near the surface of the workpiece. The current
density varies exponentially inside the workpiece, and when it falls to about one third of

its surface value is usually called penetration (skin) depth phenomena [2].
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The most important factor in any IH application is maximizing the efficiency, which
means gaining more output power with less energy losses through the system, in other
words the proposed design must offer the condition of achieving optimum heating power
transfer from power supply bank to the consumer load tank side of proposed induction

heating configuration.

The aim of maximizing the efficiency requires decreasing the power losses of induc-
tion heating process, which implies reducing the undesired losses like switching losses of
the supply inverter and mitigating other losses like parasitic components. These losses
have a considerable effect on the overall system efficiency especially when talking about
high power, current and frequency. Achieving these goals mean having more reliable TH
configuration with less financial cost and best fitted design, which may be considered as

an important indicator for successful industrial application.

The choice of power supply in any IH system have a great effect on the efficiency
magnitude of delivered power from inverter to IH load tank set being chosen. The elec-
trical specifications of power supply like power, voltage, current and operating frequency
depend on many determinants, among them: planned application and mainly on the
interaction between the selected DC/AC inverter type and the TH load tank used. While
the AC/DC rectifier side is also important for controlling the input power, at this stage

it will be considered as a DC power supply throughout the work.

The TH load includes mainly the heating coil and the material (workpiece) to be
heated or melted depending on application, it may be modelled by a configuration set
of resistance(s), inductance(s) and compensating capacitor(s), depending on the selected
method of resonance, which need to be discussed later; therefore this chapter will focus
on the most popular configurations utilized in different power supply designs and their

recent improvements.
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While later on, the chapter will focus on the main categories of load tank equivalent
circuit being utilized in most IH systems, in order to choose one of them that offers
the advantages of compact design and less cost, and at the end of the chapter there
will be a general map to the proposed prototype configuration of IH power supply for
both inverter and load equivalent, which can be effectively used as a novel design in TH
system together with other well known resonant inverters mostly used, but with reduced
switching losses and less harmonic distortion content and hence maximum heating power

efficiency.

1.1 The State-of-Art of Previous Work

The IH principle has many advantages, among them better working environment, safety,
security, fast heating rate, heat control and high efficiency, which inspires to use it in
many applications, from small ones like domestic to the huge applications such as aircraft
industries. These applications includes three main categories: domestic, industrial and

medical. The reason of using IH in these applications can be summarized as follows:

e Domestic Applications: The IH is used in domestic industries, because it can
be considered as a highly reliable technique that has the capability to build a low-
cost design that operates under medium frequency with high efficiency, besides it
has the ability to heat non-ferromagnetic materials [6-9].

e Industrial Applications: TH is highly utilized in large industrial plants like air-
craft and automotive industries, because of its reliability in high power rating and
the ability for optimizing the heat distribution under low-high switching frequency
with high efficiency [10-14].

e Medical Applications: It is used, because of the local heating capability ac-
companied by the ability to control the magnetic field with low power and high

switching frequency [15,16].



Chapter: 1 Section: 1.1

The history of IH can be divided into two phases: The first phase began from the
latest XIX century [17]. The IH concept was first discovered by Michael Faraday, he
showed that currents are induced in a secondary circuit because of alternating magnetic
field caused by AC current flowing in the neighbour primary circuit, then James P.
Joule introduced the Joule Effect principle, which states that heat is induced in a con-
ductor due to current flow through it. But, the first IH industrial product for melting
metals was established in (1887) by Sebastian Z. de Ferranti. Then in (1891), F.A.
Kjellin introduced the induction furnace in its early form. Later, Edwin F. Northrup
presented the high frequency induction furnace in (1916), and at the same time, M.G.
Riband produced high frequency spark-gap generators. Also, Valentin P. Vologdin
presented machine generators and vacuum tubes as an IH generators. During the WWII
period and later, the aircraft and automotive industry accelerated the IH technology

development.

The second phase of [H revolution is using the power semiconductors especially the
thyristors in IH systems, accompanied by the appearance of bipolar junction transistor
(BJT), metal oxide semiconductor field effect transistor (MOSFET) and the insulated-
gate bipolar transistor (IGBT), which made the ITH concept widely spread in many ap-
plications.

As a consequence, at the 80s decade, the IH domestic applications was widely spread,
and since latest of the 80s and during the XXI century, the interest in using IH concept
in medical applications increased, because of its accuracy and local heating capability

for hyperthermia treatment [18].

In all of the above applications, the converter is the main device that provides them
with the required frequency, voltage, current, and power. The converter consists mainly
from two parts: part one is the AC/DC rectifier, which could be as a non-controlled
diode bridge or controlled stage using thyristors [13]. In order to control the input power

of the diode bridge, the DC/DC buck converter stage is inserted to the design [19], and
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to increase the power factor of the configuration, a power factor correction (PFC) circuit

is sometimes added [20].

The DC/AC inverter is the most important component which forms part two of TH
system [21]|. The most efficient and predominant categories of IH inverters are the series
resonant voltage source and the parallel resonant current source [22]. The Load topology
utilized in the series inverter is the series resonant second order tank [11,23], while the
load configuration utilized in the parallel inverter is the parallel resonant second order
tank [24], whilst; the series-parallel LCL (or also called LCL) topology gathers the ad-
vantages of both the series and parallel resonant designs with adding extra protection

from short circuit fault [10, 14].

Depending on the number of switches in the design, the most popular topologies uti-
lized in the IH systems are the H-bridge [25], half-bridge [26,27] and the single switch 28],
as shown in Fig. 1.1, Fig. 1.2 and Fig. 1.3 respectively.

Therefore, an introduction to some of the previous induction heating systems will be
provided as a literature review, demonstrating the prevalent designs of various compo-
nents of ITH unit for power supply converter and various models of IH load tank circuit

equivalent.

Edgerley et al. (1988) [29] stated that the main converters used in the induction
heating systems are of the AC-DC-AC types, achieving an efficiency of more than 90 %,

as shown in Fig. 1.4.

Dede et al. (1991) [30] presented a medium power inverter which is designed for
high-frequency induction heating applications with automatic tracking control circuit,
which means that both resonant and inverter frequencies are almost the same at every
moment. The power delivered to the load is regulated by a feedback loop that controls

the duty cycle of the input chopper, as shown in Fig. 1.5.
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Figure 1.5: Power Supply Unit With Automatic Frequency Tracking

Dawson et al. (1991) [21] considered that the current fed inverter (CFI) and the volt-
age fed inverter (VFI) are the most common categories being used in IH systems, with
introducing a comparative analysis between both types suitable for induction heating

and melting applications.

Grajales et al. (1993) [31] described the development and implementation of a phase-
shift controlled series-resonant inverter (PSC-SRI) for induction heating applications.
While this design supposed to develop a phase-shift control strategy to provide output
power regulation to obtain zero voltage switching (ZVS) by varying the switching fre-
quency, the phase shift (between output current and voltage) depends mainly on the
output current peak change, with increasing the peak, the phase shift decrease and more

power transferred to load and vice versa.

Fujita et al. (1996) [32] presented a voltage-source inverter with a series resonant
circuit for induction melting applications, with pulse density modulation (PDM) control
while achieving zero-current-switching (ZCS) , and zero-voltage-switching (ZVS) opera-

tion in a wide range of output power, with no variation in the operating frequency.
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He stated that the different kinds of IH control systems are as follows:

1. Frequency control.

2. Pulse-width-modulation.

3. Phase-shift control.

4. Duty control.

The authors stated that these control methods may result in an increase of switching

losses and electromagnetic noise of IH configuration.

Ho et al. (1996) [33| described a simple novel control strategy for induction heating
using PWM (pulse-width-modulation) gate signal driving circuitry for easy dead time
setting for full H-bridge voltage fed inverter. The most outstanding advantage of this
method is achieving a zero voltage switching (ZVS) operation, and less components ar-
chitecture, while the disadvantage aspects are increasing the switching losses and the

harmonic distortion content.

Kamli et al. (1996) [27] presented a half-bridge resonant-type IGBT inverter suitable
for heating materials at high frequency. The inverter is operated at unity power factor
irrespective of load variations, with improved current gain and overall system efficiency,
and practically no voltage spikes in the devices at turn-off. This system is designed for

relatively limited power of up to 6 KW.

Dorland et al. (2000) [34] developed a full-bridge insulated gate bipolar transistor
(IGBT) power supply induction furnace system. The inverter topology includes LLC de-
sign with VFI. This design suffers from high compensating capacitor value which means
more system capital cost and from the probability of short circuit occurrence, which

requires more control care should be taken.

Khan et al. (2000) [35] showed that the lose of frequency resonance tracking would

cause a very small power transfer from IH supply to workpiece load with remarkable
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switching losses developed. Therefore, the TH system necessitate operation under au-
tomatic frequency control (AFC), which ensures high conversion efficiency due to zero

voltage switching (ZVS) and maximum power transfer to the load at all times.

Chen et al. (2001) [36] discussed the voltage surge phenomena in a full H-bridge
VFI and series RLC load equivalent with and without achieving ZVS mode. The au-
thors stated that large voltage surges are formed under non-ZVS mode with compared
to ZVS. The extra energy loss is produced in the line inductance due to reverse recovery

process occurred in the body diodes of the configuration.

Chudjuarjeen et al. (2004) [37] stated that the full H-bridge current-fed IGBT in-
verter is selected to work at a frequency a little higher than circuit resonant frequency,
in order to achieve zero current switching mode condition (ZCS) and thus decreasing the

switching losses, which provides a good protection from voltage spikes.

Tanimatsu et al. (2005) [38] presents one stage power conversion AC-DC-AC con-
verter with low pass filter (LPF) after the utility AC input source as a power factor
correction (PFC) circuit and full ridge rectifier. The boost stage consists from Dc link
filter, smoothing capacitor and snubbing capacitor. The chosen topology of inverter is
half-bridge, one of its switches operates under high frequency with the aid of the boost
snubbing capacitor mentioned above, as shown in Fig. 1.6.

The main advantages of this design is reducing the circuit components, compact size, less
cost, unity power factor and decreased AC input main current harmonics, with efficiency

achieved exceeded 86%.

Jingang et al. (2006) [39] investigated the characteristics of three types of three-order
resonant circuits which were used in induction load-matched systems for voltage-source
induction heating inverter (VFI). The authors concluded that the load type of LCL (or

also called LLC) is of most advantages, as shown in Fig. 1.7.
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Figure 1.6: One Stage Boost Series Half Bridge Converter

The authors stated that the load equivalent resistance of the super high frequency
induction heating systems is usually much less than the resistance while the inverter is
working at rated power. Therefore, the load should be matched to the inverter source.
The mostly used traditional way for load matching is the electromagnetic coupling high
frequency transformer. This solution suffers from two aspects, first: complicating the

design and second: increasing the cost.

Finally, they suggested to use the static electricity induction load matched of LLC
design to replace the high frequency powerful transformers, which achieves high effi-
ciency and lower cost. This method can be utilized in many applications like quenching,
welding, metal finishing, crystal heating, and domestic applications like electric water

heaters, electric cookers, and so on.

Wang et al. (2007) [40] proposed a novel dual-LLC resonant tanks zero voltage soft

switching converter for super high-frequency solid-state induction heating power supplies.

10
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(a) (b) ()

Figure 1.7: Three Order Resonant Load Tank Topologies (a) LLC (b) CCL (c) CLL

Although the proposed converter is capable of absorbing the inductive and capacitive
parasitical components in the circuits and devices, but the proposed configuration suf-
fers from complicated design of adding extra sets of inductances, which may increase the
reactive power losses of the configuration and might itself act like parasitic inductance
too, especially when working under high power in real TH systems, which will increase
the reactive power losses on account of decreasing the active power delivered to the IH

load tank and less efficiency of maximum transferred power is often produced.

Huerta et al. (2007) [10] investigated the characteristic of LLC load in a full bridge
VFI inverter with discovering some advantage aspects of the configuration compared to
the VFI of the so called Series Resonant Inverter (SRI) topology, see Fig. 1.8. These

advantages can be summarized as follows:

1. High gain of load output current (i,) with respect to small secondary transformer
current (is), which means high heating power with less switching losses.

2. Short circuit immunity, where the LLC topology has steady state inductive prop-
erties operating in parallel resonant frequency w, (will be discussed later in Chap-
ter 3) when short circuiting is occurred.

The authors also stated that the optimal operational condition of LLC' load topology

depends mainly on the harmony between parameters of 'Inductance Ratio’, () and the

Quality factor (@) ratio, for which when the [ ratio increases, the (@) ratio also increases

11



Chapter: 1 Section: 1.1

1o

Ic +
Vip3Lp

: + p

Zin Vin VIZ Ve==C =

VRS R
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and thus, more current gain obtained and as a consequence better heating power achieved
with optimum efficiency could be reached, as shown in Fig. 1.9, these parameters will

derived and discussed later in Chapter 3.

Kubota et al. (2008) [41] presents a novel induction heating topology for ferromag-
netic metals. The IH power supply uses power factor control, as a new control method to
achieve soft switching below and above the Curie Point using a group of stray inductance-
capacitance set to damp down the switching current. Due to the usage of these stray
components, an extra parasitic losses formed in the configuration which give rise to the

formation of voltage surges during the operation of inverter switches.

This appears clearly through comparing between the theoretical and experimental
results, which shows the big difference between both signals, because of the selection of
ideal state switching status and the assumption of neglecting the values of stray induc-

tances and capacitances as compared to the heating unit parameter.

Hisayuki Sugimura et al. (2008) [42] developed a resonant high frequency PWM
controlled power frequency converter with ZVS mode using the bidirectional switches in-
verter. The authors stated that the high frequency AC effective output power is linearly

directly proportional to the square root of the series load resonant inverter operational

12
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Figure 1.9: Optimum Condition of LLC Topology Operation [10]

13
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frequency.

Lucia et al. (2009) [43] proposed and verified an asymmetrical duty cycle (ADC)
modulation scheme, to improve efficiency of half-bridge series resonant inverter applied
to domestic induction heating due to its switching frequency reduction and absence of

additional hardware requirements, the prototype configuration is shown in Fig. 1.11 .

The authors stated that; the Duty cycle (D) reduction allows decreasing the switch-
ing frequency (fs) and as a result the switching losses will be minimized also, while the

minimum value of D and f, determined by ZVS mode, as shown in Fig. 1.10 .

Ahmed et al. (2009) [44] introduced a multi-output (two-output) series-resonant high
frequency inverter using a quasi-square wave control strategy, without using DC smooth-
ing Capacitor filter link from the voltage grid of the AC utility power supply source. It
allows the control of outputs, simultaneously and independently, up to their rated power

using a simulated prototype.

Fuentes et al. (2009) [45] presented a high power factor full bridge induction heating
system, which is formed by a AC mains source, two parallel phase shifted transformers,
non-controlled rectifier with DC/DC buck converter as intermediate stage and a resonant

inverter using IGBTs, as shown in Fig. 1.12 and Fig. 1.13.

The advantages of using the phase shifted transformers and the filters before and
after the rectifier is to reduce the input current harmonics, and to serve as a power
factor correction (PFC), which achieve a power factor of more than 0.94.

The authors used the parallel resonant inverter, because of the possibility of getting
a very high current gain in the heating coil of the resonant load tank with respect to
smaller current flowing in the inverter switched (IGBTs), as the relation between coil

current and inverter current is expressed by @), as follows:

14
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Figure 1.13: IH System with DC/DC Buck Converter

i(t) = Quigmy(t) (1.1)

where, ;(t) is the heating coil current, i;,,(t) is the inverter current and @ is quality

factor which have a typical value of (15-20).

Therefore, having a huge coil current create a very high variable magnetic field links
the workpiece which in turn induces a high eddy currents in the load and as a conse-
quence a big heating energy is formed inside the load material. On the other hand, small
switching current means decreasing the switching losses of the inverter which means in-

creasing the efficiency of the configuration.

Because of the disadvantage of using the controlled rectifier as a current source and
power controller of decreasing the power factor due to firing angle of the rectifier switches,
the designers used a non-controlled rectifier and a buck converter as a current source to

control the input power.

16
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However, adding an intermediate stage of DC/DC buck converter between the source
and the inverter might create a problem of imbalance in the design, because the output
voltage of the buck converter could be very high that might damage the inverter switches.
Therefore, a special care should be taken to the specification of the rectifier-DC/DC buck

converter and inverter set.

Besides, using more capacitance and inductance in the buck stage increase the para-
sitic losses of the configuration and that may produce voltage surges in the inverter and
might damage the switches. Therefore, a lot of attention should be considered especially

when used with high power applications.

Qinghua Xiao et al. (2010) [46] proposed a series IGBT inverter with capacitive PWM
control circuit to achieve the frequency tracking, in order to make the power factor of
the inverter close to or equal to a quasi-resonant state.

The authors stated that heating coil current produces an alternating magnetic flux ¢,
which will induce electromotive force (EMF) in the workpiece according to Faraday’s

Electromagnetic Equation, which can be calculated as follows:

do
=-—-N— 1.2

Where N is heating coil turns, therefore, as the flux considered as sinusoidal, then
the EMF will be as:
¢ = P, Sin(wt) (1.3)

Therefore, the EMF will be expressed as:

e =—No,,wCos(wt) (1.4)

And the valid value will equal to:

17
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_ 2nfN®,
V2

As a result, the induced EMF and the heating power are related to frequency and

E = 444N [®,, (1.5)

magnetic field intensity. As the heating coil current increases, the magnetic flux increases
as well and therefore higher EMF induced inside the workpiece and as a consequence
higher eddy current created in the load, which means higher heating power formed in

the workpiece.

Esteve et al. (2011) [11] analyses a high frequency voltage-fed inverter with a series-
resonant load circuit for industrial induction heating applications, which is characterized
by a full bridge inverter made of insulated-gate bipolar transistor (IGBT) and a power
control based on pulse density modulation (PDM). This power control strategy allows
the inverter to work close to the resonance frequency for all output-power levels. In this
situation, zero-voltage switching and zero-current switching conditions are performed,

and the switching losses are minimized.

The authors compared two cases of frequency variation control (FVC) and proposed
pulse density modulation control (PDM) and showed that operation under nearly the
resonant frequency may not achieve full optimal operational point. Therefore, special
techniques like PDM is needed to perform better efficiency, by finding the appropriate

modulation index values.

Jittakort et al. (2011) [47] proposed a class D current source resonant inverter (CSRI)
with interleaved DC/DC buck converter for induction heating power supplies for non-
ferromagnetic load. The output power is controlled by adjusting the pulse width of the

buck converter stage.

The authors stated that for non-ferromagnetic loads, the effect of temperature on

material properties especially the relative permeability is not so significant that can be

18
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neglected and thus, no need for automatic frequency control to catch resonant state,
because the resonant frequency is fixed during heating cycle. Therefore, choosing the
control category depends widely on the properties of material of application, i.e. ferro-

magnetic or non-ferromagnetic.

