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Abstract

The thesis presents a detailed design of 1.5kW induction cooker capable of heating all types
of metals employed in the everyday cooking vessels. The design is based on newly developed
control approach for resonant LLC DC-DC converters by NXP Semiconductors. The ap-
proach reduces the close loop transfer function of resonant converter to first order enabling
control of resonant networks with very high quality factors. Additionally, the developed
control idea regulates the power delivered to load in every cycle without the need of a power
feedback. In that way the controller alleviates problems associated with power measurement
and control in induction heating application, especially at high quality factors. The appli-
cability of the control approach for induction heating application and resonant inverters is
theoretically and practically verified by computer simulations and practical design. In the
theoretical design possible approaches for estimation of required current ratings in the load,
design of coil aiming for maximum efficiency and dimensioning of suitable resonant inverter
are outlined. The output of theoretical investigation is used in the practical design of a
complete induction cooking system. During the practical verification a power of 1kW was
developed in aluminum cooking vessel which was limited by the maximum power ratings of
the available DC power sources.
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Chapter 1

Introduction

The enormous advance of power semiconductors, digital electronics and digital signal pro-
cessing, allowed the power electronics to become the dominant technology in many fields
previously employing other means for power conversion and control. The flexibility which
power electronics affords is not limited only to industrial applications, but is also widely
employed in everyday home appliance.

One field of consumer electronics which attempts to benefit from power electronics is
cooking appliance. Nowadays, the main and the most popular ways of food heating is either
by employing indirect heating (electrical plates) or by burning fluids with high chemical
energy such as natural gas. The main drawback of both approaches is the low efficiency
which is reported to be 74.2% for smooth electric cooktops and 42% to 48% for conventional
gas burners (53% for sealed burners) [1]. Additional drawback, in case of electrical plates,
is the slow response due to heating of the interface body between the cooking vessel and the
heating resistance.

The poor efficiency of the conventional food heating methods combined with the enor-
mous advance of power semiconductors in recent years, gave a way for new areas of research
and development. A new idea based on induction heating phenomena — that is inducing eddy
currents in an electrically conducting material, was tested and proved to be very promising
[2].

Presently, induction cooktops are well developed and produced world wide. The efficiency
of induction cookers are as high as 90% [3] and surpass the conventional cooktops not only
by efficiency, but also by allowing instantaneous adjustment of the heat, lack of hot surface
after removal of the cooking vessel, safer and etc.. Unfortunately, present induction cookers
are limited in heating only cooking vessels build from carbon steel. The main reason for
this, is the low specific resistance and unity relative permeability (u, &~ 1) of the common
metal alloys employed in production of cooking vessels. Contrary to them, the carbon steel
exhibits higher specific resistance and p, > 1.

1.1 Overview of Metals Used in Cookware Appliance

In the production of cookware appliance, mainly three type of metals are employed — namely,
carbon steel, stainless steel and aluminum. The first one, carbon steel, have been used since
long ago and was the main choice in the past. However, due to high chemical reaction of
the iron with the food ions, different type of coatings (porcelain, glass or enamelware) must
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be employed in order reaction to be prevented (Fig. 1.1(a)). However, once the integrity of
the coating is violated the reaction between the food and the steel is unavoidable .

Less chemically reactive and one of the most preferred metal used for cookware, is the
stainless steel. The combination of steel with chromium and nickel, produces a durable
and corrosion resistant material which is considered by many as the best and safest choice
for general use cookware. One drawback of the stainless steel, however, is it poor thermal
conductivity (Table 1.1). This leads to uneven heat distribution and hot spots in the cooking
vessel. The problem is eliminated by «sandwiching» aluminum plate between two layers of
stainless steel (Fig. 1.1(b)). The extra operation, however, leads to higher cost and more
complex manufacturing process.

stainless steel
enamel

carbon steel aluminum

enamel stainless steel

() (b)

hard anodized hard anodized

aluminum aluminum

hard anodized nonstick coating

(c)

Fig 1.1. Design strategies of cookware appliance. (a) carbon steel, (b) stainless steel and
(¢) aluminum.

Owing to its excellent heat conductivity, low mass and low price, cookware based on
aluminum is the most sold and used appliance worldwide. The aluminum, in fact, is easily
scratched or pitted and is especially reactive to leafy vegetables and acid ingredient. Because
of this a special coating, which in most of the cases is based on electrochemical anodizetion,
is applied (Fig. 1.1(c)).

The physical properties of the alloys employed in cooking vessels are sumarized in Ta-
ble 1.1 [4] [5] [6] [7] [8] [9]. From the table it can be seen the superior thermal conductivity
(k) and low mass density (g) of Aluminum 3004 (AL3004) which justifies its wide popular-
ity. Also it can be seen the poor thermal conductivity of the Stainless Steel and the need of
«sandwiching» with aluminum.
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Table 1.1. Physical properties of alloys employed in cookware appliance.

Properties
Alloy
Mass Density Thermal Conductivity = Specific Heat
o [kg/m?] k [W/(m - K)] cp [J/(kg - K)]
Aluminum 3004 2.72 x 103 163 893
Stainless Steel 304 8.03 x 10° 9.4 500
Grey Cast Iron 7.06 x 103 53.3 490

1.2 Induction Heating

Induction heating have been employed in industry for many years. With the advance of
the solid state switches, especially IGBTs, its popularity and role increased significantly and
nowadays, the idea of energy transfer by induction, is widely employed.

1.2.1 Induction Heating Basics

The basic principle behind induction heating is generation of heat in an electrically conduct-
ing material (workpiece) by creation of an alternating electromagnetic field near it (Fig. 1.2).
The alternating electromagnetic field is created by a coil (Work Coil) caring an alternating
current (AC). In that way, the AC electromagnetic field induces a voltage in the workpiece
based on Faraday’s law (1.7) which leads to circulating current in the workpiece (1.6). The
circulating current in combination with the specific resistance of the material p,,, contributes
to generation of Joule losses (heat)?:

Work COH_»Z Z Z @ Z 5

A

Workpiece

Y

Magnetic P/‘;ele Z Z % %

Fig 1.2. Cut-away view of a pipe (workpiece) situated inside a coil carrying AC current.

IThe induction heating relies on two phenomena for generating heat in the (workpiece) — Joule losses and
hysteresis losses. Of these two the former is the dominant one while the latter contributes, to some extend,
in the materials with magnetic properties. However, because of its small contribution and its disappearance
after the Curie temperature, it is neglected in most of the applications [10].
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Pjoule = Iszpa [W] (1].)
where:
l
Ryp = pwpz: (€] (1.2)
with
1= 2220y (13)
2
A=axé6, [m? (1.4)
2
6= , [m 1.5
V mhr o f ] (15)
and
FE
I=—— [A 1.6
o A (16)
with
do
E=-no, \4 (1.7)
where:

Pjoute — Joule losses [W];

R,,p — workpiece’s resistance [€];

I — mean length of the workpiece surface through which the current circulates [m];
D — outer diameter of the workpiece [m];

A — workpiece’s area in which currents circulate [m
a — width of the workpiece perpendicular to ! through which the currents flows [m];
0 — skin depth [m];

1 — relative permeability of the metal,

o — permeability of the vacuum 47 x 10~7 [Wb/(A - m)];

f — frequency [Hz];

p — specific resistance of the metal [ - m];

E — induced voltage in workpiece [V];

n — number of turns in the coil;

d®/dt — rate of change of the magnetic flux [Wb/s].

%

From (1.2) it can be seen that the resistance of the workpiece depends on physical
dimensions (I and A) the specific resistance of the material (p) and its relative permeability
(). For cooking vessels of fixed size but made of different metals, the physical dimensions
are identical and the only difference is in p and pu, of the material. In that way the surface
resistance of the vessels are dependable on the latter two parameters.