Sarnago et al. (2012) [48] revealed that using the boost circuits at the rectification
stage increases the system efficiency to approximately 94%, by reducing the rectifier
losses to the minimum and increasing the output voltage, accompanied by decreasing
the current levels for the same output power. The authors summarized the main boost

DC link stage topologies for domestic applications, as follows:

e Topology 1 of Boost Rectifier: It is defined as the traditional or classical design
of boost circuit that is consisting from one switch, one diode, DC link inductance
and capacitance. It has the advantage of serving as a power factor correction

(PFC) circuit, and increasing the DC link voltage, as in the Fig. 1.14.

e Topology 2 of Boost Rectifier: It includes more electrical storage components
(i.e. inductors and capacitors), through using one switch also, four diodes, three
DC link capacitors and two DC link inductors. On one hand, the advantage of
this design is reducing the switching losses, but on the other hand it increases the

conduction losses as it posses more diodes, as shown in Fig. 1.15.

e Topology 3 of Boost Rectifier: This configuration is characterized by replacing
the DC link inductor by a high frequency power transformer and keep using one
DC capacitor only, but with increasing the number of switches to four, therefore;
the conduction losses are reduced, but the switching losses are increased because
of using more switches, which will also complicate the control of the design, as in

Fig. 1.16.
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Yilmaz et al. (2012) [13] investigated the variable-frequency operation of the coreless
induction melting furnace (IMF). It has shown the following: The major power quality
problem of an IMF as a load on the power system is the injection of various current
harmonics to the grid. The harmonic problem cannot be mitigated by passive filtering
solutions; therefore the author suggested new technologies should be exercised in the TH
system , such as active power filters, and/or PWM rectifiers.

While this solution will probably mitigate the harmonics to a considerable level, but
the using of active filters will increase the capital cost considerably, besides the usage of
PWM rectifiers will complicate the control circuit and increases the switching losses of

the IH system and lowers the power factor of the system.

1.2 Thesis Aim and Organization

While, there are a certain number of resonant inverters types that can be employed in
induction heating generators, but the mostly predominant utilized categories are the
"Voltage Fed Inverters (VFI)’ or also called ’Series Resonant Inverters (SRI)’
and the ’Current Fed Inverters (CFI)’ or also called ’Parallel Resonant Inverters
(PRI)’ and the "Hybrid Voltage-Current Fed Inverters (HVCFI)’ that takes the

advantage aspects of both kinds.

Depending on the equivalent load tank set being used, the VFI configuration uses a
load tank composed of a load of equivalent resistance and inductance connected in series
with a compensating capacitor, while the resonant load tank in the CFI consists of a resis-

tance and inductance equivalent set connected in parallel with a compensating capacitor.

The compensating capacitor existence here is very important to resonate the load cir-
cuit. Each of the two kinds has its own advantages and drawbacks that will be discussed
later (in Chapter 2), but quickly it can be pointed that the VFI has a simple load tank

connection with the inverter output current is the same as the load tank current which
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needs a power transformer that matches the inverter with the load to have desired design.

The equality between the two currents means in order to raise the output heating
current, it is necessary to increase the inverter current which certainly increases the
switching losses and the heat in the switches. This situation requires a heat sink protec-
tion added to the inverter switches. Besides, the VFI design suffers from short circuit
(S.C.) occasion especially when coil turns touch the workpiece. This problem will increase

the output current suddenly in load circuit and may in turn damage the inverter switches.

These drawbacks are less existed in the CFI, as in CFI configuration the parallel load
topology can be describes as the L — R equivalent in parallel with C' which can be called
LRC' topology . The CFI topology in spite of being better treated than the VFI as
being in parallel, but it still suffers from S.C. problem, as for any reason even for a very
small time the load became a capacitor, the capacitor inrush current will increase the
output current suddenly and acts like a S.C., which may damage the inverter also. The
topology needs power matching transformer which will increase the losses and decrease

the efficiency.

The main advantage feature of the CFI configuration as compared with the VFI con-
figuration, is the separation between the inverter current and the output load current
by a certain gain, usually the inverter current is less than the output current by about
a value of Quality Factor (), which means better heating current and power, and at
the same time less switching current and as a consequence less switching losses. While
the main advantage of the VFI is the supplement of constant voltage delivery from the
AC/DC power supply to the resonant load through the DC/AC inverter.

While, both kinds needs a power transformer to match the resonant load with the in-

verter, which means more cost.

Later on, a third kind of Hybrid Voltage-Current Fed Inverter (HVCFI) have
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appeared to overcome these problems. This topology utilizes the same VFI source using
a voltage source capacitor, while it posses the same CFI resonant load tank topology of
L — R equivalent in parallel with C' and the whole set is in series with another inductance
L, forming the well known LLC' topology. This configuration have overcome the problem
of S.C. problem through adding an extra inductance, which performs as a mandatory
path of inductance at any time, which can mitigate this problem a lot even when Inrush

current problem occurs.

Although each kind have its own characteristics that can be applied to certain kind
of application, i.e. depending on high frequency or low frequency and high quality factor
or low quality factor, but the main general property of IH system is its variable char-
acteristics of TH load tank during the heating cycle, especially when heating loads like
ferromagnetic metals and particularly effect on the inductance and resistance of heated

workpiece as exposed to high temperature.

This implies unbalance in the system even though a tracking mechanism of frequency
have been applied, especially when the TH configuration working under high power. This
load change injects undesired harmonic noise content to the IH system, which causes par-
asitic losses in the form of heating power. Therefore, In order to mitigate this harmonic
distortion content and absorb these parasitic inductance components, a new techniques
of IH power supply configuration should be employed to find better performance of TH

system with a better harmonic distortion immunity design.

Since its starting and predominance at the 1980s decade, the Multilevel Neutral
Point Clamped Inverter (MNPCI) topology has made revolutionary change in the
utilization of the power electronics in high power applications such as metros, tractions
and AC motor drive with pulse width modulation (PWM) control technique as a wide

range variable speed-drive system [49].
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Depending on its advantage aspects like high power factor, lower current harmonic
distortion and low voltage stress on the inverter power switches, i.e. reduced losses and
energy dissipations and hence, higher efficiency and lower capital cost, which is very
important factor in any induction heating system application [50-52|, these merits give
a great inspiration to use it in IH system design as a novel IH inverter topology that has

not been used in this field before.

This dissertation introduces a novel induction heating power supply using multilevel
neutral point clamped inverter. The research is divided into two main phases. The first
phase is the verification of the new configuration design as a successful IH power supply.
During this stage, an experimental prototype of MNPCI converter with resonant load
tank is built. The design uses a parallel LLC' topology with fixed values to represent
the resonance state of workpiece, inductor and capacitor set. The analytical analysis is
carefully made to describe the total impedance and the condition of maximum power
transfer of the design. A modified parallel LLC' design is introduced together with all

corresponding analytical derivations.

The second phase is the proposal of MNPCI power supply with variable parallel LLC
topology. This stage tend to match the changeable characteristics of IH system during
heating cycle. The system works in soft switching mode of ZCS and ZVS mode with min-
imum switching losses. The optimization condition of heating power is verified through

reducing the harmonic distortion content to the minimal possible level.

This thesis is organised into five chapters: Chapter 1, is the introduction and litera-
ture review of the DC/AC power converter topologies that are commonly utilized in IH
system. These inverters belong to the resonant power converters family. This Chapter
tried to clarify these various categories and then stating their general designs and prin-
ciples of each type. Then some critical feedback is stated to understand the advantages

and the disadvantage aspects, in order to benefit from those in the design of proposed
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configuration.

In Chapter 2, the general basis of electromagnetic induction effect phenomena is
clarified in details, its formation, procession, advantages, methods of modelling and its
employment in induction heating applications are also discussed in this research. The
most widespread categories of IH converters are illuminated. With keeping their as-
pects of advantage and disadvantage properties in mind, their design restrictions must
be avoided and the vantages should be taken to achieve the best possible future converter

design with maximum possible efficiency.

Chapter 3, introduced the Multilevel Neutral Point Clamped Inverter (MN-
PCI) as a novel inverter component in TH system. At the beginning the theory of
multilevel inverters is discussed in details, then its significance, design, load topology are
also studied carefully. The power transfer from proposed inverter to the load equivalent
circuit is analysed using two cases of load tank topologies. Then the control circuit used is

stated and finally the experimental results that verifies the prototype design are analysed.

Chapter 4, is concerned with the optimal control of IH-MNPCI configuration. The
control map direction is achieving minimum total harmonic distortion and as a conse-
quence obtaining maximum heating energy delivered to the load. The prototype used
here is of variable load parameters of LLC' topology in order to match the IH process
properties. All configuration parameters are stated with their values to suit the cor-
responding application. All calculations of average power transfer and the harmonic
analysis of the proposed configuration are derived in details. The results are analysed

and illustration curves are given to clarify the control strategy.

And finally, Chapter 5 is about the conclusions obtained from this research work

and suggestions for future plan to develop this technique are given.
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1.3 Contribution to Knowledge

The main knowledge contribution of the dissertation can be summarized as follows:

¢ A new design of induction heating power supply configuration

with two categories of LL(C' topologies

A Novel induction heating power supply topology using multilevel neutral point
clamped inverter (MNPCI) is investigated and verified. The proposed converter
topology decreases the switching losses by decreasing the DC link voltage to half
its DC rail voltage value with the aid of operation under soft switching mode condi-
tion. Depending on the modified LLC optimum design being introduced, it shares
the advantage features of both voltage fed and current fed inverters with the capa-
bility to absorb the undesired parasitic components in the design. The new design
involves adding new circuit parameter that helps in controlling the power transfer
from the MNPCI to the resonant load tank. All the analytical analysis made and

the corresponding experimental work verifies the prototype configuration.

This contribution was presented by the author and published in:

— B.M. Flayyih; M.Z. Ahmed; M. Ambroze, ”A Novel Hybrid Voltage-
Current Fed Induction Heating Power Supply System Using Mul-
tilevel Neutral Point Clamped Inverter ”, Energycon 2014 IEEE
International Energy Conference, Dubrovnik-Croatia. From 13th -

16th May 2014.

e An optimum power control of induction heating system by

reducing harmonic distortion content

The development of IH system has become a pressing need to improve the power

transfer from power supply to the IH load of the application required, and due
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to variable characteristic of IH load workpiece during the heating cycle [40, 53], it
is necessary to develop an IH system that operates using resonant inverters with
switching frequency that changes according to changing load conditions during the
IH application process, in order to keep tuning with natural resonant frequency of

the system and keep working under optimal operational point [13].

A novel super frequency induction heating power supply using MNPCI with op-
timum control algorithm is introduced. The control strategy is to keep phase
shift angle between voltage and current approximately zero at all load conditions
to ensure maximum power transfer whatever the load parameters changes, that
is necessary to reduce the switching losses and increase the efficiency. The load
topology being used consists of variable LLC resonant tank with values chosen

carefully to coincide with the design.

Afterword, an Optimum Harmonic Control of a proposed induction heating power
supply with MNPCI is also introduced in this research. The proposed system
achieves the soft switching mode for both current and voltage with low harmonic
distortion and the capability to maximize the heating power by controlling the har-
monics. The modulation strategy depends on changing the ON switching time (¢,,)
of the prototype to an optimized value that achieves natural switching with low-

est possible harmonic distortion and thus, gaining highest heating power efficiency.

This contribution was also presented by the author and published in
— B.M. Flayyih; M.Z. Ahmed; S. MacVeigh, A Comprehensive Power
Analysis of Induction Heating Power Supply System Using Multi-
level Neutral Point Clamped Inverter With Optimum Control Algo-
rithm ”, 2015 IEEE 11th International Conference on Power Elec-
tronics and Drive Systems (PEDS), From 9th - 12th June 2015,

Sydney, Australia.
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This contribution is also presented by the author in:

— B.M. Flayyih; M.Z. Ahmed; M. Ambroze, ’An Optimum Harmonic
Control of Induction Heating Power Supply System Using Multi-
level Neutral Point Clamped Inverter”, The IEEE Transportation
Electrification Conference and Expo Asia-Pacific (ITEC2016), Bu-

san, Korea on 1st - 4th June, 2016.
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Chapter 2

Induction Heating Principles and

Applications

2.1

E

Introduction

lectromagnetic effect was first defined by Michel Faraday (1831) [1]; he showed

that currents could be induced in a closed or secondary circuit as a result of vary-

ing AC current in a neighbouring primary circuit. The essential feature was the change

in flux links with the closed secondary circuit caused by an alternating current in the

primary circuit, this flux will induce voltage difference in the secondary, i.e. current will

flow. This current is called eddy current or Foucault current.

In induction heating equivalent, the primary circuit is the coil (inductor) which is

supplied by alternating current and the secondary circuit is the workpiece which to be

heated.

The induced voltage in the workpiece which is produced by flux fluctuations, gives

rise to Foucault current, i.e. (I?R) losses which form the main source of heating energy

required to raise the temperature of workpiece [2].

When the coil is excited by an alternating current, it produces an axial alternating
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magnetic field. The variation of magnetic field produces an electric field and currents

along loop paths concentric with the axial, which causes the workpiece heat rise.

This chapter illustrates the main principles of induction heating (IH) with a literature

review of TH basics, modelling and famous induction heating converter topologies.

But for better understanding the TH process, first of all, a quick definitions are intro-

duced to the main concepts of induction heating in this chapter.

2.2 Key Definitions

This section quickly illustrates some of the widely prevalent topics in IH as a key to enter

the basics of electromagnetic effect theory and its applications.

2.2.1 Eddy Currents

It is occurred when an alternating magnetic flux caused by an AC current flowing through
primary coil links with a neighbouring secondary coil, it causes voltage potential pro-
duced in the secondary, which will induce currents flowing in loops, this phenomenon is

called eddy currents, or sometimes called "Foucault Currents”.

The eddy currents are exponentially variates inside the workpiece towards its center,

therefore; it can be expressed by the following equation [2]:

iy = Gg.€7 5 (2.1)

Where,
1z is the current density at distance x from workpiece surface.
io: is the current density at distance = = 0 (workpice peripheral).

0: is the skin depth constant, given by Section 2.2.3.
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2.2.2 Effect of Temperature on Eddy Current Losses

When eddy currents are induced in the workpiece due to variable magnetic flux in the in-
ductor, a heating power is produced inside the material of the load, and the temperature
of workpiece is increased in a form of heat. When the temperature rises, the material
properties especially the resistivity (p) of load material begin to change gradually, as
a consequence; the load resistance variates. This variable resistance characteristics will
affect the eddy currents flow through the workpiece and as a consequence; the induced
heating power changes, therefore; it is very important to declare the effect of temperature

change on the power losses formed by eddy current in this section.

The linked flux with the workpiece is the main factor that induces the eddy currents.
This flux is denoted by ®, and its value is given by Equation 1.3. The electromotive
voltage produced because of flux linkage can be taken from Faraday Equation given

by Equation 1.2. The induced voltage through an inductive load is calculated as follows:

di dd
—[—¢ = _N—— 2.2
©T Tt dt 22)
And for a linear flux change, the Equation 2.2 is equal to:
AD =—LNAI (2.3)

In other words, the eddy currents change Al is directly proportional to the magnetic
flux change A®, as follows:
Al, x AP (2.4)

Whereas, the eddy current losses (P,.) produced by eddy current I, is directly pro-
portional to the switching frequency (f) and magnetic flux density (B,,), and reversely

proportional to the resistivity (p), as follows [55-57]:
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Figure 2.1: Change of Resistivity as a Function of Temperature for Some Metals [54]
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 K.f*.B%
p

P, (2.5)

Where, K.: is the coefficient of eddy current losses, and it depends on the material

characteristics [56].

And, the value of magnetic flux density (B,,) in Tesla (web/m?) is equal to the

following equation:

Py

Where, ®,, is the maximum flux value.

And, A: is the cross sectional area of the workpiece.

Which means that when flux increases, the magnetic flux density increases, and hence;
the eddy power increases as well.

Also, by observing the resistivity-temperature curve shown in Fig. 2.1, it can be
concluded that the resistivity of metals (p) is directly proportional with temperature

change (dT'), which means:

p o< dT (2.7)

Where,

AT =T —T, (2.8)

Being, T": is the new temperature in °C' or K.

And, T,: is the ambient temperature, where T, = 20°C' or 293 K.

Thus, the resistivity (p) of metal given by Equation 2.5 above is a function of temper-

ature. In order to represent this relationship, a coefficient called o, factor is introduced,
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as in the following expression [54]:

P = Po [1 + (T - To)] (29>

Where, a,: is a constant coefficient that describes the variation relation between

resistivity and temperature parameters, which can be found from the following equation:

1 dp)
o, = — | — 2.10
Po <dT T=T, ( )

Where,
Po: 18 the resistivity at ambient temperature condition.
dp: is the resistivity change due to small temperature rise d7'.

And, dp is equal to the following mathematical expression:

dp = p— po (2.11)

Therefore; when temperature of the metal increases, the temperature change term
(T —T,) increases, causing the resistivity (p) in Equation 2.9 above increases as a result,
which forces the eddy power P, decreases, because (P, o %), as can be seen from Equa-
tion 2.5 above. Therefore; the decrease in eddy power might reach 50% in some cases,
depending on the new temperature, and on the rate of resistivity change of material

versus temperature, as shown in Fig. 2.1.

2.2.3 Penetration (Skin) Depth

Generally, The induced Foucault currents density varies exponentially inside the work-
piece, and when it falls to (1/e = 0.368) -about one third- of its surface value is usually
called penetration depth, at which most field and currents concentrates in this area, this

phenomena is sometimes called Kelvin Effect [2].

The skin depth () is related to electrical resistivity (p), reversely proportional with
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Figure 2.2: Skin (Penetration) Depth

magnetic permeability (u) of the workpiece, and angular frequency (w)

G
5_’/uf7r (2.12)

and
o
[ = [oftr (2.13)
Where 1, is the absolute (vacuum) permeability equals 47.10~"H/m and p,., is
the relative permeability.
o

w=2nrf (2.14)

Current density falls off from surface towards the center of workpiece and the rate of
decrease is higher when frequency increases. It is also dependent on two properties of

material, i.e, resistivity and relative permeability, as shown in Fig. 2.2.
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Figure 2.3: Inductance and Resistance Change as a function of Temperature for a Stain-
less Steel [41]

2.2.4 Curie Temperature

It is the point at which the electrical properties (like resistance and inductance) of ferro-
magnetic metal change rapidly during induction heating process, therefore; the material

loses its magnetization characteristic and transforms into paramagnetised [58].

Therefore; the change in material properties is about 50% less than the optimum
value of the resistance reached at the Curie point, and approximately 10% decrease from
the maximum value of the inductance, as can be seen in Fig. 2.3 for a stainless steel
metal. As a consequence, the IH system loses its resonant state and operate under hard
switching mode, thus; the system losses jump quickly and may cause damage to the
MOSFETs due to high switching current passing through at that moment , therefore; a
special care should be taken to the IH system of more complex load circuit and more

analysis should be done, in order to keep working under constant frequency [41,59].
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2.2.5 Joule Effect Phenomenon

IH process is based mainly on energy dissipation mechanism, which occurs when an AC
current is flowing in the coil, it will induce an alternating magnetic field flux opposes
the original coil magnetic field in direction and thus, produces a voltage potential in the

workpiece.

This voltage potential will create currents in the workpiece called Foucault currents,
which then have the same frequency as the original AC current but in opposite direc-
tion. These induced eddy currents will produce heat energy in the workpiece of I2R, this

phenomenon is so called "Joule effect”.

While, other factor of heating energy dissipations of the hysteresis phenomena effect
forms in best situation less than 7% of the entire energy losses in TH system [60| and
may varies from material to another of workpiece. In consequence, the main energy

dissipation mechanism is the Joule effect losses and the Foucault currents.

2.2.6 Quality Factor

One of the important parameters that characterizes the TH load is the quality factor (Q).
Its value depends mainly on the load tank configuration, i.e. on series or parallel load
topology.

It is defined as the ratio of reactive to active power of the IH system:

_ ’Prect‘
Pact

Q@ (2.15)

2.2.7 Resonant Load Tank

It can be clarified as a resonant oscillatory circuit representation to the IH load side,
formed mainly from a series equivalent to the workpiece-heating coil set represented by

load resistance and inductance, to be connected with a compensating capacitor either in
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Figure 2.4: Series and Parallel Load Tank Configuration

series or in parallel, as can be shown in Fig. 2.4.

The main function of compensating capacitor is to resonate the load inductance,
which helps the IH system to be operated under steady state condition. Fig. 2.4 shows
there are two main types of resonant tanks:

e Series load tank: It is produced when connecting the series (R — L — C') load tank

set in series with a voltage source, as in Fig. 2.4-(a).
e Parallel load tank: It is formed when the parallel (R—L//C') load tank is connected

in parallel with a current source, as in Fig. 2.4-(b).

2.2.8 Inductor and Capacitor Response

In order to understand well the electromagnetic phenomena characteristic of any pro-
posed IH load tank, it is very important to remember the response action of individual
circuit components to sudden changes in voltage and current during cycle operation.

For being most important storage components of IH load are the inductor and capacitor
due to storage capability of current and voltage respectively, therefore this section recalls

their electrical behaviour as follows:
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Inductor Response:

Under steady state condition, the inductor current lags the voltage, as shown in Fig. 2.5
below.

Thus, the inductor voltage and current equations are equal to:

vy =1L <%) (2.16)

t

int) = islt) + 1 / ode (2.17)

t1

Where, t > t; and £ is the variable of integration.

It can be deduced from Fig. 2.5 and Equations (2.16) and (2.17), that even though
the inductor voltage jump instantaneously, the inductor current can not change instan-
taneously but increases gradually until reaching its maximum steady state value and
vice versa, when the voltage drops down suddenly, the current step down variation is
gradually, therefore it stores magnetic field and usually considered as a current storage

component especially at high frequency oscillation.

The time required for discharging the inductor current is called "Time Constant, 77,

and its value for RL circuit can be calculated as follows:

(2.18)

L
T = —
R

Capacitor Response

In this case, the capacitor current leads the voltage under steady state condition, as
shown in Fig. 2.6 below.

The inductor current and voltage are respectively equal to the following equations:
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Figure 2.5: Inductor Current and Voltage Response
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ie=C (CZ;C) (2.19)

welt) = veltn) + 5 / iode (2.20)

Where, t > t; and £ is the variable of integration.

It can be revealed from Fig. 2.6 and Equations (2.19) and (2.20), that the capaci-
tor voltage cannot alter instantaneously with sudden instant current pulse jump. This
phenomena when happens at time instance of start charging the capacitor it is usually
called "Inrush Current’, this current is very high and the capacitor during which three
or more times its rated current, therefore; there should be a certain inrush protection
circuit added to the circuit to prevent huge surge current from flowing even for a short
time, which may cause damage to the sensitive components of the circuit like MOSFET

switches if exceeded their current limitations.

When the current falls down suddenly, the voltage takes gradual step down, therefore
the capacitor stores electric field and usually considered as a voltage storage unit.
The time required for discharging the capacitor voltage is also called "Time Constant,

77 and its value for RC' circuit is evaluated as:
T=RC (2.21)

2.2.9 Soft Switching Mode (SSM)

It can be defined as manipulating the output voltage and/or current signals to be at
zero value during the moment of switching, so as to decrease the switching losses and
therefore; gain higher energy conversion efficiency of proposed IH system.

It is usually accompanied by operation under resonant state condition of L —C' load tank

circuits. The SSM is divided into two main categories:
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Figure 2.6: Capacitor Current and Voltage Response
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e Zero Voltage Switching (ZVS) Mode
It is referred to have the output voltage set at zero value prior to turn ON the
circuit switch, in order to reduce the Turn-ON losses.

e Zero Current Switching (ZCS) Mode
It is defined as having zero value of output current prior to turn OFF the circuit

switch, to eliminate the Turn-OFF losses.

2.3 Advantages of Induction Heating

The principles of induction heating is utilized in a lot of applications like surface hard-
ening, forming, annealing, metal melting and brazing, in which both magnetic and non-
magnetic metals could be involved. Each application has its suitable resonant frequency.
The induction heating process has a number of inherent benefits as compared with other

fuel fired heating categories (e.g. gas- and oil-fired furnaces), can be stated as follows [61]:

1. Very fast melting rates; induction heating has an output production better than
other fuel heating types.

2. It has a better environmental working conditions - as there will be no extreme
heat losses from the heating process and no smoke, reek, dirt, or ashes.

3. Automatic stirring will be exposed on the molten metal- which gives the advan-
tages of alloying processes and mixed melts, as the stirring assists in absorbing
the materials to yield a homogeneous melt.

4. Tt provides safer operating conditions by reducing the danger occurred from open
flames to the workers, and also reducing gas leaks as well.

5. Low running costs.

Low maintenance costs.

Low noise emissions.

Rapid start up from cold; no preheating required.

© o N o

Better energy saving and improving production rates [62].
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Figure 2.7: Induction Heating System Principles
2.4 Principles of Induction Heating

In its simplest form, the output of induction device consists of a hollow cooled coil being
fed with an AC current from an IH power supply and surrounds the workpiece metal to

be heated.

The basic concept of induction heating is similar to the well known transformer the-
ory, but modified and based on a single turn, short circuited secondary winding. Since
the secondary is considered short-circuited winding, its current will be very high and
considerable losses will be developed. If the coupling between primary and secondary is

considered to be ideal, then the primary current is related to the secondary losses.

When the coil is excited by an alternating current, it produces an alternating mag-
netic field, the variations in the field produces Foucault currents along paths concentric

with the axis. The magnetic field associated with eddy currents opposes the exciting
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field according to Lenz law; therefore the electromagnetic field alternates rapidly inside

the workpiece, see Fig. 2.7.

In efficient induction heating system, it is proper to assume that § < d (the diameter
of the workpiece). Increasing the working frequency f will increase the power density,
because P (workpiece supplied power) is proportional to /f and this allows for much

better induction heating process. [63].

In induction heating, the coil is constructed of hollow conductor to provide a path for
cooling (liquid or gas); to remove the heat corresponding to the losses and radiated heat
from workpiece to protect the coil and improve heated temperature. Therefore thermal
installation is sometimes needed between the workpiece and the coil, which will increase

the airgap in between and so, decrease the power factor.

In order to simplify the IH load set configuration, there should be a simple mathe-
matical model to represent its electrical behaviour. Therefore, the inductor - workpiece

load is modelled as an (R — L) inductor-resistor equivalent set.

The electrical modulation of the TH load (inductor and workpiece) can be represented
as an inductance, L, and an equivalent resistance, R.,. This resistance represents the
workpiece-inductor set resistance, and its value depends mainly on geometrical proper-
ties, material and resonant frequency of the inductor and the workpiece when operating

under power supply inverter.

There are two kinds of IH load equivalent circuit model based on the inductance-

resistance equivalent of the inductor-workpiece load. They are series and parallel models.

45



Chapter: 2 Section: 2.4

; Req
Zeq

3L

Figure 2.8: Series Model of IH Load

2.4.1 Series IH Load-Model

In series model case, the equivalent inductance, L and equivalent resistance,R., are in

series, see Fig. 2.8; thus the IH load power is

S =1"Z,, = I? (Rey + jwL) (2.22)
Thus, the quality factor, (), can be expressed:
|Preactive‘ WL
series — = 5 2.23
Q Pactive Req ( )

2.4.2 Parallel IH Load-Model
In this model, the equivalent inductance, L, and equivalent resistance, R, are in parallel,

as in Fig. 2.9, so the power will equal to

V2 1 1
S = = V2 ( + —) 2.24
Zeq R,  jwlL ( )

so the quality factor,@), will be as

1/wL R,
arallel — - —F 2.25
Cparatter = 7 /Rey  wL (2.25)
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v iL éReq

Figure 2.9: Parallel Electrical Model of Inductor-Workpiece

In this study, the model used is the series model as it is the most popular used

model [62].

2.5 Induction Heating Modelling

In order to study the characteristics of electromagnetic effect on the workpiece-inductor
IH load, a mathematical-model method is required. There are many methods solving
this problem, but can generally classified under two groups: analytical and numerical
methods. So, this section will illustrate the analytical method depending on the equiva-

lent circuit of the IH workpiece-inductor load set.

Then, the numerical methods are briefly illustrated. These numerical methods serve

the designers to have precise analysis when the workpiece shapes become too complex.

2.5.1 Analytical Methods

The basic assembly of an induction heater consists of a water cooled copper coil sur-
rounding a workpiece. The coil can be designed by obtaining the values of the resistance

and reactance and solving the equivalent circuit, this method was devised by Baker [64].
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Figure 2.10: Series Model of Inductor-Workpiece System

In order to better comprehension to the IH cycle process, there is a need to a simple

and accurate methods of load representation with some approximations [2,63].

This approximation depends on the similarity between induction heating system and
the transformer system behaviour, with suggesting Baker’s series circuit [63]. This model
is shown in Fig. 2.10, where the parameter R, is the resistance of the workpiece, R, is the
resistance of the coil, L, is the airgap inductance, L,, is the inductance of the workpiece

and L. is the inductance of the coil.

These methods used to calculate equivalent circuit of workpiece-inductor IH load, in

which the equivalent resistance R., that affects the efficiency is calculated [65].

The magnitudes of the parameters in Fig. 2.10 for a long solenoid heating a solid

state cylinder are as follows [37,63]:

Ru = K (jupAy) (2.26)
R. = K (ky7r,6.) (2.27)
Lo=K (2?#) (2.28)
Lo=K <”;7qrj}“’) (2.29)
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R,
L.= 2.30
on (2.30)
Where
e K is a constant and is given by the following equation
27 f 11, N2
K = % (2.31)
as being N, is the number of turns of coil and [. is coil length.
e A, is the workpiece cross sectional area, which equals to
Ay =712 (2.32)

being r,, is the radius of workpiece.

e /i, is the workpiece relative permeability, which is adimensional parameter (u =
wilo, Where 1, = 471077 H/m for vacuum).

e p and ¢ are non dimensional parameters of a solid cylinder [5]

e (. is the coil penetration depth, given by Equation 2.1 for the material of coil
(copper).

e f is the frequency.

e k, is a correction factor considering the space between coil turns, its value lies

between 1 and 1.5 (usually 1.15 as a typical value) [66].

Considering this, then the electrical efficiency is expressed by the following formula

 R,J?2 R,
Nelectrical = (Rc + Rw> [CQ - Rc + Rw

(2.33)

It should be noticed that in the case of continuous IH workpieces, the workpiece is put
inside a refractory that eliminates the thermal losses (radiation and convection losses).

Thus, thermal losses can be neglected [63].
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This analytical method can introduce an approximate solution to better comprehen-
sion the IH load problem representation, which helps very much in IH converter setting

specifications.

2.5.2 Numerical Methods

These categories of IH modelling need high performance computers with highly skilled

simulation software. They are used for complex workpiece shape applications.

There are a lot of numerical procedures used to analyse the IH system problems.
The most commonly used are: the Finite Element Method (FEM), the Finite Differen-

tial Method (FDM) and the Boundary Element Method (BEM).

Generally, there are two fundamental classifications for electromagnetic numerical

solutions: differential and integral methods, as follows:

Differential Methods

They solve the IH problem utilizing the electromagnetic-differential mathematical ex-
pressions. FDM and FEM are the main differential methods. The basis of the FDM
is the conversion of governing differential equations of the IH problem into a set of al-
gabraic equations. These equations are solved at every point on a grid constructed over

the required space domain [67].

While, FEM is another numerical technique solution of IH problems, in which the
field region is subdivided into a finite number of discretesized subregions of finite ele-
ments. The elements can have complex shapes. The unknown quantities at each element
are represented by suitable interpolation functions that contain node value for each ele-

ment |68, 69].
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Integral Methods

They solve the IH problem starting from an integral expressions. As an example of inte-
gral methods, the Boundary Element Method (BEM), in which the discretization of the
full domain is avoided by the discretization of the surface only by making use of the fact
that electromagnetic field attenuates rapidly as it penetrates into the side of conduct-
ing materials. Volume integral equations for homogeneous media may be simplified to
boundary integral equations by application of the divergence theorem and the potential
at any point is then defined in terms of the potential and its normal derivative on the

boundary surface |70].

It should be pointed that, there is no unique IH numerical solution, but depending

on problem situation, one or more numerical method can be used for each case |60, 71].

2.6 Induction Heating Converters

The IH converters belong to the Resonant converter family (RCF) group [72]. Their
operation at resonant frequency mode permits them from having higher efficiency, which
lets them to be widely used in high frequency applications, with higher current inductor

ratings, which is very important aspect in the industry.

Generally, the TH inverters can be classified mainly into two categories, depending
on their resonant load tank, voltage-fed inverters (VFI) and current-fed inverters (CFI),
see Fig. 2.11 and Fig. 2.14. The VFI type supplies a series resonant load tank, whereas

CFI based on parallel resonant load tank [60].
In this section, the basic principles of induction heating converters of both types will

be introduced, which would be useful in in deciding the best design choice of proposed

[H converter topology.
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Figure 2.11: Voltage fed inverter topology

2.6.1 Voltage-Fed Inverters (VFI)

As stated previously, the VFI topology is based on series resonant load-tank. This tank
acts like a current source with VFI supplied from constant voltage source. This needs
that the VFI is fed from high capacitor to maintain constant voltage. Fig. 2.11 shows a

typical VFI with series resonant tank.

In VFI, two switches of same leg of converter must not be switched together with the
same turn ON time, because short circuit happens. The time interval between switching
off of one switch and switching ON of other switch is called Dead-Time(DT). It is es-
sential to put anti-parallel diodes with each switch, to permit the current flowing during

the time of the opposite diodes being switched OFF.
It can be stated that each of the two groups of switches SW1 & SW4 and SW2 & SW3

operate successively with a duty-cycle of 50 % and with a power control by changing the

voltage of the source V, as shown in Fig. 2.12.
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Figure 2.12: Output Voltage Duty Cycle of VFI topology

53



Chapter: 2 Section: 2.6

1 tank C
. I
+ ° | E— n -
Ztank VReq Req
ﬁ _
Vtank + Vo
VLiL

Figure 2.13: Load Tank of VFI Topology

Load Analysis of VFI Topology

By analysing the RLC series-load circuit of VFI in Fig. 2.13, the load tank voltages

Viank, can be given from the following formula:

di an 1 .
V;ank = VReq + VL + VC = Reqitank +L Z;t i + 5 / Lank dt (234>

Where:

e The load-tank compensating capacitor voltage at resonant frequency, V.(w,) is

equal to

‘/;(wr) == XC(Wr)]tank(wr) =

1 ‘/tank (wr)
jw,C R,

) = —JjQViank(wr) (2.35)
Being, @ is the quality factor and w, is the resonant frequency of the circuit.
Therefore, at resonant frequency, the capacitor compensator voltage is () times the

output converter voltage with 90° delay.

e The inductor voltage, Vy is expressed as

V;‘,ank (wr)

VL(WT) - XL(("JT’)Itank(wT’) = jer ( R
eq

) = jQV;fank(wr) (236)

Which means that, the inductor voltage is () times the output voltage of the
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converter with 90° advance.
e In the case of equivalent resistance, the resistor voltage, Vg, is equal to the con-

verter output voltage as follows

V;fank (wr)

VReq (wT) - Rqutank(WT) = Req ( R
eq

) Vi) (237)

In spite of being the capacitor voltage is () times higher, it has to be limited. As
an example, having () value of 10, means if there is output voltage of converter
of 100 V, this leads to the need of 1000 V at the compensator capacitors, which
means more capacitors connected in series to withstand this high voltage and as a
consequence; design cost is increased dramatically.
Considering the VFI load tank design of Fig. 2.13, the load impedance Z;,,; is equal
to the following equation

(2.38)

[ WLC —1
Ztank = Req +7 (—>

wR,C

The absolute magnitude of the load impedance is equal to the following expression

w2LC — 1\’
| Ztank| = \/(Req)2 + (T) (2.39)

And, the phase shift of the load tank is equal to the following formula

%> (2.40)

= t
© = arc an( R

From load tank impedance of Equation 2.38, one pole can be extracted representing

the resonant frequency w,, as follows

wy = (2.41)

1
Vv LC

Therefore; for maximum power transfer, the VFI should be switched at the resonant

95



Chapter: 2 Section: 2.6

frequency w, and the load tank impedance is given as follows

|Ztank’w:wr = Req (242)
Which means that the total resultant of inductor-capacitor set is completely under

balance condition, i.e. the total impedance equivalent acts like a purely resistance.

Therefore; the maximum power transfer from VFI converter to the resonant load

tank is equal to

V2 V2
p=_—_—L —_L 2.43
Ztank Req ( )
Quality Factor of VFI Topology
The quality factor of VFI is equal to the following expression:
|Prect| WTL
= = 2.44
Q Pzzct Req ( )

The equation above shows that: if frequency and inductance are increased, then the
quality factor is increased as a result, and vice versa with resistance. Therefore; better

Q requires less resistance and more inductance and hence more frequency.

VFI and Matching Transformer

It is preferable in IH applications to have high current flowing through the inductance,
in order to produce high heating energy in the workpiece. In VFI, the converter and the
tank currents are the same. Keeping in mind that the value of equivalent resistance of
the VFI load-tank is sometimes lower than one ohm, the converter voltage is going to be
low and their currents are very high, which causes more losses and voltage drops in the

VFI converters.

This was the main reason of the limit predominance of the VFI converters at their
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Figure 2.14: Current Fed Inverter Topology

early beginning, until the appearance of high performance matching-transformers. These
transformers allow the usage of VFI topology in a lot of applications, but with the
drawback of making the VFI converter more expensive with lowering their efficiency,
because of their internal inductance that interferences with the load-tank inductance,

with causing more parasitic components [39,40].

2.6.2 Current Fed Inverters (CFI)

In the parallel resonant load-tank, both the inductor and equivalent resistor load-set are
connected in parallel with the compensator capacitor. In contrary with series resonant
load, the load tank acts like a voltage source and the converter behaves like a current-
fed. This implicates that the converter is fed with a high inductance that preserves the
current and acts like a current-source. A parallel load tank applied to a CFI converter

are shown in Fig. 2.14.