The electrical parameters of the alloys used for cooking vessels are tabulated on Table 1.2
[4] [5] [11] [6] [7] [8] [9]. From the table it can be seen that AL3004 exhibits unity permittivity
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and the lowest specific resistance. This leads to surface resistance of 0.47mf) at 100kHz.
In comparison, the surface resistance of Cast Iron (ASTM40) is 9.30m§2 and is 19.7 times
higher than the one of AL3004. The surface resistances are calculated for 1 x 1 meters
sample by:

l
Rsurface = PZ, [Q] (18)

Table 1.2. Electrical properties of alloys employed in cookware appliance.

Properties
All
oy Specific Res. Relative Skin depth  Surface Res. Surface Res.
@ 20°C Permeability @ 100kHz @ 100kHz related
p [0 - m] o [H/m] 0 [mm] R [mQ)™) to AL3004
AL3004 41.6 1 0.32 0.13 1
SS 304 72 1.02 0.43 0.17 1.32
Grey Cast Iron 110 145.82(2) 0.044 2.51 19.7

(M for 1m x 1m sample
() @ B = 1T (ASTMA40)

According to (1.1), for maintaining the amount of injected power unchanged, the lower
surface resistance of AL3004 must be compensated by increase of the current 1/19.7 times.
Depending on the application this can entail several challenges as addresses in more detail
further in the thesis.

The influence of the temperature on the specific and surface resistances at elevated
temperature is tabulated in Table. 1.3 [12], [9] and [13]. From the table it can be seen
that all alloys have positive temperature coefficient (p(T)) — that is with the increase of the
temperature resistance also increases. It can also be seen that the influence of temperature
on p(T) of ASTM40 is lower that of AL3004. This leads to slight reduction of the difference
in the surface resistances between the two alloys and can be considered as benefit. In both
cases p, is relatively unchanged [14][15].

Table 1.3. Electrical properties of alloys employed in cookware appliance at elevated tem-

perature.
Properties
All
oy Temperature Specific Res. Increase Surface Res. Surface Res.
Coefficient @ 100°C Related @ 100kHz related
p(T) m-m/K] p(T) nQ-m] to 20°C R [mQ] to AL3004
AL3004 0.1 49.6 19.2% 0.15 1
SS 304 0.07 77.6 0.78% 0.18 1.2

ASTMA40 0.05 114 0.36% 2.6 17.3
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1.2.2 Induction Heating System

The AC current required for creation of electromagnetic field is supplied by an DC-AC
inverter (Fig. 1.3). The inverter converts the low frequency current of the mains into a high
frequency current, demanded by the induction heating process. Other components involved
in induction heating systems are: rectifier, impedance matching transformer, compensating
capacitor (C;.) and control system (Fig. 1.3).

The rectifiers, inverters the main’s AC voltage in to a constant DC voltage required
for supplying the inverter. The role of transformer is to match the relatively low-voltage
high-current (low impedance) requirements of the workpiece with the relatively high-voltage
low-current output (high impedance) of the inverter?.

1 f v |
' Rectifier Inverter \ Transformer E RN?S:O?E !
1
: : f\ n:l : CI;T WOI'k :
O+ | ol
i [AC DC ‘ : Coil
§ : 1 1 1
Sy DC AC v ! E
O+ . T
: S ’ ] : :
! =) | I
'\ _____ I D Y D I A . C o ____. !
P e e 3
ref Power !
| Controller PLL .
| |
! 1

Control System

Fig 1.3. Induction heating system.