In the CFI converters, the current path should not be opened and switches from same
leg of converter should overlap. CFI switches must be unidirectional in current and bidi-
rectional in voltage. The advantage of adding the diodes in Fig. 2.14 is to prevent the

capacitor from discharging.
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As the CFI converter is current-fed, it is assumed to be power-controlled using the
source current, I, therefore, the switches groups of (SW1 & SW4) and (SW2 & SW3)
operate successively with a duty cycle of 50%, see Fig. 2.15. The equivalent resistor-

inductor IH load set are also represented in series.

For better comprehension of the CFI operation, there should be an introduction to the
mathematical derivation of the load tank impedance and the main factors that control
the maximum power delivery from the CFI to the resonant load tank side in the following

section.

Load Analysis of CFI Topology

Due to the parallel nature of the RLC' resonant load tank of CFI topology, there is a
serious difference in the mathematical derivations of the resonant load tank between the

VFI and the CFI, which has more complicated calculations.

Therefore, with observing the load circuit of CFI topology of Fig. 2.16, the resonant
load tank impedance can be also given as the admittance equivalent of the load, as in

the following expression:

1 _ 1
Yiank (50)+<m>

Where, Y, is the resonant load tank admittance, which equals to the summation

(2.45)

Ztank -

of total load admittance as follows:

}/tank = }/1 + }/2 (246)

Where, the transfer function Hp(S) is equal to the load tank impedance and can be

expressed as:
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Figure 2.15: Output Current Duty Cycle of CFI Topology
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_ ‘/tank o Req + SC (247>

H —
e <7 F SRe,C +1

In order to make Hp(S) in frequency domain, therefore; Equation 2.47 is expressed

as follows:

Ho(w) = JwL N Re, . (1—w?LC) — jwR,C
PN = w2L0) + jwReC ' (1 —w?LC) + jwRe,C' ) \ (1 — w?LC) — jwRe,C
(2.48)

Then, after simplifying Hp(w) into real and imaginary terms, the following expression

is obtained:

B R, o w (L — quC — O.)QLQC)
Hplw) = ((1 — L0 (wReqC)2> i ((1 — W PLO) 1 (wReqC)2> (2:49)

Therefore; the absolute magnitude of load impedance |Z;,,| can be expressed as

2 2
R. L—R2C —w2L2C
| Ztank| = — s |+ w = v >2 (2.50)
(1 —w?LC)” + (wR,C) (1 —-w?LC)” + (wR,C)

And thus, the phase shift angle of TH load is given from the following equation

(2.51)

w(L—R2C—w’L?C)
Reg

= arctan (
With assuming the resonant frequency definition as the optimum of the transfer
fuction Hp(w) of Equation 2.49, only one pole representing the resonant frequency w,

can be obtained, as in the following expression [5]:

\JOV2ICRe + 17 — C2R?,

LC

w (2.52)
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Figure 2.16: Load tank of CFI topology

Power Transfer of CFI Topology

The resonant load tank current and voltage of RLC circuit topology shown in Fig. 2.16,

can be expressed as follows:

. . . d‘/tank 1
itank = G0 + L 0 +L/UL (2.53)
Utank = VL + UR,, (2.54)

The inductor and capacitor currents, I;, and I at resonant frequency, w, are given
by the following expressions: [5]

IL<WT) = _jQ]tank<wr) (255>

Io(wy) = (14 Q) Liank(wy) (2.56)

So the inductor current at resonant frequency mode is approximately () times the con-
verter output current, but with a delay of 90° as the minus sign indicates., and the
capacitor current is approximately () times the output current with 90 degree advance

as the plus sign indicates.
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As the current in the inductance is the same as the current flowing in the equivalent

resistance, then the power transmission to the load is as:

P=1I}R., (2.57)

The current delivered to the equivalent resistance is maximum at resonant frequency
and as a result, the power is maximized too. Thus, the maximum power transfer from

the CFI to the load tank at resonant frequency is as follows

P(w,) = I} (wr)Reg = (Qlani(w;))* Req (2.58)

Quality Factor of CFI Topology

The equation of quality factor of CFI is ratio of reactive to active power and can be

given from the following formula:

o ’Prect‘ o WTL
B Pact B Req

Q@ (2.59)

The equation above shows that: if frequency and inductance is increased, then the
quality factor is also increase, and vice versa with resistance. Therefore; having better

Q requires less resistance and more inductance and hence more frequency.
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2.7 Summary

Induction heating (IH) is a method of heating electrically conductive workpiece materials
which depend on the heat losses generated from induced eddy currents of so called Joule
effect phenomenon. Although there are also hysteresis losses, but it does not play any
important role in the process. The penetration depth,  is that important parameter

that helps in determining the desired frequency of the IH process.

In IH systems, the inductor-workpiece load is modelled electrically by inductance and
resistance that are connected together in series or in parallel models. The quality factor
concept @ is defined as the ratio between reactive and active IH system power and can
be used for comparison between the series and parallel models. Both model are useful

with selecting the series mode as the most common mode.

Some methods of TH load modelling are introduced. At first, the analytical methods
illustrated, which include equivalent circuit representation based on its electrical param-
eters, like coil resistance (R.), workpiece resistance (R,,), coil inductance (L.), workpiece
inductance (L,,) and airgap inductance (L,), with introducing the circuit efficiency. The

analytical methods are used for non-complex shapes of TH workpieces.

On the other hand, the numerical methods used for complex shapes. Generally, there
are two types of numerical equations: differential and integral methods.
The differential numerical methods include the FDM and FEM, while the integral nu-

merical method includes the BEM.

There is no unique solution for all problems, but depending on the application, one

or more methods can be used for each case.

The most commonly used topologies of inverters are the VFI and CFI. In VFI con-

verter, the oscillatory circuit equivalent of the inductor and workpiece load set is con-
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nected in series with the compensating capacitor and the VFI fed from a constant voltage
source, which originally, would be a high value capacitor. Besides, the inductor voltage

is () times the VFI voltage.

While in the CFI converter, the oscillatory circuit equivalent is connected in paral-
lel with the compensating capacitor and the CFI converter fed from a constant current
source, which primarily represented by a storage inductor. The inductor current is @)

times the CFI current.

In both VFI and CFI, the power transfer to the workpiece-load would be maximum
at resonant frequency of the corresponding oscillatory circuit. Furthermore, approxi-
mately zero phase-shift between voltage and current can be achieved, which causes low
commutation losses in the IH system, i.e. maximum efficiency can be reached as well.

The comparison between the two topologies are shown in Table 2.1 below:

Table 2.1: A Comparison Between VFI and CFI Converters

Voltage Fed Inverter (VFI)

Current Fed Inverter (CFT)

The converter is fed from a capacitor
which preserves the voltage

The converter is fed from an inductor
which preserves the current

It needs short circuit protection.

It needs inrush current protection.

VFI converters are usually found in
medium power applications.

CFI converters are usually found in
high power application(>1MW).

The inductor voltage is () times the
converter output voltage.

The inductor current is approximately
() times the converter output current.

A matching transformer is essential be-
tween the converter and the load-tank.

A matching transformer is not required,
usually.

Sometimes need high voltage capacitor
for tank compensation.

Does not need high voltage capacitors
but need more capacitors in parallel.

Converter switches must be unidirec-
tional in voltage and bidirectional in
current

Converter switches must be unidirec-
tional in current and bidirectional in
voltage.

The antiparallel diodes is essential with
the converter switches.

The series diodes is essential with the
converter switches.

64




Chapter 3

Induction Heating System
Development Using Multi-Level

Neutral Point Clamped Inverter

3.1 Introduction

T he multi-level converter topology was first patented in its initial form by Baker

in 1975 [73]|. However, at that time it was not so known the group of multi-level

inverter family (MIF). The primary design was a cascaded inverter of separately con-
nected DC-sourced H-bridge cells in series format, to synchronize an AC output voltage
of staircase form. This cascaded topology was extended afterwards to include diodes
which formed a diode-clamped multilevel inverter, this configuration was called Baker-

clamped converter [74,75].

This was the spark that motivated the appearance of the first famous diode-clamped
multi-level topology, which consisted of three level inverter with a mid-point of zero volt-
age that separates two equal voltage levels. This inverter was known as a neutral-point
clamped (NPC) topology at the 1980’s decade [76]|. Afterwards, the five level converter

topology extensively appeared at the 1990’s decade [77|. Then, the improvement in the
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multi-level converter topology continued including a seven level configuration and even

more levels, depending on the application being required |74, 78].

First, this chapter introduces the multilevel neutral point clamped inverter (MNPCI)
as a proposed IH converter that can be efficiently used in IH power supply system, with
discussing the topology theory. Then, it introduces a new experimental prototype of
MNPCI with its control circuit, used in IH power supply unit. This circuit is built
together with the improvement of the equivalent circuit derivation of the load-tank side

components.

3.2 Multi-Level Converter Theory

In IH applications field, the need of higher level power equipments began to grow in
recent years, which now reached the mega watt with relatively high voltage of (2.3, 3.3,
4.16, or 6.9) kV. Today, it is hard for a single power semiconductor switch to withstand
directly these medium voltage grids, therefore; the idea of multilevel converter topology
appeared, through splitting the rail voltage into two or more voltage so that their sum-

mation equals the main source voltage.

Generally, the multilevel converters consist of an array of power semiconductor switches
and capacitors as voltage sources. The output of this kind of converters is an alternating
sinusoidal AC voltage waveform for the single phase converter-leg (as can be seen later),

and as a stepped voltage waveforms for three phase converter-legs [77].

The successive commutation modes of switches permits the addition of the voltage
source capacitor stage, which reaches the higher voltage at the output, while the switches
must withstand the reduced voltages only. This step-down voltage level will serves in
decreasing the applied tension on the converter switches, i.e. better commutation envi-

ronment and less switching losses and thus, better efficiency as well.
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Figure 3.1: One Phase Inverter Leg With (a)Two Level, (b)Three Level, and (c) n-Level

Single phase inverters schematic diagram of one-leg with various multi-level category
are shown in Fig. 3.1 above, in which the power semiconductor operation is explained by
an ideal switch with multi-position regulation. The two-level inverter produces two volt-
age magnitudes with respect to the negative terminal of the capacitor (seeFig. 3.1(a)).

While a three-level inverter gives three voltage values and so on. (see Fig. 3.1(b,c)).

The multi-level term starts its prevalence with the three-level converter introduced by
Nabae [76]. His multi-level inverter design formed by increasing the number of levels in
the inverter topology. The output voltage is a step signal that forms a shape of staircase
waveform, which has a reduced harmonic distortion. However, the high number of lev-
els cause disadvantages of control complexity and voltage imbalance problems especially
with the neutral point. Therefore, a lot of attention should be considered to the control
of neutral point balancing as the levels increase or the three phase topology being used

as well [79].
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3.3 Multilevel Neutral-Point Clamped Inverter Signif-
icance

There are many aspects of multi-level neutral-point clamped inverter (MNPCI) topology
that can be detected from its extensive usage in a lot of high power applications with
medium voltage such as laminators, mills, conveyors, pumps, fans, compressors, blowers
and so on. Depending on these merits, this topology used in IH systems for the first

time as a new power inverter. These advantages can be listed as follows [50]:

1. This topology-design can produce output voltages with extremely low distortion
and lower dv/dt [51].

2. This converter draw input current of very low ripple distortion.

3. They produce smaller common-mode (CM) voltage, therefore they will reduce the
stress applied on the semiconductor switches which reduces the switching losses ,
i.e. decreasing the undesired losses and increasing the power transfer to the load
tank and hence, increasing the heating energy in the workpiece.

4. Due to low switching losses, this will decrease the heat sink requirements of the
system, which in turn will decrease the overall capital cost of the IH process into
a significant level.

5. They posses less stress in the motor bearings (if used as a motor drive application)
[52].

6. They can operate with a lower switching frequency.

7. They have the capability to lower the harmonic distortion [76].

68



Chapter: 3 Section: 3.4

SW1

1T E/2
DIx SW2

C2:: E/2

——P
-,
S

|::| Z L resonant

D6

Figure 3.2: MNPCI Topology

3.4 MNPCI Topology Design

The proposed (MNPCI) as part of induction heating power supply is shown in Fig. 3.2
above. In this design, the DC-bus voltage split into three levels by two series-connected
bulk capacitors, C'l and C2. The intermediate point between the two capacitors (NP)

can be defined as the neutral point which is the main characterize of this topology.

The output voltage of proposed MNPCI configuration has three level values: (%, 0
E
and —3).
Generally, to accomplish these levels, there are three commutation states (as can be seen

in Section 3.4.1) positive, negative and 0. For the E/2 level of positive voltage cycle,
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SW1 and SW2 need to commutate; for the —F /2 level of negative cycle, SW3 and SW4
need to commutate; while for 0 voltage level, either of SW2 or SW3 must be switched

ON separately.

The key-parameters that recognize this topology from the two level inverter is the
presence of the clamped-diodes D1 and D2. The basic operation of these diodes is to

clamp the switch voltage to half the level of the DC-bus input voltage.

During the positive cycle of output voltage, SW1 and SW2 are commutated both
together, the voltage between the output point delivering the load with respect to the

negative side of the source capacitor is E.

Within this cycle, D1 balances out the voltage shared between SW3 and SW4, with

SW 3 blocks the voltage across C'1 and SW4 blocks the voltage across C2.

Therefore, it should be noticed that the output voltage of the inverter to the load-
tank (Z) with respect to the neutral point is an AC voltage, while the voltage of the
same Z-load delivering point with respect to the negative side of the source-capacitor
is as a DC voltage. The difference between these two voltages is the voltage across the

lower side capacitor, which would equal to %
Therefore, if the output terminal changed from the delivering Z-load point to the

negative source-capacitor point, then the inverter works as a DC/DC' converter with

three level DC voltages of (E, E/2 and 0).
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3.4.1 Circuit Commutation

As stated before, the converter leg of Fig. 3.2 has three operating states: Positive (P),
Negative (IN) and 0. The clamping diodes D1 and D2 are connected to the neutral
point. When the switches SW1 and SW2 are switched ON, the MNPCI inverter output
terminal to the load Z is connected to the neutral point through one of the clamping

diodes D1 and D2.

In order to analyse the circuit extensively, the converter topology operational modes
are shown in Fig. 3.3, Fig. 3.4, Fig. 3.6 and Fig. 3.5, representing the converter states of

P, 0 and N, respectively.

In the P switching mode (Fig. 3.3), the upper side switches SW1 and SW?2 are

switched ON and the resulting inverter voltage is —I—%.

e While in the N switching mode (Fig. 3.5), the lower side switches SW3 and SW4

are switched ON and the inverter voltage will be —%.

e Whilst, when either of the inner switches of SW2 or SW3 are switched ON, the 0

switching mode of inverter voltage occurs (Fig. 3.4 and Fig. 3.6).

e Hence, the switch-groups of (SW1-SW3) and (SW2-SW4) operate in a successive

complementary modes [80].

Considering that the load current i is constant during commutation due to load-tank
Z, the DC source-capacitors (C'1 and C2) are large enough and all the MNPCI inverter

switches are ideal, the commutation can be analysed as follows [51]
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e Commutation when i; > 0

With 0 switching mode, the switches (SW1 and SW4) are switched OFF and
the voltage across each one is % While the switches SW2 is turned ON and the
voltage across it becomes zero. Furthermore, the clamping diode D1 is turned ON
by load current, iy.

During this period, SW3 is switched OFF. If it has been switched ON, the load
current path remains the same. When SW3 is OFF, the voltage across SW3 and

SW4 becomes E/4.

In P switching mode, the two upper high-side switches (SW1 and SW?2) are
switched ON. when the first switch SW1 is turned ON and the clamping diode
D1 is turned OFF. If there is no transient state in between, the load current i,
is commutated from D1 to SW1, which may cause switch damage if it is followed
instantly by the following commutation mode. Therefore, the presence of switches
dead time and parallel diodes are essential to prevent interaction between modes
which may cause switches damage. Since (SW3 and SW4) are switched OFF, the

voltage across them is %

e Commutation when 77, < 0

In 0 switching mode, the Switch SW3 is turned ON, while the (SW1, SW2 and
SW4) are turned OFF, and the clamping diode D2 is switched ON by the load

current, ir. The voltage across (SW1 and SW4) is £.

In the case of SW3 is switched OFF during dead time, the diodes (D3 and D4)
are turned ON and the voltage across switches (SW1 and SW2) will equal zero,

because iy, can not change its direction instantly. The load current i is then

commutated from SW3 to the diodes D1 and D2. While SW3 is turned OFF,
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the voltage drop across SW4 will be of maximum value of % due to the D2 being
turned ON. Thus, the voltage drop across SW3 increases from 0 to %, whilst the

voltage drop across SW4 is %

In P switching mode, the upper high side switches (SW1 and SW?2) are turned
ON and no effect on the operation of the circuit, because even if they are switched
ON, at that moment they do not carry load current due to the presence of diodes

(D1 and D2) which have conducted the load current iy,.

The conclusion from the MINPCI converter operational states that, it sustains only

half of the DC link voltage always during P-0, 0-P, N-0 and 0-IN modes.

It should be notified that P-N switching mode is ignored, because it involves all four
switches commutate successively without any intermediate discharge time for current,
which in turn will cause to double the switching losses and the MOSFET switches will
be heated and that might cause damage them due to high heat, which absolutely need
adding an extra heat sink components, which will increase the cost of the design, besides

there is a possibility for short circuit to carry out in the four leg-switches.

Table 3.1 below, illustrates the MNPCI converter switching modes presented in
Fig. 3.3,Fig. 3.4, Fig. 3.5 and Fig. 3.6.

The positive mode represents the two upper high-side switches are ON, in which

E

5+ This voltage is determined with

the voltage drop across the output terminal equals
respect to neutral point reference. While the negative status represents two lower (high-
low) side switches are ON, with respect to neutral point and the output terminal drop

voltage equals ’TE
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Figure 3.4: 0-State of MNPCI Topology (Complementary to Positive Mode)
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Figure 3.6: 0-State of MNPCI Topology (Complementary to Negative Mode)
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Table 3.1: Multilevel Neutral Point Clamped Inverter Operational States
| | SW1 | SW2 | SW3 | SW4 | Output voltage |

P-Mode | 1 1 0 0 iE
0-Mode 0 1 0 0 0
N-Mode 0 0 1 1 %
0-Mode 0 0 1 0 0

3.4.2 Load Matching

There are some problems accompanied with the usage of classical series and parallel
resonant load tanks, which led to the search of other load-match topologies. In the VFI
topology, the current flowing in the converter switches is the same as that flowing in the
load tank. This means the need of using load matching transformer in between, which
increases the cost of the IH system and decreases the efficiency as well, besides there is

a high risk for short circuit occurrence [39,40].

While in the CFI, the current flowing through converter-switches is () times lower
than the current flowing through the inductor which is very good merit, because it lowers
the inverter losses due to decreasing the switching current. But the CFI load topology
still suffers from short circuit problem, especially for shunt capacitor if the inrush current
phenomena takes place, furthermore; the cable connecting the coil with the load-tank
will be with critical value; because of parasitic inductance factor which limits this dis-
tance in between. In order to avoid these restrictions, a better IH load system design of
series-parallel set combination with three parameter-elements of R, L and C' have been

introduced [10, 81].

There are many types of three elements load-matching designs, but the most advan-
tageous category is the LC'L (or also so called LLC'). This topology mixes the advantage
aspects of both the VFI and CFI configurations. [39|
The aim of the following section is to provide an extensive idea about LLC topology
design, its main characteristics, advantages and power derivations, then adding a new

parameter of a current sensing resistance to its popular LLC' design to form a modified
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Figure 3.7: LLC Load-Tank Topology of MNPCI Configuration

LLC topology.

The typical LLC' load-tank consists of a parallel tank, with an extra inductance in
series Ly, as shown in Fig. 3.7 above. This equivalent load-design is considered as the

natural development of combining both the parallel and series load-tank topologies.

Therefore by using the LLC', this topology uses the VFI converter configuration as
it utilizes two bulk voltage source capacitors that supplies constant voltage delivery to
load with only half the DC rail voltage, besides the current flowing in the converter
semiconductors 74, is lower than that flowing in the inductor by () times just like
CFI, besides it absorbs the parasitic components in the form of series inductance. As a
consequence, the configuration benefits from both VFI and CFT topologies, therefore; it
can be considered as a hybrid VFI-CFI topology (HVCFTI) .
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3.5 Heating Power

This section discuses the factors that affect the maximum power transfer to the resonant
load tank of two main cases, the first one is the classical topology of LLC shown in
Fig. 3.8, and the second is the modified topology with adding an extra series resistance
to the resonant load-tank as a new parameter and see its effect on the maximum power

delivery to the resonant load tank, as in Fig. 3.9.

3.5.1 Power Transfer of Classical LLC' Topology

In order to have better comprehension to the operation of the MNPCI-load matched
circuit design of Fig. 3.2, it is necessary to derive a mathematical formula which rep-
resents the system power transfer to the resonant equivalent load. This expression will
help in analysing the electrical parameters which determine the power transmission to

the load-tank.

First, from noticing the load-tank of Fig. 3.8, the equivalent impedance of the circuit

7, will equal to

Z = jUJLl + - 1 (31>
J Rtjwls

By rearranging Equation (3.1) gives the following formula:

. R - W2RL10 + j(UJLQ + CL)Ll — nglLQC)

Z
1-— wQLgC + ]RWC

(3.2)

The absolute magnitude of the total impedance Z of Equation (3.2) is going to be as

follows:
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Figure 3.8: Classical LLC Load Tank
|Z’ o \/(R - RL10w2)2 + (Llw + ng - L1L20w3)2 (3 3)
V(1 = LyCw?)? + (RCw)? '
And, the phase shift angle is equal to:
Llw + LQW — LlLQCCL)g RCw
© = arctan R RL.C? — arctan T L,C? (3.4)

From transfer function of Equation (3.2), two poles can be extracted. The first pole
represents the parallel resonant angular frequency wy,, due to the parallel inductance Lo

only.

And, the second pole represents the series resonant angular frequency w,, due to both
series-parallel inductances of L; and L.

Considering that, the series resonant frequency takes into consideration the influence
of both paralleled inductances, therefore; it expresses better representation to the circuit

design at this operational point of the heating cycle [40].

Thus, the two corresponding resonant angular frequency formulas equal to the fol-

lowing expressions:
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Wy = (3.5)

L = 3.6
w=—r2 (3.6)
Where
LiL,
L+ Ly (3.7)

In order to have maximum power transfer from the power supply to the induction
load-tank equivalent, the switching frequency of the MNPCI converter should be switched

at series pole w, (it is discussed and verified in the next section).

Therefore, by substituting w, into Z of Equation (3.2) above, and assuming that
reactive power is minimum with respect to the maximum transferred power (P4, ), due

to resonant case, the following formula approximation is formed:

_ I
1 Z o, ™ % — R (%)2 (3.8)

Therefore; the maximum power delivered to the load-tank at w, is approximately

equal to:
2
Pmaa: — V;Stzznk — ‘/t?mk & — ‘/t?znk (39)
A R Ly B%R
Being,
Ly
= — 3.10
=1 (3.10)
Where,

Viank 1s the root mean square value (r.m.s) of the fundamental voltage delivered to the

load-tank.
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Figure 3.9: Modified LLC Load Tank

It can be deduced from Equations (3.9) and (3.10), that the maximum power transfer
can be controlled by the square of the parameter 5, which represents the ratio of series
to parallel inductances under resonant condition. This factor can be utilized to alter the
power transfer to the load-tank by modifying the value of Ly, therefore; it is convenient
to call this control parameter 5 as Inductance Ratio (IR) of the induction heating

system [10].

3.5.2 Power transfer of modified LLC topology

In high power IH systems, in order to achieve optimum power transferred to the load-
tank, this needs a feedback from the load of the application to the controller circuit

which would be connected to the driver of the converter-switches.

Usually, this controller requires a current transformer (CT) through which a feedback

current can be monitored.

Although there are modern CTs with good properties used efficiently in many ap-
plications, but they still have some drawbacks, especially when used for high frequency

applications [82]. Normally,they involve an internal transformer which will interference
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with the inductance of the IH system and causes some deterioration change in the system
impedance and increasing the cost which is undesirable, besides their complexity [83].
Thus, they will affect the resonant state of the system and thus, decreasing the efficiency

of IH system [39,40].

In order to avoid using traditional CTs in high power super frequency IH systems, a
proposed current sensor circuit is introduced in this research, involving adding a small-

value resistor connected in series with the load-tank.

For better comprehension of the new design, this section is investigating the effect of
adding this current sensor on the control of maximum power transfer from the MNPCI

converter to the proposed resonant load-tank of IH system.

Considering the new design of Fig. 3.9, the impedance Z with additional current

sensing resistor r will equal to

1

Zm =71+ jwly + - (3.11)
ij + R+j1wL2
By rearranging equation (3.11) into real and imaginary terms, Z,, equals to:
g (R+r —1rLyCw? — RL1Cw?) + j (RrCw + Liw + Low — L1 LyCw?) (3.12)

(1—-LyCw?)+ jRCw

Then, the absolute magnitude of new overall load Z,, of Equation (3.12) equals to:

\/(R + 7 —rLyCw? — RL,Cw?)® + (RrCw + Lyw + Low — Ly LyCw?)?

| Zm| = (3.13)

V(L= LoCu?)? 1 (RCw)?

And the impedance phase angle, ¢, equals to:
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t RrCw + Llw + LQW — LILQCWS t RCw (3 14)
m = arctan —arctan ——— )
? R+r—rL,Cw? — RL,Cw? 1 — LyCw?

From transfer function of Equation (3.12), two pole-roots can be given, the first is
due to parallel inductance only, this pole represents the resonant frequency at Lo and

expressed as:

Wy = (3.15)

And the second pole-root is the series resonant frequency that represents the effect
of series-parallel inductances, L; and Ly together with the effect of the sensing resistor

r as well hence, the series resonant pole w, equals to

Rr 1
o = 3.16
“ Tl | TuC (3.16)
Being,
Ly Ly
g = 3.17
q Ll +L2 ( )

As stated before, the series pole implies better representation to the circuit resonant

state of the heating cycle, because it involves the effect of both inductances.

Considering that, the sensing resistor, r is always chosen to be very small with respect

to equivalent load resistance R and close to zero value, in order to decrease the influence
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on the maximum power transfer to the load tank of the system, therefore the series pole,

w, could be considered approximately to be equal to:

(3.18)

The factor of Rz
1

IiT; inside the square root need to be chosen with appropriate values

to be considered zero, in spite of this approximation; it still has the effect of shifting the
resonant frequency even with a tiny value, which need to be focused on more carefully
in order not to lose the circuit resonance.

Then, substituting w, into the impedance Z,, of Equation (3.12), and assuming that the
reactive power dissipation is minimum with respect to the optimum power transfer to
the load, due to resonant case (Pp,q.) [10], therefore the impedance of Equation (3.12)
at this resonant point will be the same as classic impedance of Equation (3.8), but with

adding the extra series resistance, r.

Thus, the impedance Z,, at w, is approximately equal to

<1— Ifl) 2
| Zn|wmwy = 7+ R~— 2 —r+ R (—) (3.19)

(1-2:)

Therefore, the maximum power transfer from the MNPCI converter to the resonant
load-tank at w,, is equal to the following formula:

Pma:p — ‘/t?lnk — ‘/;ink — ‘/;?lnk (320)

Zm T+R<£—;)2 r+ 2R

Where,
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B is the Inductance Ratio IR (given from Equation (3.10)), and Vg, is the r.m.s value

of the fundamental of resonant load-tank voltage.

It can be deduced from Equation (3.20), that, as soon as the value of current sensing
resistor is kept with tiny value then its effect will be insignificant and the maximum
power transfer to the load-tank will still modulated by varying only the modulation fac-
tor (3, by varying the magnitude of L, but if load properties changed and the value
difference between r and the equivalent resistor R become too close, then it will have a
significant effect on the maximum power transfer and even the internal resistor of the
load inductance will do, therefore; for precise and more generic case calculations, the

analysis should not neglect its existence at all.

3.6 Determination of Optimal LLC Design

Depending on the equations being so far derived, the load behaviour characteristics of
impedance, phase and power for LLC' load topology are all shown in Fig. 3.10.

From these curves, it can be indicated that there are two frequency borders, forming
three regions of frequency operation: the first two phases involves current lagging the
voltage, these appear when the operational frequency is w < w, or w > w,, in which, the

power converter works in inductive mode.

While, in the third phase is when w, < w < w,, in which the converter works either
in inductive or in capacitive mode where the current leads the voltage, depending on
the application. For optimum case of the MNPCI converter operation, the best state of
load resonant circuit is certainly the inductive mode [81], when w > w,, as can be also

deduced from power curve shown in Fig. 3.10.
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Figure 3.10: Characteristics of LLC' Load-Tank Topology
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The impedance-power graphs reveals that there are two peaks of load impedance
curve, depending on the dual resonant frequency property of LLC' circuit. The first is
the maximal parallel impedance that occurs at f; resonant frequency (w,), in which the
power is not at maximum value, and the second is the minimal series impedance which
occurs at f, resonant frequency (w,), in which the power is at maximum value.

This illustrates clearly that optimal mode condition of power transfer can only occurs at

w, rather than w, frequency, which has less power efficiency.

According to the values of maximum and minimum impedances, it can be defined two
limits of resonant frequencies ’ f; and f,” for different operational points of the IH system,
having dual-range values of ([Qmin, @maz])) respectively, in which the @, happens at
maximum impedance, while the ), occurred at minimum impedance, as can be seen

in the following couple equations:

21
Qmaac R (3 )
And,
ngp
Qe = 22 (322

Where, it can be noticed that w, > w, always.

Therefore; by observing Equations (3.21) and (3.22) above, it can be revealed that
the current gain and hence the transferred power is optimum at @), and vice versa
when working under @),,;, condition.

Now, by substituting w, given from Equation (3.6) in Equation (3.21) above, the

Qmax is gOing to be as:

(i)
Qmax = 5 (323)
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By substituting Equation (3.7) in Equation (3.23) above gives the following equation:

L2 LlL
Q . (Lll""fz)c . L2 L1 -+ L2
e R R\ LiL,C
L

L fmr1 1 BB+

“ 'R\ Lc "R\ Lc
Lo (h + 1)

- }% LL— (3.24)
\ (B)

Therefore; the Equation (3.24) in terms of inductance ratio f is equal to:

1 |Ly(B+1)
Qmar - E B—C (325)

Where, 5 is given from Equation (3.10).
With L, can be denoted by:
L, _ % 8

= - Ly=-"—L 3.26
"L+l Byl g1 (3.26)

Therefore; as can be seen that S should be more than zero, but for better practical
performance, its value must be § > 1. This fact can be seen clearly from observing the

optimum condition curve of LLC topology mentioned earlier in Fig. 1.9.

By taking the square of both sides of (3.25) gives:

2 _ Ly B+1
mazx RQC B

(3.27)

Then, the value of compensating capacitor C' in terms of )., factor is equal to:

L 1
o _5; (3.28)

max

C =
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By returning back to Equation (3.6), the value of C' can be obtained as:

1
C=———— 3.29
A2 f2 L, (3:29)
Through substituting Equation (3.26) in Equation (3.29) gives:
1 p+1
C= . 3.30
47T2f02L2 6 ( )

Referring to Equation (3.22), with substituting the w, value of Equation (3.5) in it,

the following expression is formed:

[\

1
Qmin = =\ B0 (3.31)

Assume there is a series equivalent circuit of same load parameter magnitudes of Lo,

Therefore;

R as shown in Fig. 3.11, and working at same max resonant frequency f,, the value of

wg is equal to:

=2, (3.32)

Then, Cy equals the following formula:

1

Cs = 47‘(‘2—]03[/2 (333)

Therefore; by substituting Equation (3.33) in Equation (3.30), the following expres-

sion is produced:

c-c () (334

89



Chapter: 3 Section: 3.7

Vo

Figure 3.11: Series Resonant Equivalent Load Circuit

Equation (3.34) means that the value of compensating capacitor C'is increased by a
factor of <%> than the series resonant compensator (s, which is the main drawback
of this design, because of increasing the cost, but on the other hand C' value can be

mitigated through increasing the capacitance voltage, which implies applying maximum

voltage of V., to get minimum capacitance, as in the following equation:

i.=C. (3.35)

dt

Therefore; C' VLC, which means increasing voltage to V.., gives minimum possible

capacitor C' value.

3.7 Control Circuit

Generally, it can be seen from Fig. 3.12, that the induction heating power supply circuit

diagram consists of four main parts.

The first part is the AC/DC rectifier source, which is not included for this moment

in this thesis, but substituted by DC current source.

And, the second is the proposed MNPCI converter stage which is extensively dis-

cussed in the previous sections, with stating its various operational modes.
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Figure 3.12: Induction Heating Power Supply Block Diagram

The third part is concerned with the resonant load tank. New LLC' topology was
already presented and analysed carefully to discover its effect on the resonance state of
the proposed MNPCI-circuit and on the maximum power transfer from MNPCI to the

load tank stage.

The last important partition is the feedback control circuit, which consists mainly
from zero current detector circuit (ZCD) together with the processor (Pic181f4553) and
the MOSFET driver circuit (IRS21864pbf). The main function of the ZCD circuit is to

ensures zero current switching mode (ZCS) to the driver circuit.

Therefore, the following sections will discuss the operation of the feedback control

circuit in its various parts.

3.7.1 Zero Current Detector Circuit

In Section 3.5.2, there was an extensive analysis to the effect and advantages of adding
the sensing resistor r on the resonant state of ITH system and on the maximum power

transfer from MNPCI power converter to the load-tank.

And, it was obvious that the IH circuit is still controlled by IR, § being clarified

before. This will be a good starting point for better understanding the following section,
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which will explain the main function of adding the current sensor to the resonant load-

tank.

Considering this, in order to decrease the switching losses of the prototype design,
it is very important to the MNPCI semiconductors to operate in soft switching mode,
which requires the switches to commutate under zero current switching (ZCS) condition.

To achieve this state, a zero current detector circuit is designed, as shown in Appendix C.

This design includes adding current sensing resistor r, which has a tiny value in series
with the load tank (as in circuit of Fig. 3.9). The current i, will pass through r. This
current is directed to flow into the differential amplifier (AD629), which will gives an
output signal that is equal to the difference between the two signals on both sides of

resistor r terminals.

Then, this signal enters to the A-B amplification stage, where the signal is amplified

by a gain (G) that depends on the variable resistor R,.

Thus, The gain is given from the following equation:

—_ RU
10K

(3.36)

After that, the signal will passes through the comparator (LM393). The output of
this stage at point C of the diagram, that represents a positive square wave signal that

matches exactly the positive portion of the current of the sensing resistor r as shown in

Fig. 3.13.

This output signal will be as a trigger signal to the control stage of the MNPCI
driver circuit, which is represented by the processor (Pic181f4553). As soon as this signal
matches the phase shift of the sensing current, it achieves a zero current switching (ZCS)

condition of the MNPCI driver circuit.
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Figure 3.13: Output Signal of The Zero Current Detector Circuit

3.7.2 Processor and MOSFET Driver Circuit

So far, the first part of the feedback controller design is introduced. This part involves
the zero current detector circuit. At this level, the performance of ZCS mode is achieved.
This circuit design will act as a feedback triggering signal to the next level of the con-

troller design, as shown in Fig. 3.14.

In this section, the second part of the controller topology will be introduced. It con-
sists from two fundamental parts.
The first is the controller of programmable-microprocessor and the second is the MOS-

FET driver circuit.

The microprocessor being used in this topology is the high-performance controller of
model Pic181f4553.
According to its data sheet, This 40-pin microchip model has many properties that
encouraged to choose it as a microcontroller to this design topology. Some of these
advantage aspects is that it has high immunity from short circuit, because it withstand

high current sink, and it is suitable for the switching frequency of the proposed prototype.
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Figure 3.14: Microprocessor and MOSFET-Drivers Circuit Diagram
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Figure 3.15: Flow Chart of Pic181f4553 Operation
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The main function of the high-performance Pic181f4553 processor is to trigger the
three MOSFET-driver circuits of Fig. 3.14 with four signals. In order to do that, the
processor is programmed with assembly C software which is explained in the flow chart

of Fig. 3.15.

As can be seen from this diagram that, the Pic181f4553 is programmed in a way
so that the zero current detector (ZCD) circuit determines the operation of the four
triggering signals of the three MOSFET drivers being used, in a successive manner that

achieves all MNPCI operational modes to work in zero current switching (ZCS) condition.

Regarding the last part of control circuit, there are three MOSFET-drivers of
model IRS21864pbf. The reason of choosing this model is because of its suitability to
the determination ratings of the switches, which consist of four MOSFET semiconduc-
tors of model IRF540Z. The MOSFET drivers consist from two high side drivers for
triggering gates of switches (SW1 and SW2) individually, and from only one high /low

side driver for triggering gates of both switches (SW3 and SW4), respectively.

It should be pointed that, although the four MOSFET drivers can be used in this
topology, but for better circuit design the three circuit drivers are preferred, in order to
decrease the circuit components which decreases the switching losses and hence, increas-

ing the efficiency.

3.8 Experimental Set Up and Results Discussion

Considering the information been introduced so far, Table 3.2 lists the values of circuit
parameters for proposed configuration of MNPCI converter prototype which shown in
Appendix B, with classical or modified LLC topology design of resonant load tank that
shown in Fig. 3.8 and Fig. 3.9 respectively. The experimental set up of the prototype

design is shown in Fig. 3.16.
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It must be notified that, the advantage aspect of adding the current sensor r is to
measure the current and to compensate the function of current transformer CT, which
should be used in the feedback control circuit of the MNPCI converter design. This step
will decrease the financial cost of the IH system, besides the design will avoid the virtual

interference between internal inductance of the CT with the inductance of the load-tank.