The resonant capacitor (C,) is used to compensate the reactive impedance of the coil.
The compensation is necessary because at high frequencies the reactive impedance of the coil
(X, =27 fL) increase significantly in comparison to the workpiece resistance and reduces
the power delivered to the load. Depending on the type of connection of the resonant
capacitor across the coil two main types of compensation are distinguishable — serial and
parallel (Fig. 1.4). The main difference between two network is that, in case of series resonant
network, the voltage across reactive components (uy, and ue) is @ times higher that the
input voltage u while, in case of parallel network, the current through reactive components
(i1 and is) is @ times higher that the current in the input terminals i. The quantity @ is
the quality factor of the network and it is defined as [16]:

Q.- Y Vo _IXp I X 1 (1.9)
U U IRy IXcRuwp Rup XcRup '
for series resonant network, and:
LI X 1
Qp=t_tz_Ulw URw Xp (1.10)

I 1 UX, UXec Rup XcRup

for parallel resonant network
where:

2The need and the type of the matching transformer, step-down or stet-up, depends on several factors.
Discussion of this factors are beyond the scope of the master thesis.
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Qs — quality factor for series resonant network;

Uy, — voltage across the inductor (Fig. 1.4(a)) [V];

U — voltage at input of the network [V];

Uc — voltage across the capacitor [V];

Xo = (wC) [0

Qp — quality factor for parallel resonant network;

I, Is — current in the inductors branch and current in the capacitors branch (Fig. 1.4(b))
[Al;

I — input current of the network [A].

The selection of the appropriate network depends on several factors such as resistance
of workpiece, resonant frequency. the need of matching transformer ets.. However, roughly,
the series resonant network is more suitable for load with high resistance (due to @ times
higher voltage) while parallel network for loads with small resistance due to higher current
in the network [17] [18].

A i,
O
L Rek
ul
i1

B .

o 2

L

C

(b)
Fig 1.4. Basic resonant networks. (a) series and (b) parallel resonant networks [19] [16]
and[16].

The connection of C, and the coil forms a resonant network which at the resonant
frequency (f,), eliminates completely the reactive impedance of the network leaving the
inverter’s output connected to the active resistance of the workpiece (R,,p) [19] [16] [16].
The elimination of the reactive components can easily be explained with the help of Fig. 1.5.
In Fig. 1.5(a) it can be seen that, in case of series resonant network, at resonant frequency
the voltage across the capacitor and the voltage across the coil has the same magnitude
(X1 = X¢, and they are connected in series) but opposite signs. In that way the only
remaining vector is the active voltage (U,) due to current flowing through R,,,. In Fig. 1.5(b)
is presented the case for parallel resonant network where, this time, the currents (I3 and
I,) are canceling each others. In the figure I; is divided in reactive (I,) and active (I,)
components.

One positive effect of using a resonant networks in induction heating system is their
contribution to reduction of the switching losses. The later is achieved by turning-on the
switches when the voltage across them is zero (ZVS) in case of series compensated network or
turning them off when the current through the switches is zero (ZCS) — parallel compensated
network [18]. In order this to happen, the controller keeps the switching frequency (fsw)
of the inverter slightly above f, (fsw > fr) [20] [21]. In case of fs, < f, the switches no
longer turn-on or turn-off at ZVS or ZCS. This leads to increase of the switching losses and
somtimes failure of the switches as described in [17]). Because of this, this mode of operation
is avoided in resonant inverters for induction heating applications.
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Ur

Uc

(a)

Fig 1.5. Vector diagrams of (a) series resonant network and (b) parallel resonant network.

The control system, in generally, consist of two controllers; the first one called Phase
Locked Loop (PLL) which tracks f, and controls f, so that the above condition is met
(fsw > [r) (detailed description of several approaches for tracing of f, are given in [22] [23]
[24]). The second one controls the power delivered to the load (workpiece) in accordance
to specified reference value (P,.y Fig. 1.3). The power control can be achieved ether by
changing the input voltage of the inverter (Uy. Fig. 1.3) as described in [25] or by changing
the switching frequency as described in [26]. Further detail on both approaches are given in
§1.3.2.

The inverter, depending on power requirements, can be either Class E (Fig. 1.6(a)) or
Half Bridge (Fig. 1.6(b)) or Full Bridge (where the capacitors Cy and Cy from Fig. 1.6(b)
are substituted by switches) [27]. The employment of only one switch, absence of matching
transformer, small filtering capacitors (DC-link) in the input of the inverter, the simple
control and the low power ratings (P < 1.5kW) made Class E topology preferred one in the
mainstream induction cookers. The Half Bridge topology is employed in cases when higher
power ratings are required [27].