Therefore, the value of this sensing resistor is chosen carefully with very small magni-
tude with respect to the equivalent resistance R,therefore; its effect could be neglected,
because it has a very little influence on the overall power transmission from MNPCI

converter to the resonant load tank side.

Table 3.2: List of Experimental Prototype Values

Circuit parameter Magnitudel Designed Value
and unit | Choice
Series inductance, L 105.7uH
Parallel inductance, Lo 100pH
Inductance Ratio, 3 1.057 {ﬁ = é—;} >1
Equivalent resistance, R 0.3k2
Series sensing resistor, r 0.2Q2 {r — 0}
Parallel resonant compensator, C 11.8uF C= Q?,ii 7 %
Voltage source capacitors, C; and Cy 470uF,
AT0pF
DC rail voltage, V' 12v
Resonant frequency, f, 4.639kHz | f, = 27r\/1Le7
Classical impedance, |Z| 30092 |Z|=w, = B*R
Modified impedance, |Z,,| 300.292 | Zm)w=w, = 17+ B*R
Classical maximum power transfer, | 0.12WW P ozclass = %
Pmaacclass
Modified maximum power transfer, | 0.11992W | P, azciass = X:%;’}%
Pmammod

Considering this, it can be deduced from experimental results given in Table 3.2 that
the maximum power transfer from the MNPCI inverter to the resonant load tank of

both the classical and modified systems are nearly the same with very small variance
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Figure 3.16: Experimental Setup 1
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between them. This difference is about 0.06%, which is because of the damping effect of

the current sensing resistor r, as can be seen also from Equation (3.20).

But, the resonance state of maximum power delivery from MNPCI converter to the
load tank in IH system will be more stable, as the prototype does not use CT in the
feedback control circuit which affects the induction load which can be considered with
highly inductive properties [39], especially when its inductance variates during the heat-
ing cycle, which is extensively discussed later in Chapter 4. Besides, this CT cancellation

decreases the size and overall cost of the IH system prototype being designed [40].

This means that with adding r, the maximum power delivery from the MNPCI con-
verter to the resonant load tank is affected by less than 0.1%, i.e., it has a very tiny

effect on the system resonant stability, which verifies the prototype model being used.

Besides, the output signals of proposed experimental prototype across the equivalent
resistor R and parallel inductor Ly are of uniform ac waveform, as shown in Fig. 3.17 and
Fig. 3.18 respectively. These waveforms matches the ZCS operation of MNPCI converter

modes and the modified LLC resonant load tank being explained before.
Finally, it should be notified that the maximum allowed voltage due to Plymouth

University system is 20v, and the power has been measured through a current sensing

resistor circuit with a tolerance percentage of +£1%.
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Figure 3.18: Signal of Parallel Inductor L,
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3.9 Conclusion

This Chapter is concerned with the development of three essential components of induc-
tion heating system by building, investigating and testing a new IH prototype configu-
ration concerned with these various parts, which consists mainly from IH power supply

converter with its control and from resonant load tank.

The first development step is the DC/AC converter of induction heating industrial
system. In this portion, a novel experimental prototype of multilevel neutral point
clamped inverter (MNPCI) is built and verified successfully, as part of induction heating

power supply circuit design.

The next step is the development of TH control circuit. In this portion, the aim is to
reduce the switching losses of the design. In order to do that, a zero current detector
circuit is designed, it performs a zero current switching operational mode of MNPCI
converter. This circuit detects the zero crossing point of the tank current 7;4,, passing
through the sensing resistor r being added to the load tank. Its output will send a feed-

back control signal to the processor Pic181f4553.

The last signal is used to give a signal permission to the Pic to trigger three MOSFET-
drivers of two high side with one high /low side types. These MOSFET-drivers are used
to drive four MOSFET semiconductors of the MNPCI configuration to be commutated

under four operational modes in successive manner.

The third part involves the development of IH resonant load tank. This part includes
introducing and analysing a modified LLC' topology. The new design involves adding
a small current sensing resistor r in series with the resonant load tank, to measure the
current of the resonant load tank. The current sensing resistor has a very small damping

effect on the maximum power transfer of less than 0.1%, which could be neglected.
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Considering these results, an important parameter which has a significant effect on
the maximum power transfer from MNPCI converter to the resonant load tank called

the inductance ratio (3, is introduced.

This parameter, as can be seen from Equations (3.9), (3.10) and (3.20), can control
-in a certain limit- the resonance state of induction heating system and hence; controls

the power transfer from MNPCI converter to the resonant load tank.

The value of  being chosen in this topology is equal to 1.057, but as the resonant
state of IH system changes during the heating cycle, the IR could be changed as well
depending mainly on L;, to keep maximum power transfer from the MNPCI converter

to the modified load tank of the topology.
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MNPCI Topology With Optimal

Harmonic Noise Control

4.1 Introduction

I n previous chapter, the concept of multilevel neutral point clamped inverter has

been introduced, built, and verified as a new power supply element in induction

heating system, depending on its advantages of better operational condition of the in-
verter switches that conduct under half the DC rail voltage tension and inverter current
less than output current by @) times, which helps in decreasing the switching losses and
facilitating the zero current switching (soft mode) of the induction heating system. To-
gether with using the LLC' (or sometimes called LC'L) circuit as a load equivalent, due
to its benefits such as the ability for short-circuit handling, parasitic mitigation and high

current gain [5,40,81].

Instead of using fixed values of LLC' equivalent circuit parameters - as in the previous
model - to represent the MNPCI prototype configuration which may apply for specific
case at certain steady state condition, the need rises for more general and reliable model
that can apply for a wider range of load variation that may occur during the heating

process.
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Therefore, and due to the variable nature of induction heating system during the
induction heating cycle [40, 53], it is necessary to develop an IH system that operates
using resonant MNPCI inverter with switching frequency that can change according to
changing load conditions (changing circuit parameters) while IH process taking place, in
order to keep tuning to approximately the natural resonant frequency of the configura-

tion at all proposed load values [13].

By describing the induction heating as a process of changeable characteristics, this
means exerting a remarkable harmonic distortion on the IH system during the heating
cycle, therefore it is be very important to study this harmonic content trying to reduce
it to a minimal possible level and hence increasing the power transfer from supply to the

proposed load equivalent to maximal point with minimum noise.

For that reason, the MNPCI could be used, as this particular kind of MIF inverters
is widely famous with these merits of low harmonic distortion and low switching losses,
which can deliver TH system with optimum heating efficiency as it operates at current

value nearer to the fundamental value.

Considering the last fact, this chapter will introduce the MNPCI prototype configu-
ration with variable load parameters, in order to match the variable load characteristics
during the heating cycle with optimum harmonic control strategy for the proposed IH
system and trying to capture the minimum possible harmonic distortion range and hence,
knowing the optimum operational point of the proposed system at which the maximum

heating power occurs.

Also, this chapter includes a mathematical derivation for the harmonic content rep-
resentation of output signal produced from the experimental prototype task in details

using Fourier Series as ’'periodic waveform’ rather than Fourier Transform as
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Fourier Analysis Signal Waveform

Fourier Transform
Continious and Aperiodic Signals
Fourier Series

Continious and Periodic Signals

Discrete Time Fourier Transform | ...,

Discrete and Aperiodic Signals

Discrete Fourier Transform | =~ ‘

Discrete and Periodic Signals

Figure 4.1: Example of Fourier Transform Analysis Types

’Aperiodic Waveform’. Therefore; at the beginning it is very important to have a
quick introduction to Fourier Analysis, in order to distinguish between each category

and utilize the best form for experimental and analytical works.

4.2 Definitions

In this section, there are some key definitions which will be extremely used in the system

analysis, as follows:

4.2.1 Fourier Analysis definition

It was introduced first by Jean Baptiste Joseph Fourier in (1807) [84], and can be
defined as a family of mathematical techniques that decomposes the signals into a set of
sinusoids. It consists from four categories depending on the four basic types of signals
that can be occurred.

A signal could be either continuous or discrete, and it could be either periodic or aperi-

odic, these types are demonstrated and summarized clearly in Fig. 4.1.
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Aperiodic and Continuous

This Fourier Analysis is simply called Fourier Transform Waveform. These signals
expand into positive and negative infinity axes without repeating itself.

Periodic and Continuous

This version is known as Fourier Series Waveform. The waveform in this kind repeats
itself regularly towards positive and negative infinity axes.

Aperiodic and Discrete

Also known as Discrete Time Fourier Transform Waveform. The waveform here
consists of discrete points, which propagate into positive and negative infinity axes with-

out repeating itself.

Periodic and Discrete

It is so called Discrete Fourier Transform Waveform. The discrete point signal
waveform in this type repeats itself regularly from negative to positive infinity axes, it is
sometimes called Discrete Fourier Series Waveform, this category is widely used as

a computer waveform representation.

4.2.2 Discrete Fourier Transform DFT

Because it has a finite limited memory, the computer can not deal with input signals
v(t) or i(t) in a form of infinite data as in Section 4.2.1 above, therefore; it needs to de-
compose input signals (for this research the proposed signal is in Time-Domain) into

a stream of discrete and finite information of (N - Samples) integer number.

The DFT computes the real and imaginary array of output signal in Frequency-

Domain from N - Samples array of input signal in Time-Domain.
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The output of DFT is denoted by V(w) or I(w), which contains the amplitudes of

Cosine and Sine components respectively [84-86].

Therefore; the formulas of Discrete Fourier Transform DFT and Inverse Dis-
crete Fourier Transform IDFT in terms of frequency-domain output voltage V} are

expressed as [87-92]:

e DFT
N-1
Vi = Uy 2N (4.1)
n=0
e IDFT
| Nl o
U = & V. ™ (4.2)
n=0
Where,

Vi is the frequency domain voltage.
v, is the time domain voltage.

N is integer number equal to the total number of sampling points.

k

+ refers to the frequency.

n denotes to the time domain index from 0 — N — 1.
k refers to frequency domain index from 0 — N — 1.

1 is a complex operator and it equals to ¢ = y/—1.

While, the corresponding mathematical representation of real (Re) and imaginary

(Im) components of output signal V[k], are going to be as in the following expressions:

-1

Re{VIK]} = Y vln].Cos (27;?’“) (4.3)

n—

And,

Im {VIK]} = — 3" uln).Sin (27;"“) (4.4)

n=

Where,

n runs with a domain range from 0 — N — 1.
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Mag {V[k]}
Im {V[k]}

Re {V[k]}

Figure 4.2: Polar Notation of Frequency Domain Output
k runs with a domain range from 0 — N — 1.
Thus, the total output voltage V[k] in frequency domain is equal to the synthesis of

the individual parts Re and I'm together, which can be clearly observed from Fig. 77, as

in the following equation:

VIk] = Re {V[K]} + Im {V[K]} (4.5)

So far, the Rectangular Notation is discussed and clarified, in which the frequency
domain output is represented by a group of Cosine (Real) and Sine (Imaginary) waves.
In the following statement, the Polar Notation of frequency domain output is illus-

trated.

Simply, the polar notation converts the Sine and Cosine rectangular form into equiv-
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alent state of frequency domain output in the shape of magnitude and phase shift, as

can be clearly shown in Fig. 4.2.

Therefore, the magnitude and phase shift angle ¢ (or sometimes called 6) are calcu-

lated from the following expressions:

Mag {VI[K]} = \/ Re {V[K]}* + Im {V[K]}" (4.6)
With,
Phase{V[k]} = arctan (%) (4.7)

And the corresponding real and imaginary parts in terms of polar notation is going

to be as the following pair of formulas:

Re{V[k]} = MagV'[k].Cos (Phase {V[k]}) (4.8)

And,
Im{V[k]} = MagV[k].Sin (Phase {V[k]}) (4.9)

4.2.3 Average Power

It is defined as the rate of energy flow and normally denoted to the average of real
power. For a certain voltage v(t) and current i(t), the average power expression over a

time period of T is equal to [93]:

1

P =7 /0 Tv(t) Li(t) dt (4.10)

Where,

P,,, v(t) and i(t): are functions in time-domain.
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4.2.4 Total Harmonic Distortion

It is either used to define the harmonic distortion noise in current and/or voltage. It has
two definitions; one referred to the fundamental value, which is denoted by T'H Dp.
It is defined as the ratio between the summation of rms values of all harmonic compo-

nents excluding the fundamental to the fundamental value, [93,94].

Therefore; the T'H Dy ratio - with respect to current - is expressed by the following

formula:
o0

> IngmsHarmonics

THDp = “=2
F I Fundamental

(4.11)

While, the second expression of total harmonic distortion is referred to the rms value
and it is denoted by T'H Dg.
It is defined as the ratio between the summation of rms values of all harmonic compo-
nents except the fundamental to the rms value of all harmonic component including the

fundamental value. [94].

Therefore; the T'H Dy law - with respect to current - is equal to the following expres-

sion: -
> IngmsHarmonics
THDp = =2 (4.12)

[e.e]

> IngmsHarmonics
n=1

According to Equations 4.11 and 4.12, the relationship between TH Dp and THDg

is as follows:

THDp

V1+THD?

THDp = (4.13)
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4.2.5 Effective Heating Power

The effective heating power for an AC current with a certain frequency flowing through
a resistive load tank can be defined as the square of the current times the amount of

resistor, as in the following formula:

P.(f) = I*(f) * Re(f) (4.14)

Where,
P.(f) is the effective heating power as a function of f,
I(f) is the resistive current as a function of f,

R.(f) is the effective resistance of the load as a function of f.

The resistance R.(f) is inversely proportional to the effective area of heating region,

as in the following equation:

Q) (4.15)

Where,
R, is the effective resistance,
p is the material resistivity,
L is the material length,

and A.(f) is the effective cross sectional area of workpiece.

It can be deduced from analysing the skin depth 0 expression of Equation 2.12 men-
tioned before in Chapter 2, that any decrease in effective cross sectional area of material
means decrease the heating depth 6 and as the square root of frequency is inversely
proportional with 4, then the switching frequency is increased as well, as can be seen in
Fig. 4.3 and the following relation:

d (4.16)

— ‘ -
3
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Material

g Diameter
Frequency
Increase ff

Figure 4.3: Relationship Between Frequency and Skin Depth

As a consequence; the effective resistance R.(f) is directly proportional to v/f, as in

the following relation:

Re(f) o< \/f (4.17)

Therefore, the effective heating power P,(f) can be expressed in terms of the summa-
tion of all components of current harmonics at different frequencies, as in the following

formula:

P(f) o< > P(fa)/ fn (4.18)

Where,
m is the total number of current harmonics.

fn is the frequency of harmonic n.
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Figure 4.4: MNPCI prototype

4.3 System Description

The main feature difference of the new prototype design from the previous configuration
shown in Section 3.4.2 - Fig. 3.7 is being characterized by variable load equivalent in-
stead of fix form, in order to coincide the behaviour of induction heating and for better
representation to the heating cycle of IH system, which has changeable behaviour during

the process 40, 53].

By considering the new circuit diagram of IH system using hybrid MNPCI converter
that is shown in Fig. 4.4, the proposed configuration consists mainly from DC power
supply feeding MOSFET-switches of MNPCI converter through two voltage source split
capacitors of equal voltage, the output of the converter supplies a variable LLC' load
equivalent. The whole system is controlled by high performance processor programmed
with optimum algorithm which is clarified in details later in this chapter. The various

prototype elements will be illustrated in the following sections:
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4.3.1 MNPCI Converter

The details of the proposed circuit design of hybrid MNPCI-converter are shown in
Fig. 4.4 [49,95,96]. The MOSFET switches of the MNPCI topology operate under max-
imum of half the DC rail voltage of magnitude V' = \%], by splitting this voltage tension
through two voltage-source bulk capacitors of (C1 and C2) of equal values, which will
maintain constant voltage delivery to the designed configuration just like the voltage fed

inverter (VFI) topology [5].

As been mentioned before, the central point between the source capacitors called
'‘Neutral Point (NP)’. It splits the operational voltages into three successive levels
[—%,O and g] , which facilitates the soft switching mode of the four operational modes
of the MOSFET switches of MNPCI topology explained in Table 3.1 in Section 3.4.1,

i.e, this will decrease the switching losses which in turn increase the efficiency [95].

Therefore, the MNPCI topology has three operating modes: Positive (P), Nega-
tive (N) and0. The clamping diodes (D1 and D2) are connected to the NP. When the
switches (SW1 and SW2) are switched ON, the MNPCI output terminal to the load Z

is connected to the NP through either of clamping diode D1 or D2.

During the P-mode, the first two upper high MOSFET-switches (SW1 and SW2) are
switched ON. Then the 0-mode is afterwards, the switch SW1 is turned OFF and the
storage energy is discharging with the output current flows through the free wheeling

diode switch SW2.

While the N-mode, the two lower high-low MOSFET-switches (SW3 and SW4) are
switched ON. Then, the 0-mode again is afterwards, the SW4 is turned OFF and the
storage energy is discharging, with output discharging current flows through the free

wheeling diode and switch SW3.
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Itank (O | X£1 ®
+ L +
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Figure 4.5: Variable LLC" Equivalent of IH Load

The MNPCI topology delivers an IH load model of variable LLC' equivalent circuit

with an output voltage Vi,.x, as in the following Section.

4.3.2 Resonant Load tank Equivalent

As can be pointed from IH load configuration in Fig. 4.5, the inductor - workpiece load
set will be modelled using variable inductor - resistor equivalent of R and L, to represent
the changeable characteristic of induction heating cycle, both connected in parallel with
constant value compensating capacitor C', in order to achieve the resonant mode of IH

system at steady state condition.

Besides, It contains series connected inductance Ly, to form the LLC' load equivalent

circuit which has the following advantages of:

e [t maintains constant current delivery to the IH load, with the current flowing
through the inductor iy is greater than the current flowing through the converter
semiconductor switches iz,i(t) by @ times like the current fed inverter (CFI),
therefore Equations (4.19)(4.20) and (4.21) below are applied.

e [t has the capability to absorb the undesired inductive parasitic components in TH

system.
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Figure 4.6: Hybrid Configuration With Variable Load

e [t compensates the matching transformer absence at load side which decreases the
cost and increases the efficiency.
e It offers good short circuit immunity from load short circuit (heating coil and
workpiece) and from capacitor inrush current, as it applies a mandatory path of
Ly, which keeps MNPCI working under inductance load behaviour even during
that problem.
The current gain of IH load configuration can be calculated from tank current isq, (%)
which will be divided into inductor-resistance current iy (t) and capacitor current ic(t)

as follows:

i(O)tank = ic(t) +ir(t) (4.19)

Being, i¢(t) is the compensator current which equal to

io(t) = (1 + jQ)itank(t) (4.20)
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And, the inductor current iy (t) is equal to

ir(t) = —jQitan(t) (4.21)

Where @ is quality factor.

Therefore, this topology takes the advantage aspect of constant voltage delivery
through using the two equal bulk voltage capacitors, like the (VFI), and also gives
constant current delivery of gain () to the load due to modelling with LLC' topology,
which means it can be considered as a hybrid voltage-current fed inverter (HVCFI) with
a high current gain IH system, as can be deduced from the relationship between inverter

and load currents given by Equation (4.21), see Fig. 4.6.