Q1
Coil jUQl = T
I, T Io ] ni1 G
o—rTrn Ue, —_ l Iex n
[ Use I H Coil
C7 TN
Use Uer| o3 b
—I QZ T CQ
A\
© O
- L

(a) (b)

Fig 1.6. Inverter topologies used in mainstream induction cookers. (a) Class E, (b) Half
Bridge [27].

1.3 Problem Description

As mentioned above, the main challenge in designing of an induction cooker for heating all
types of metal is the low surface resistance of some of the alloys employed in production of
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cookware. This leads to several issues as detailed bellow.

1.3.1 Electrical Point of View

The induction heating, as phenomenon relying on Joule losses, the low surface resistance
means that for achieving the same amount of power losses in a vessel with low p, the current
ratings must be increased in accordance to (1.1). As example, considering Table 1.2 and
Table 1.3, in case of cooking vessel made of ALL3004 and temperature of 100°C, the current
must be increased +/17.3 times than in case of a vessel made of Cast Iron. This imposes a
challenge in the design of efficient air cooled coil capable of carrying high frequency high
currents.

Further, according to above, to keep the amount of power unchanged (P = UI), the
AC voltage supplied to the resonant network, in case of Cast Iron vessel, must be +/17.3
times higher than in case of AL3004. This leads to poor impedance matching in case a
transformer without taps is employed. The poor impedance matching, on the other hand,
leads to higher currents level in the primary side of the transformer and hence high switching
and conduction losses in the switches.

One way of coping with the problem, unquestionably, would be by equalizing the resis-
tances — that is by attaching a cast iron plate at the bottom of the aluminum and stainless
steel vessels. However, this will require additional processing and will make the vessel a spe-
cial one. Further, the thermal conductivity of the vessel will be influenced by the thermal
conductivity of the attaches plate. This might decrease the efficiency of the vessel when em-
ployed with conventional cooking appliance (k in Table 1.1). Because of this, the approach
is not considered here.

1.3.2 Control Point of View

The relation between the current/voltage in the resonant network and fs,, of the inverter
for different values of R, (@) is shown in Fig. 1.7. From the figure it can be seen that
with decrease of the resistance (increase of @ (1.9) and (1.10)) the change of the magnitude
of the current/voltage (AI/AU) which a given change of fs, (Afsw) will lead, increases.
This means that in case of very low R,,;, a small change in f,,, will lead to high changes in
the current or voltage (the power delivered to load) and imposes a challenge in the design
of the power controller. The control of high @) network is further complicated by the fact
that for achieving ZVS and ZCS (for reducing the switching losses) fo, > fr. In that
case, L and C do not compensate each other completely and the open loop is from second
order. The later easily can be shown by considering Fig. 1.8. In the figure is shown a
typical series connection of capacitor, inductor and resistor in their Laplace forms. The
circuit represent typical series resonant network used in induction heating and LLC DC-DC
converters (Fig. 1.15(a)). Because in both cases the output quantity of interest is the power
delivered to the load (Rex) for the transfer function can be written:

P, I?
G(S) — out _ Rek} _ SC’I‘RE]C (111)

1 2 ,
127 +123Lcoil +12Rek 52 LeoitCr + sCrRep + 1
sUrp

From (1.11) it can be seen that the open loop transfer function contains terms from
second order (SQLCOHCT). The differences in the step responses of first order (in case C, is
not present in Fig. 1.8) and (1.11) is presented in Fig. 1.9. From the figure it can be seen
that second order system’s output is oscillating which makes it more difficult to control.
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1.0—_ «—Upk U
4 n = 37
0.8 Pk
0.6 —R
Un ] — 2R
0.4+
] 5R
0.2 10R
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fsw/f fsw/f’r

() (b)

Fig 1.7. Relation of the normalized resonant network’s current and voltage in function of
normalized frequency for (a) series and (b) parallel resonant network.