4.3.3 Control Circuit

The most important merit of IH system is its variable characteristics during the heating
process which means that the control plan of the prototype should be adapted to achieve
optimum algorithmic behaviour at all load equivalent conditions, in order to ensure max-

imum power delivery from MNPCI power supply to IH load.

The control strategy is designed to maintain the phase shift angle between voltage
and current approximately zero at all load tested conditions, which facilitates capturing
the resonant state and achieves soft switching mode of all MOSFETSs of MNPCI config-

uration.

Considering that, the control circuit consists essentially from high performance board
processor STM32F4DISCOVERY (STM32F4), due to its easy to program besides its
high speed execution, better accuracy and more functionality than other pic-processors
and suitability to application frequency. The STM32F4 board used to trigger three
MOSFET-drivers of two high-side and one high/low-side MOSFET-drivers. These will
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Figure 4.7: Control Circuit
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attenuates four MOSFETs of three high side and one low side switches with four modes

shown in Table 3.1 before, as shown in Fig. 4.7 above.

The control strategy is designed to maintain the phase shift angle between voltage
and current approximately zero at all load tested conditions as can be seen in output
voltage and current signals shown in Fig. 4.15 later, which facilitates capturing the res-

onant state and achieves soft switching mode of the MNPCI prototype MOSFETs.

Considering the optimum algorithm block diagram of control circuit shown in Fig. 4.8,
the algorithm decomposes both the voltage and current output signals simultaneously
using Discrete Fourier Transform (DFT) into their real and imaginary complex
components, in order to compute their phase angles and afterwards make a comparison
between them to calculate the phase shift angle ¢. According to ¢, the frequency will
be attenuated to approximately the natural resonant frequency of the circuit while the

induction heating load samples being changed during the experimental work.

4.4 Experimental Set Up and Average Power Analysis

Considering the schematic graph results of the experimental prototype values illustrated
in Table 4.1, the frequency response behaviour to the variable IH load of proposed pro-
totype during experimental work is drawn in Fig. 4.12, and the experimental set up

prototype is shown in Fig. 4.9.

For better understanding the power transfer of the system configuration from the pro-
posed MNPCI converter to the LLC' equivalent load, there will be an extensive analysis
to the average power transfer in terms of harmonic components of output load voltage
and output current, which is delivered from MNPCI topology to the IH load of captured
following values: L1 = 105.7uH, R = 10.07Q2 and L = 33uH, as can be seen in output

voltage and current signals in Fig. 4.15, which clearly clarifies from first sight that, the
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phase shift angle ¢ between the two signal is very tiny and can be considered as approx-

imately zero magnitude difference.

But from practical point, and by analysing experimental results of both magnitude
responses of harmonic components of output voltage shown in Fig. 4.10, and magnitude
responses of output current shown in Fig. 4.11, it is found that there are three harmonic
components of output voltage of (wy,ws and ws), of frequencies fi(main frequency),
fs = 3f1 and f5 = 5f respectively, and two harmonics of current of (w; and ws) of
frequencies fi(main frequency) and f3 = 3fi, therefore for simplicity there will be three
terms of voltage and current to represent the real and imaginary parts using Fourier
Series, and the transfer power will equal to the average power through the resistor R,

assuming ideal state and resonant mode, therefore the average power will be expressed

as:
Table 4.1: List of Variable Experimental Prototype values
Circuit parameters Magnitude and unit Designed Value
Choice
Series inductance, L, 105.7(uH)
Parallel  inductance, L | 22,33,47,68,100(uH)
{Lp1, Ly, Lps, LpsandL,s}
Inductance ratio values, [ | 4.8, 3.2, 2.25, 1.55, 1.057 {ﬁ = %} >1
181, B2, B3, BaandBs }
Equivalent resistance, R 3.37,10.07,15.07,22.07(X2)

Parallel resonant compensat- | 11.8(uF)
ing capacitance, C
Voltage source capacitors, Cy | 470, 470(uF)
and Cy

Py = Pp= ! ivR
_ 2 /T (v dthf ))z’L(t)dt (4.22)

The v(t) and i1 (¢) are the time domain output voltage and current respectively, given
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Figure 4.9: Experimental Setup 2
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from Fourier Series as follows:

v(t) = k1Coswit + ko Sinwit + ksCoswst + kgSinwst

+ ksCoswst + kgSinwst

With,

ir(t) = krCoswit + kgSinwit 4+ koCoswst + kigSinwst

+ knCOSW{,t + klgsinCU5t

And the derivative of iy (t) will given by

dip(t)

T —krSinwit + ksCoswit — kgSinwst + k1gCoswst

— k11 Sinwst + koCoswst

(4.23)

(4.24)

(4.25)

By substituting Equations (4.23), (4.24) and (4.25) into Equation (4.22), then the

following expression formed:

\

T
1

P, = 7 /Hk‘lCoswlt + koStinwit

0

+k3Coswst + kySinwst
+ksCoswst + k65’mw5t]
L [kz7w15inw1t — kswiCoswt

+kgws Sinwst — kigwzCoswst

+k11W5SiTLUJ5t - ]{512W5COSW51{|
. {kﬁCoswlt + kgSinwit

+koCoswst + kigSinwst

+l€11008&)5t + klgsiTLW5t:| :| dt

Ve
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By simplifying (4.26), then taking the Laplace Transform to it, the equation will be

transformed to the following formula:

LA{P,} = i {klk? + ksko + kakio + kski1 + kekio N (k1k7 — kSk'?wlL) S \

TS 25 2 S2 + 4uw?
kyks + koky + (k2 — k2)w L 21 kskg — kik1g — 2kgkiows L
“ ; )i (P )
S kyko + kskio + (k3 — k%y)wsL 2ws
5% 4 4w3 ( 2 ) S? 4+ 4w}
n <I€5]€11 — kgkia — 2k11k12w5L> S <k6k11 + kskio + (K%, — k%z)W5L>
2 S? + 4uw? 2
QW5 k3k7 — k4k8 + k’lk’g — k‘gk’lo — kgkg(ujl + (,U3)L — k7k10(w1 + w;z,)L
S? + dw? < 2 >
S (k3k7 + kaks + (kgko — k7k10)w3L) S
: 7+ 2
5% + (w1 + ws) 2 52 + (w3 — wy)
N (k4k7 + kikyo + ksks + kokg — (ko + k1o)kswi L + krkgws L — k8k10w5L>
2
(w1 + ws) n <k?4k’7 — ksks + (k7 + k‘s)kgng) (wg —w1)
52 4+ (wy + ws)? 2 S? 4+ (w3 — wy)?
n (k?5k?7 + keks + (kski1 — k;7k:12)w5L) S
2 52 + (ws —wr)?
+ <k’5l{?7 — k’ﬁkg + klkll - k’glﬁg — (k’7k12 + k‘gk'H)wlL — k7k5120&)5L) S +
2 S? + (w1 +ws)?
(k6k7 + ksks — kskir + k1kio + kok1y + (krkin — kskio)ws L + (krkyp — k8k12)w1L)

2
(w1 + (JJ5)
.52 + (Cd1 +OJ5)2 )
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" kekr — ksks + (kskio + krk11)ws L (ws — wr)
2 S? + (O)g) — w1)2
kikg + kokio + (krk1o + kskio — ksko)wi L
_.I_
2 S? + w1 — W3)
kgkg - k1]€10 + k7l€9W1L wl — W3
_|_
S? + w1 — w3)
n ksko + kekio + (k?mk?n — kok1a)ws L
2 S? + W5 — (,U3)
ksko — kekio — kaki2 — k1ok11(ws + ws) L — kokiaws L
+ +
2 S?+ (w3 + ws)?

2

<k6k9 + kykiy + kskio + kskiy + kskio — kokiows L + (kok11 — kioki2) (ws + w5)L) [

(w3 + ws) n <k6k9 — kskio + (kok11 + k10k12)w5L> (ws — ws)

'52 + (Cdg + CU5)2 2 (O}5 — (,(.)3)
(klk’n + kokia + (krkia — ksk1y W1L>

_|_

2 + (w1 — W5)
n kokiy — kikio + (k7kiy + kski2)wi L (w1 — ws)

2 S? + (w1 — w5)
i kski1 + kakio + (kokia — kiok11)wsL

2 S? + w3 — w5)

n kykiy — kskia + (kok11 + kiok12)ws L (w3 — ws)
2 S2 + (W3 - w5)2

(4.27)

Then, taking the Laplace Inverse of the equation (4.27) gives the following expression:
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g_l{g{Pav}}:Pav:

1
T Dot + p1.Sin2wit + pa(1 — Cos2wit) + p3Sin2wst

+p4(1 — Cos2wst) + psSin2wst + pe(1 — Cos2wst)
+p7rSin(wy + w3)t + psSin(ws — w)t

+pg(1 — Cos(wy + w3)t + pio(1 — Cos(ws — wr)t)
+p11Sin(ws — wy)t + praSin(wy + ws)t

+p13(1 — Cos(wy + ws)t) + pra(l — Cos(ws — wy)t)
+p155in(w; — ws)t + p16(1 — Cos(wy — w3)t)
+p17Sin(ws — ws)t + prgSin(ws + ws)t

+p19(1 — Cos(ws + ws)t) + pao(1 — Cos(ws — ws)t)
+pa1 Sin(wy — ws)t + paa(l — Cos(wy — ws)t)

+pa3Sin(ws — ws)t + pas(l — Cos(ws — ws)t)
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By rearranging equation (4.28) above, the following general formula produced:

1
Pav:_ ot
TP +Dr

+ p1Sin2wit — paCos2wit

+ p3Sin2wst — pyCos2wst

+ p5Sin2wst — peC'os2wst

+ prSin(wy + ws)t — peCos(wy + ws)t
+ psSin(ws — wy )t — proCos(ws — wy)t
+ p11Sin(ws + wy)t — p1aCos(ws + wy )t
+ p12Sin(wy + ws)t — p13Cos(wy — ws)t
+ p15Sin(w; — w3)t — p1gCos(wy — ws)t
+ p18Sin(ws + ws)t — p1gCos(ws + ws)t
+ p17Sin(ws — w3)t — paeCos(ws — ws)t
+ pa1Sin(w; — ws)t — paeCos(wy — ws)t

+ po3Sin(ws — ws)t — pasCos(ws — ws)t

(4.29)

The values of p,, pr, p1, P2, P3, ..., P22, P23 and poy are power constants, and can be de-
rived from the voltage and current constants after abbreviation and rearranging equation

(4.27), therefore; their values will equal to the following general expressions:

Dy = kikr + ksko + kakio + kskin + kekia
° 2

(4.30)

o k’lk"y — k8k7w1L

4&)1

21 (4.31)
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o klkg + k’gk’7 + (k% - k%)wlL

b2 o,
ksky — kykig — 2kgkiows L
p3 =
4&)3
kskyo + kako + (/{33 — k%o)ng
Py =
4&)3
- kskiy — kekia — 2k11kiaws L
Ps =
4&]5
D5 = kskiz + kekn + (ki) — kip)ws L
6 =

4&)5

_ klkg — kgklo —+ k3k7 — k4]€8 — (k7k10 —+ kgkg)(wl -+ CL)3>L
2(w1 + ws)

b7

. k3k7 -+ k4]€8 + (k/’gl{?g — ]{?7]{?10>W3L
2(W3 — wl)

Ps

 kikyo + kokg 4 ksks + kykr — (kg + kio)kswi L + krkgws L — kgkyows L

Po 2(w1 + ws)

—ksks + kak7 + (k?7 -+ kg)k?gng
2(W3 — wl)

P1o =

k’5/€7 + kﬁkg + (kgkll — k7k12)W5L
2(ws — wy)

P11 =

kikiy — kokio + ksky — keks — (krkia + kski1)wi L — krkiows L
2(wy + ws)

P12 =
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k1k12 + k’Qku + k’5k'g + k6k7 — kgkn + (k’7k11 - ]{nglg)wlL -+ <k7k'11 — kgkw)(x)g,[z

P13 = 2(w1 + ws)
(4.43)
_ L
ooy — —Koks + Kakr + (Kshia + krku)w (4.44)
2(ws — wr)
kikg + kok k7k kskio — ksk L
s = 1ko + kokio + (krkio + kskio — ksko)w: (4.45)
2(w; — ws)
—kikyo + kaokg + krkowi L
_ 4.46
P1e 2(w1 _ wg) ( )
kskg + kek kiok11 — kok L
i = skg + kekio + (k1okn gk12)ws (4.47)
2(ws — ws)
- k;5k;9 — k6k10 — k4]€12 — k9k12w3L - klokll(WS + w5)L (448)
2(ws + ws)
P19 = keko + kiki1 + kskio + kski1 + kskio — kokiows L + (kok11 — kioki2)(ws + ws) L

2(&)3 + W5)

—kskio + keko + (kok11 + k1ok12)ws L

P20 = 2wy — W)
 kiku o+ kokg + (krkio — kgkin)wi L
P21 =
2(W1 — W5)
_ —kikyg + kok1y + (krkiy + kski)wi L
P22 =
2(&)1 — (U5)
D3 = kski1 + kakio + (kokio — Kioki1)ws L
23 =

Q(W3 — W5)
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—kskio + kakin + (kok11 + kioki2)ws L

s — o) (4.54)

P24 =

And the value of pr is a power constant and its value is equal to the summation of

several p-constants as follows:

Pr = P2 + Pa + P + Py + Pio + P13 + Pra + P16 + P19 + P20 + P22 + P (4.55)

The values of kq, ko, k3, ..., kg, k19 and ki9 are constants referred to the amplitudes of

all real and imaginary harmonic components of output voltage and current signals.

For simplicity, they can be found directly from Fast Fourier Transform (FFT)
function using Matlab software, after taking the full range signal experimental points
for the case under study and multiplying by (%) scaling factor, due to the F'F'T" function

formula definition, as shown in the following equation:

X[k] = FFT {z[n]} = z[n).e” R (4.56)

Where,
N is the number of sampling points.
X [k] is the frequency domain of any selected variable.
x[n] is the time domain of any selected variable.
n is the time index.

refers to frequency f.

Tz

is the frequency index.
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Thus, ki, ke, K3, k4, ks and kg are voltage constants and their values equal to,

k= 0.328, ko = —9.0, ks = 0.142

ks = 0978, ks = —0.1963, k¢ = —0.498

Ve

(4.57)

And k7, kg, ko, k10, k11 and kqo are current constants and their magnitudes would be

as follow,

k, = —0.13, ks = —0.75, ko =0.1

klO = —3.185 % 10_3, k?n = 0, k?lg =0

)

J

(4.58)

Therefore, the values of p constants can be evaluated depending on the values of

Equations (4.57) and (4.58) above and found as:
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Do

4!

D2

b3

y2

DPe

DPs

)

P1o

P11

P13

P15

P16

P17

D19

P21

=15.853% 107, pp =

0.731 — 0.14w, L
w1
10.833 % 1072 — 24.604 x 103w, L
w1
0.3583 — 0.1345w, L
w1
1.488 % 1073 + 0.165 * 103w, L
w1

8.4 %1073 +2.679 x 10 3w, L

= W y D5 = 0
89.4186 * 1073 + 38.386 * 103w, L

- O)p7 -
Wi

—0.187 — 58.21 % 103w, L
w1
0.146 + 2.741 x 10 3w; L
w1
—5.754 % 1073 — 8.474 x 103w, L
w1

49.632 % 1073 —28.769 % 1073

= ;P12 =
w1 w1

17.671 % 1073 —10.071 % 1073

=, P14 =
w1 w1

—15.663 * 1072 — 19.997 % 103w, L
w1
0.2327 — 3.4183 * 1073w, L
w1

—4.686 * 1073 —1.3696 * 1073
Dal——— % - R
w1 w1

—3.18365 x 1073 —13.047 % 1073

= y P20 =
w1 w1

=P =pa3 =pau =10

Vs

(4.59)

By considering these values in equation (4.59) above, the general form of average

power transfer from MNPCI configuration to IH load after neglecting the zero magnitudes

will equal to the following mathematical expression:
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Po = . Pot + pr
T
+ p1 sin 2wt — po cos 2wyt
+ p3 sin 2wst — py cos 2wst
+ prsin(wy + ws)t — pg cos(wy + ws3)t
+ pg sin(ws — wy )t — p1g cos(ws — wy)t
+ p11 sin(ws + wq)t — pig cos(ws + wy)t
+ prasin(wy + ws)t — P13 cos(wy — ws)t
+ p15 sin(w; — ws)t — pig cos(wy — ws)t
+ p1g sin(ws + ws)t — p1g cos(ws + ws)t
+ pr7sin(ws — w3 )t — pog cos(wy — ws)t
(4.60)

As observed experimentally and stated before, the values of w3 = 3w; and w5 = 5wy,

so w3 and ws will be denoted in terms of wy. Therefore, by substituting them in equation

(4.60) and then simplifying the equation, the transfer power will be as follows in the

following formula:
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Figure 4.11: Harmonic Components of Output Current
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1
Pav:_ ot
T |P +pr

+ p1Sin2wit — peCos2wit
+ p3Sinbuwit — psCosbwt
+ prSindwit — pyCosdwit
+ pgSin2wit — p1gCos2wt
+ p1151nbwit — p14Cosbuwt
+ p12Sinbwit — p13Cosdwt
— p1591n2wit — p1gCos2wit
+ P18 Sin8wit — p1gCos8wit

+ p17Sin2wit — pagCos2wnt

By simplifying equation (4.61) above, the P,, will be transferred to:

1
Pav:_ ol
TP +pr

+ (p1 + ps — P15 + pi7) Sin2wit

— (p2 + P10 + P16 + pao) Cos2wit
+ (p3 + p11 + p12) Sinbuwit

— (ps + p1a) Cosbwit + prSindwt
— (po + p13) Cosdwnt

+ plSSin&JJlt - p190088w1t
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Therefore, the final form of P,, will be denoted as:

1
pcw:_ ot
TP +Dr

+ PR sin 2wyt — ppro cos 2w;t
+ p7sin 4wt — prs cos 4wt
+ pra sin 6wyt — prs cos 6wt

+ p1g sin 8wt — p1g cos 8wyt

(4.63)

The value of angular resonant frequency, w; - fundamental is equal to:

wy =27 f, (4.64)

Where, f, is the resonant frequency.
And, the pgr1, pPr2, Pr3, Pra and pgrs are constants and their values are equal to the

following general expressions:

PR1 = D1 + Ps — P15 + P17 (4.65)
Pr2 = P2 + P1o + P16 1+ P20 (4.66)
PR3 = Py + P13 (4.67)

PR4 = P3 + P11+ P12 (4.68)
PR5 = P4+ P14 (4.69)
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And according to the equations above, the values of pgr1,...prs are equal to:

—0.1652 — 62.817 % 103w, L
Pr1 =
w1
0.5722 — 0.1464w, L
Pr2 =
W1
0.16367 + 2.741 % 103w, L
PRr3 =
e (4.70)
22.351 % 1073 + 0.165 % 103w, L
PR4 =
W1
—1.671 %1073 +2.679 % 103w, L
Prs = o
1

From Equations (4.59) and (4.70) above, it can be clearly deduced that the average
power of load, P,, depends mainly on the fundamental angular resonant frequency w;
and on the parallel inductance L.