Fig 1.8. Series connection of RLC.

The oscillations, in case of second order system, are dumped to zero because C. blocks the
DC component. As the later is absent in the first order system the waveforms are set at
value bigger that zero.

Additional complication in the control of induction heating resonant inverter emerge
from the power sensing and controlling approaches. In resonant inverters, the power control
is implemented either by sensing the DC power (Py.) at the input of the inverter (Fig. 1.3)
or by sensing the AC power (P,.) at the output of the inverter. However, in both cases
the reaction of the control system to power changes will be limited due to measurement of
average DC current (1) in case of Py, and time required for solving P,. = U1I cos « in case
of P,.. The accumulation of all above factors contributes to instability of the control system
and impose challenged in control of resonant inverter with high @ load such as aluminum
cooking vessels [28] [29] [30] [31].

One way of increasing the stability of the systems is by reducing the close loop transfer
function to first order. This can be achieved by implementing a control approach based on
sensing some of the quantities of C,. or L.y;. In that way the component which is included
in the control loop will be eliminated from the G(s) making the closed loop transfer function
from first order.

The idea is employed in Class E inverters where for controlling the turn-off times of the
switch the Coil’s current is sensed (Fig. 1.10(a)) [32] [33]. There the zero voltage across
the switch (time interval between 0 — t3 and t3 — 27 Fig. 1.10(b)) is sensed for turning-on
of the switch (¢g and 27). The switch is turned-off when the current in the coil reaches
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15%order 7

P [W]

2Morder

Time s

Fig 1.9. Step response of first and second order systems in case L., = 22uH, C). = 85nF
and R, = 0.199).

the reference peak level (Ic i) (t2 in Fig. 1.10(b)). The inclusion of the coil current in the
control loop, eliminates the inductor from the close loop transfer function and makes the
systems of first order.

The power regulation, in this case, is achieved either by varying the duty cycle of the
switch (D = t,,/T Fig. 1.11(a)) — that is by varying I,..; (Fig. 1.10(a)) or by Pulse Density
Modulation (PDM) (Fig. 1.11(b)) [34]. In the former approach, however, at lower levels of
Ic pk, the energy stored in coil at the moment of turn-off might not be sufficient to precharge
Ccp and C, and will lead to none zero voltage turn-on (Fig. 1.11(a)). That is why, power
regulation based on PDM is mainly employed. The regulation is achieved by enabling the
gate pulses of the switch (@ Fig. 1.10(a)) for certain period of time (ton, ppar Fig. 1.11(b)),
and disabling them for another period of time (tof¢ ppas). In that way the average power
delivered to load is related to relation between ton parp/(ton,Prmp + toff,PMD)-

1.3.3 Topological Point of View

In Fig. 1.10, a Class E inverters based on parallel resonant network is shown. The reason
for this is that it is the preferred topology in induction cookers [35] [33]. The current in the
parallel resonant network has a ) times bigger value than the input current supplied by the
source. Because of this, R, has @ times larger value when referred to inverter’s output
terminals which allows elimination of the matching transformer. Additionally, at turn-on,
contrary to series resonant network, the switch turns-on at ZVS and in that way preventing
the discharge of the output capacitance of the switch (Cog or Cpg) through the switch.

However, the topology is impractical for high current ratings as in the case of low R,p.
The reason for this is the high voltages across the switch, which are reached at high currents.
The voltage across the switch can be approximated from the power balance:

1 1
Wi =We = §Lz‘§ = 5Cuz, [J] (1.12)

. /L
UCE = 11 rol +Uc,, [V] (1.13)



12 CHAPTER 1. INTRODUCTION

Coil
L1 [C
v ==
Udc ! = Cl CT Ql
nd Ucr | | Driver and
v | | Us Control

Ry >
Uy
Ime——
o
Inb
(a)

Ucr A ////—\\\\ 1 ///,~\\\\

\ 4

[Cﬂl

Topi [~ : ; ;
" | L

\/

|

] —

Oto 1 ty t3 2‘71' 47
(b)

Fig 1.10. Class E inverter. (a) schematic and (b) typical waveforms.