While, increasing the equivalent resistance gradually from 3.37Q2 to 22.07€2 of IH load
tank means in IH changing the material resistance and decreasing the effective cross
sectional area of the workpiece, as shown in Fig. 4.3 and according to the law stated
in Equation 4.15 before, and the corresponding experimental frequency vs inductance

change at different resistances is shown in Fig. 4.12.

The efficiency of proposed MNPCI configuration with respect to switching frequency
is clarified in Fig. 4.13, which clearly reveals that the efficiency directly affected by the
switching frequency magnitude. The graph also shows that the efficiency curve starts
from 64% at switching frequency of 3.06kH z, then it begins to increase gradually until it
reaches 81% at f = 5.4k H z, the starts again to increase towards its peak value of about
85% at the operational point that achieves the resonant state of f = 5.57kH z, then it
begins to decrease gradually step by step until reaches the minimal point of only 9% at

f=T7.59kHz.
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Frequency(Hz)
| — R1=3.370hm
6500 —— R2=10.70hm
—— R3=15.070hm
6000} — R4=22.070hm
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0.00004 0.00006 0.00008 0.00010

Figure 4.12: Prototype Frequency Response at Different Load Values
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Figure 4.13: Efficiency Versus Frequency
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4.5 Power Harmonic Analysis

The ideal output signal v(¢) produced from MNPCI prototype under the four opera-
tional modes of Table 3.1 is shown in figure 4.14. To analyse this signal as a periodic
waveform obtained from experimental job in time domain, the Fourier Series is very es-
sential at this point, in order to find the spectrum of the signal especially at any circuit

operating point and to identify the harmonic content of the signal of the proposed system.

Therefore, in the following section, there will be an intensive analysis to the harmonic
distortion content of the signal, so that it will be very easy to understand the control

strategy well:

4.6 The Calculation of Fourier Series of v(t) as a 'Pe-
riodic Signal’

To analyse the output waveform of voltage v(t) as a periodic waveform, the Fourier Series
is the main key for two main reasons, first: to obtain the signal spectra especially at
the circuit operational point in order to identify the harmonic content of the signal and
second, as a consequence, will attain the optimum operating point of proposed MNPCI
system, which ensures minimum harmonic distortion and hence optimum harmonic con-

trol for power transfer from MNPCI supply to IH load.

Therefore, starting from the law of Fourier Series in time domain as a periodic func-

tion, as in the following general formula [97]:

g(t) =a, + Z(anCos(nwt) + b, Sin(nwt)) (4.71)

n=0

Where, ¢g(t) is the Fourier Series equivalent function of v(¢) and,
w=2n1f (4.72)
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v(t)
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Figure 4.14: Output Signal v(t)
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With a, a,, and b,, are Fourier Series amplitude coefficients and they are given by the

following equations:

G = % /O ")t (4.73)
ap = %/OTv(t)Cos(nwt)dt (4.74)
b, = %/OTU(t)Sm(nwt)dt (4.75)

While, the output voltage v(t) will equal to the following succession segments over

the overall period from 0 — T interval,

V,.Sin (27 fut) for (0 <t <t,),
Vs.e’t;m for (ta <t< %) ,
v(t) = T (4.76)
V,. — Sin (27rfn (t— 5)) for (£ <t <% +ta),
_t—(%“'fa) T
Vs.—e B for(§+ta<t§T).

\

By applying the equation (4.76) in the equation (4.73), then yield
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~

aaz%]v(t)dt:% / / ()dt+ /T o(t)dt
[/ V., Sin (27 fut) dt

0

[

- dt

~ |

& \MH vl
]

5t
L s (m (1))

T

t— (L +ta)
_ / Ve — = dt]—O

7 +ta

(4.77)

The a, coeflicient stands for the mean value of Fourier Series function (or as electrical
definition it is the DC component) of the output signal function and mathematically it
equals the average value of the area under the curve of the v(t) function, and as the two
periods of operational modes are symmetrical above (for +ve cycle) and below (for -ve

cycle) the horizontal axis of time domain over the periodic interval of 7', then the value

of a, equals zero.
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4.6.1 The calculation of a,, amplitude coefficient:

Starting from equation(4.74) above, then the value of a,, coefficient will be given by:

T
an = —/ v(t)Cos(nwt)dt
T Jo

la

[/ V,.Sin(2w f,t).Cos(2mn ft)dt

0

2
T
T

+ / Vs.e_(%).C’os(anft)dt

la

Z+ta
— / V,.Sin (27Tfn <t—§)> Cos(2mn ft)dt
P ()
- / Vs.e T .Cos(27mft)dt1
T +ta

(4.78)

By referring each Sine and Cosine functions in equation (4.78) into their relation with
the complex exponential function, then the following exponential expression formula is

formed:
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o o f 2, p2imnft 2imnft
2 i fnt —7,7rn TN —2iTn
an:f{vp/(e ) ( +e )dt
0
L+ta
y 2 o2imin(t=F) _ 2w (t—F 2mnft+€—2mnft "
b 24
T
2
217rnft —2imn ft
+V, / ( +6 >dt
t— (L 1t 2imn ft —2iTnft
[t (gt
2
FHta
(4.79)

Then, with distributing the exponential functions in equation (4.79) with each other

the following integration formulas are produced
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ta to
a, = l E 62i7r(nf+fn)tdt + 6—2i7r(nf—fn)tdt
T2
0 0
to to
_ /621'7T(nffn)tdt _ /€2i7r(nf+fn)tdt

0 0
Ttta Ltta
/ 6 (27r(nf+fn t 7w fnT dt ei(27r(nf_fn)t+7rfnT) dt
T T
2 2

Z+ta L +ta
/ i(2r(nf—fn) +7rfnT)dt + —z(27r(nf—|—fn )—mfnT dt:|
T
2
T T
2 2
atirTnf—1) a—(2irTnf+1)
+Vs[/et+2f 1tdt—l—/et S
to ta
Z Z
+ta +(2imTnf— l)t +ta —(2imTnf4+1)t
e i [ o]
(4.80)

And, then by taking the integration of each term under the time interval being indicated
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in equation (4.80), then the expression will be as:

_ 1
(nf - fn)

1

C(nf + fa)
<6fifr(2(nfffn)(%+ta)+fnT) _ e’i”( (nf—fn)(

L1
(TLf - fn)

Lo
(nf - fn)
(e_iW(Q(nf'i'fn)(%"Fta)_fnT)

v
(nf + fn)

+ V. [

(6—2i7r(nf—fn)ta

(2imnf —1

1[-V, 1

Ay —

T | 4x

Lo

— ) —

1

1

NCTESS)

<€i7r(2(nf+fn)(%+ta)*fnT)

1

(nf—

_6_i7r(2(nf+fn)<%) T ))

(e2imnf-+fate

— ")

5k —€")

(e=2imnf+falte _ ¢0)

(62i7r(nf—fn)ta

_ oim(2nf ) (F)-

NH

+fn
_ 6”"( (nf— fn % +fn

)
)
)

tat2irTnf—1)ta

1

ta+(2i7r7—nf—l)(%)
.l e T — €
)

T

ta—(2itTnf+1)ta

T

 (2irTnf +1

1

 (2imTnf —1)

1

 (2imTnf +1

ta7(2i7r7—nf+l)(%)
) e T — €

(%+ta)+(2mmf71)T
(& T

(%+ta)+(2i7\'7‘nf—1)(%+ta)

| Il

— e

( T +ta ) —(2imTnf+1)T

T

(% +ta)-@inrns+1)(F+ta)

T

— e

><e

(4.81)

From equation (4.81) above, by taking the terms ’(nf + f,)(nf — f,)’ for upper Sine

representation functions as a common, and the terms ’(2irTnf — 1)(2inrnf 4+ 1)’ for the

lower exponential representation functions as a common also, then the equation will be

transformed to the following expression
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1 -V
p = — P

T [4x(nf + fu)(nf = fu)
—(nf + fn) (6—2i7r(nf—fn)ta o 1) o (TLf + fn) (€2i7r(nf—fn)ta o 1)

Hnf — f) (6—2m(nf+fn)ta_ ) (nf — fo)e™ in(2(nf+fn)(Z+ta)—faT)

(nf = fu) (270t 1)

F(nf — f)em eI (E)=1T) o f 4 f,)em (20— (F+a)+hT)
—(nf + fu)e QO MG ERT) o (nf 4 f)em 0S5 ) HAT)
—(nf + fu)emCOTIERT) (g g e im st (5 te)4T)

S — f)em nf+fn>(€)fnT)}

Vst
+(2@'7?7'nf —1)(2imtnf 4+ 1)

: [(QiWTnf + 1)6(%7ta)6i7me

—(2imTnf + 1)62i’mft" — (2irTnf — 1)e_< T >e’””fT

. o %*toc )
+(2inTnf — 1)e 2™t _ (2irrnf + 1)e ( T )@2”me

+(2irTnf + 1)6%”"’[(%“") + (2imTnf — 1)6_( v )6*2”””

—(2inTnf — 1)€2iﬂnf(§+ta)H

(4.82)

Then, rearranging equation (4.82) by assembling each two similar exponential terms

altogether, as in the following mathematical steps:
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1 -V 2ir(nf+fn)ta —2im(nf+fn)ta
an = e 2nf - ) (€ e
T 4m (n2f? = f3) 2
62i7r(nf—fn)ta + 6—2i7r(nf—fn)ta

—(nf = fo) + (nf + fo) + (0f + fa) = (nf = fa)
i (2 f+fa) (FHta) = faT) 4 =in(20nf+1n) (T +ta)—aT)
2
em(z(nf—fn)(%tha)JrfnT) +efirr(2(nfffn)(%+ta)+fnT)

2
TS+ (F)=1aT) 4 pmim(2nf+10) ()= 1nT)
2
i (20 f =) (3)+£aT) e—iw(z(nf—fn)(§)+fnT)> 1

_2(nf - fn) (

+2(nf + fu) (

+2(nf = fn) (

—Q(Hf + fn) ( 9

7 ~ta

VT [—(22'7r7nf + 1)6_(T) (62i7me _ emnfT)

* (—4m27m2n2f2 — 1)

7 "ta

—(2irTnf — 1)@( T ) (6—2i7rnfT _ e—mnfT)

+(2irTnf + 1)62“"”%‘l (e”me — 1)

—(2irTnf — 1) 2 fta (e_“me — 1) H

(4.83)

By using the exponential definition of the Cosine function in equation(4.83), the final
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a, picture will equal to the following formula:

1{ Yy
T 2w (n2f2 = f2)

+<nf + fn)COS(Zﬂ'(TLf - fn)ta) - 2fn

+(nf — fn)Cos (w (z(nf + fn) <g +ta) — fnT>>
~(nf + fco0s (7 (2007 = 1) (G +1a) + 47)
|

Ay —

{—(nf — fn)Cos2r(nf + fu)ta)

+2f,Cos (mnfT)

VT ) R TN imn
Tt 1) [(2”””]0 e () s g

7 ~ta

—(2imTnf — 1)6_( T ) (e*QiﬂnfT _ efime)

+(2inTnf 4 1)e¥mn it (1 — e””fT)

_<2Z7T7'nf _ 1)6217rnfta (1 _ efiﬂ'nfT) :H

4.6.2 The calculation of b, amplitude coefficient:

(4.84)

Returning to the general representation of b, in equation (4.75) stated before, the b,, will

equal to the integration of the four-segment parts of output voltage waveform,v(t) over

the time shown in each period, as in the following expression
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T
b, = —/ v(t)Sin(nwt)dt
T Jo

12

= %{/ V,.Sin(2r f,t).Sin(2nn ftdt)
0

+ / Vs,e_<%>.5in(2ﬂnﬁ)dt

la

_ /T Vie <t_<%+ta>> .Sz’n(27rnft)dt} (4.85)

With the retrieval of Sine function representation as a complex exponential function

into equation (4.85), then the following exponential expression formula of b, is formed

’ﬂll\b

2z7rf" o —2z7rfn 217rnft —2i7rnft
s/ )( )
0
2z7rnft —217rnft
ot ey,
” e eszn(t—g) _ 2w fn e2imnft _ o—2imnft p
_ t

p ) ( )

T t—(L+ta ) )
_< (7{_-” )> eanft _ 67217rnft
-V e : dt
21
+ia

r
2

N

NI}

(4.86)

Then, with distributing the exponential functions in equation (4.86) by each other
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the following b,,-integration formulas are produced:

la

0
to

0
ZT+ta
+% |: / eQinn(t—%).e%ﬂ'nftdt _

!

N

Fla

[N

o 2infn(t=F) 2imnft gy +

NI}
[N

R[S

S}
\H

T +ta

) [/ e2i7rfnt.62i7rnftdt o

+

/e_(tTta).e%”"ﬂdt—/e_(t:a).e_zimftdt
ta
-

A

la
/ 62mfnt.6_2mnftdt
0

la

_\/6—2i7rfnt‘€2i7rnftdt_|_/e—2i7rfnt'€—2i7rnftdt:|

0
Fla

N

€2i7rfn (t—%) .672i7rnftdt

N

la

efszn(t—g) e 2imnft gy

%Ha) -
T .e_%mftdt}

(4.87)

Then, by combining the power root of the exponentials of (4.87) altogether, then the
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following equation formed:
ta 12
2=V, ' ,
bn I p ) 62z7r(nf+fn)tdt - /6—2z7r(nf—fn)tdt
el
0 0
ta ta
. / €2i7r(nf—fn)tdt + / 6—2i7r(nf+fn)tdt:|
0 0
Ftta Ttta
_i_ﬁ |: / eQifr(anrfn)tfiTrfant . efQiﬂ(nfffn)tfiﬂfant
4
r T
2 2
T tta T tta i
. / 62i7r(nf—fn)t+i7rfant + / 6—2i7r(f+fn)t+i7rfant
T T B
2 2
T T
2 2 -
+K |:/ eta+(27,7rﬂ'nf 1)t dt _ / taf(Qi‘irTTnf+1)t dt
21
to ta i
V n 7Z+ta +(2imrTnf—1)t n <7§+ta>—(2iﬂ'7nf+l)t ]
— [ / dt — / e T dt}
2 -
L+ta Z+ta
(4.88)

Then, with taking the integration of each individual term under the time interval
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being indicated in equation (4.88), then the b, expression will be as:

bn _ l _V;’ : 1 (€2i7r(nf+fn)ta _ 60)
T 2 "|2in(nf + fn)
_ 1 (e 2T —Fte _ g0)
—2@7T(7’Lf - fn)
. 1 (6217r(nf fn)ta 60)
Q'Lﬂ-(nf - fn)
]' 2
+ . e* Zﬂ(nf+fn a
—2iw(nf + fn) (
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B 1 <€—2i7r(nf—fn)(%—i—ta)—zﬁrfnT . 6—2i7r(nf—voltagefn % —imfnT )
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T fa*(%”"f“)(%) ta—(2intnf+ta \ |
(2rTnf —1) ¢ ‘ |
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(4.89)

Considering equation (4.89) above, by taking the terms ’(nf — f,)(nf + f,)’ for

Sine representation functions as a common, and the terms ’(2rrnf —i)(2rmnf 4 i)’ for

the lower exponential representation functions as a common, then the equation will be

transformed to the following expression
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_ 1 Vo
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(4.90)

Then, with rearranging equation (4.90) again by assembling each two similar expo-
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nential terms but with different sign altogether, as in the following mathematical steps:

1 2it(nf+fn)ta _ p,—2imr(nf+fn)ta
b= |2 | (g — f) -
T [2n(n?f? — f3)

21
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~f+ 1) - )
o (20f ) (Fta) —fnT) _ p=in(2nf+fn)(F4ta)—fnT)
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(20 +10)(F) = aT) _ o=im(20f+10)(F) = FaT)
—(nf = fa) ( 92
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_(nf + fn) < 2
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7 to
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(4.91)

Depending on the exponential definition of the Sine function, by substituting this in

equation(4.91), the final picture of a, will equal to the following formula:
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1 Vi .
bn = T |:27T (n2f2 — f2)° |:_(nf — fa)Sin2r(nf + fo)ta)

+(nf + fo)Sin(2r(nf — fu)ta)
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Thus; the spectrum magnitude of v(¢) output signal is given by:

5= VTR
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4.7 The Optimum Harmonic Control of System Con-
figuration

For better understanding the control strategy of the configuration, there will be an ex-
tensive analysis to the efficient heating power in terms of harmonic components of output
load voltage and current waveforms delivered from MNPCI topology to the IH load tank
of captured values: L1 =105.7uH, R = 10.07Q2 and L = 33uH, as in experimental out-
put voltage and current signals shown in 4.15, which clearly clarifies that the phase shift
angle between v(t) and i(t) is approximately zero magnitude difference with performing

soft switching mode condition.

The corresponding experimental result of Frequency Spectrum FS analysis for
MNPCI prototype is shown in Fig. 4.16, it can be deduced from first sight that the har-
monic content are the fundamental 1%¢ | 3", 5" and finally the 7** harmonic. Therefore,
the following analysis concentrates mainly on those particular harmonics with comparing

their amplitude values at different operational points.

By comparing the F'S of three operational points at different ON switching time val-
ues of t, = 51.2usec (shown in Fig. 4.17) with FS of ¢, = 72.6usec (shown in Fig. 4.20)
and with F'S of ¢, = 89.3usec (shown in Fig. 4.23), illustrates that the MNPCI config-
uration expresses harmonic content of approximately 1%, 3" and 5" basic harmonics,
with relatively low 7** harmonic oscillation (it can be neglected depending on the selected

time t,), which coincide with the F'S shown in Fig. 4.16.

The configuration posses better characteristic of lower signal harmonic distortion con-
tent at t, = 72.6usec and at t, = 89.3usec than t, = 51.2usec, which is the main goal of
the configuration, therefore; the prototype can be controlled through convenient choice
of t, optimum operational point. This indicates that this selection controls the content

of harmonic distortion noise of output voltage v(t) and current i(¢) and hence, controls
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the maximum heating power.

Therefore, a 21 operational points with equal step interval of ¢, are selected for com-
parison starting from <ﬁ> — (%) limit, which represents the estimated effective ON
time range starting from minimum time of ¢, with maximum harmonic distortion, then
t, rises up step by step until reaches its maximum ON switching time of ¢,, meanwhile
the amplitude of harmonic distortion decreases until it reaches the minimum possible
value, as can be seen in Fig. 4.26 and Fig. 4.27, although this graph seems to be nested
that one can not recognize the interlinked lines, but this curve illustrates the operational
band borders of harmonic amplitude change of the proposed MNPCI configuration. To

show the curve of harmonic change more clearly, less points must be chosen for compar-

ison as shown in Fig. 4.28 and Fig. 4.29.

V’V‘TTLS
Vrms’maaﬁ

To identify the optimum operational point, it is important to determine the (

for the selected t, points, as in Fig. 4.30, which demonstrates that the