\4

Depending on the network and power requirements, ucp can reach values above 1kV3.

Further the I has a triangular shape (Fig. 1.10(b)) which in case of high power ratings
can reach very high peak values. Even though special type of IGBTs have been developed
[36] [37] and are offered by most of power semiconductor manufacturers [38] [39] the switches
are not designed to meet the demands for aluminum heating.

The problem is solved very elegantly in [40] by interleaving two Class E inverters, every-
one with separate parallel resonant network switching at 20kHz (total 40kHz). The idea have
been tested practically, by the authors, with copper, aluminum and stainless steel. However,
in case of stainless steel, due to the higher specific resistance, the amount of injects power
is reported to be reduced in comparison with the copper and aluminum.

Another attractive solution with interleaved Class E inverters is presented in [35]. The

3Ucg is proportional to the current in the coil and the characteristic impedance of the network (p =

VIC-T)
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Fig 1.11. Power control in Class E inverters. (a) duty cycle control and (b) pulse density
modulation.

authors based their approach on series resonant network which allows them to use only one
coil and to change the value of C, in order to increase/decrease the resonant frequency.
In the case of iron cookware the fg,, is set to 50kHz and to 100kHz in case of aluminum
and copper. In that way R, is also affected in accordance to (1.5), (1.8) and (1.4). The
approach, however, requires a mechanical or bidirectional solid-state switches, capable of
withstanding the high frequency current and additional logic for selection of appropriate f;
depending on the load.

With the Half Bridge topology (Fig. 1.6 (b)), due to employment of two switches, a
better switch utilization is achieved and is preferred at higher power ratings. The topology,
on the contrary of Class E, employs series resonant network [41] [42].

The control of the Half Bridge, as described above, is based on two controllers. The
main challenges involved in design of PLL controller are linked to locating and maintaining
the resonant frequency (Fig. 1.12). Possible PLL designs scenarios are described in [22] [23]
[24].

The power control, in Half Bridge can be achieved either by varying the inverter’s supply
voltage (Uge) or by using frequency control.
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Fig 1.12. Starting up of series loaded resonant inverter with frequency sweep.

In case of power control based on varying Uy, the fact that at fs, ~ f,. the impedance
of the resonant network is reduced to only the active resistance of the load is used. In that
case for the power delivered to the load can be written:

U2
P= - Rlek =nl} Rek, [W] (1.14)
with
4 Uy,
U =——5[V 1.15
=R V] (1.15)
where:

n — turns ratio of the matching transformer;
R.i, — equals t0 NepiRyp With neei being number of turns of the coil [€];
U, — fundamental harmonic of the inverters output voltage [V].

From (1.14) it can be seen that power can directly be influenced by Uy.. The variation of
Uy can be achieved either by step-down converter or controlled rectifier. In the former case,
additional circuity is required which further increases the size and the cost of the unit. In
the controlled rectifiers, the rectifying diodes are substituted by Silicon Controlled Rectifiers
(SCR). The topology, in general, is employed in high power applications. The employment
in low power application is limited due to necessity of bulky EMI filters for filtering the high
harmonics content which the rectifier injects in the grid and the large DC-link filter required
for smoothing the voltage ripples at the Uye.

For low power applications the frequency control is more suitable. The power regulation
in this case is achieved by increasing fs, above f,.. According to Fig. 1.7, increasing fs,
will decrease the magnitude of the current — hence the power.

Typical waveforms of frequency control are presented in Fig. 1.13. From the figure it
can be seen that with the increase of fs,, the peak current (I ) at which the switch is
turn off also increases. This leads to higher switching losses. The problem, to some extend,
is alleviated by connecting capacitors (lossless snubbers) in parallel to switches. In that
case, however, if the energy stored in the inductive components is less than the energy
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Fig 1.13. Typical waveform in case of frequency control.

required for precharge snubbers capacitors at the moment of turn-off, a none ZVS turn-on
will occur which will lead to increased switching losses. In order the losses to be reduced, a
valley detection must be introduced in the controller which control the turn-on time of the
switches so that they are turned-on at the lowest possible Ucp (Fig. 1.14(b)).

Without Snubbers

Ui A / With Snubbers Uc EA Valley
fel \

(a) (b)

Fig 1.14. Ucg waveforms in case (a) with and without loss-less snubber and (b) none ZVS
turn-on with valley detection.

In both control approaches, however, the close and open loop transfer function remains
of second order. Further the power regulation is achieved by measuring P,.. Because of this
the control approaches are unsuitable for heating metals with low p such as aluminum.

1.4 New Control Approach

A newly developed and patented control approach for Half Bridge LLC DC-DC resonant
converters by NXP allows for elimination of majority of drawbacks mentioned above and
linked to Half Bridge. The idea reduces the closed loop transfer function to first order by
sensing the voltage across the resonant capacitor. Further, the idea «predicts» the power
delivered to the load every half cycle of f, and turns-off the switches once the desired power
is delivered to the load. In that way the idea does not require a feedback for power control.
These features make the approach suitable for control of loads with high @. Further, the
idea performs a PLL and detects the resonant frequency immediately, eliminating the need
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for frequency sweep and the problem associated with it (Fig. 1.12). Additionally, in the
designed Integrated Circuit (IC) several features such as Valley detection, Pulse Density
Modulation and sensing the primary current, aiming for increasing the efficiency, stability
and reducing switching losses, are also implemented.
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Fig 1.15. LLC DC-DC resonant converter. (a) schematic and (b) typical waveforms.
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1.4.1 Description of the Patent

The schematic of LLC DC-DC resonant converter and typical waveforms are shown on
Fig. 1.15. According to Fig. 1.15 for the active power delivered to the output, in case of
Half Bridge, can be written:

P=Ugli = Udcqu = UdchrAUcM [W] (116)

where:
dg — amount of changed charge [C];
AU,, — shown on Fig. 1.15 [V].
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From (1.16) the turn-off time (¢; in Fig. 1.15(b)) for the upper switch (@) is when
Uec, > 1/2AUg, and for the lower switch (Q2) when Ues, < 1/2AU¢,. In that way by
tracking U, the switches will be turned-off precisely when the required power has been
delivered to the load. The inclusion of Ug,, as a feedback signal in power regulation,
removes C. from the close loop transfer function and makes the system of first order. This
makes the controller stable when connected to high @ resonant networks.

1.5 Master Thesis Objective and Overview

The objective of the master thesis is the possible employment of the developed control
approach for control of induction cooking plates for all types of metals to be investigated.
The applicability of the idea, initially, is tested by computer simulations. After achieving
successful results, a practical verification is carried out by design of a 1.5kW prototype based
on the developed control approach and integrated into an Integrated Circuit (IC).

The steps followed during the design are organized in the master thesis in the following
way:

e In Chapter 2 is given further theoretical background required for understanding some
of the steps made during the theoretical design;

e Chapter 3 contains the theoretical design starting with investigation of the required
current in the workpiece for generation of 1.5kW Joule losses, followed by coil design
and concluded with theoretical calculations of the resonant inverter based on estimated
currents;

e In Chapter 4 are presented a summary of the simulation results, achieved practical
results and observed phenomenons;

e The conclusion of the master thesis is presented in Chapter 5;

e In Appendix A are given all source codes used in calculations, plotting and simula-
tions.
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Chapter 2

Theoretical Background

2.1 Influence of Frequency and Efficiency of Heating

According to (1.5) frequency influences the depth at which current flow and in that way
R.p. An increase of the frequency leads to decrease of the depth of penetration and hence
increases R,,. The benefit of increasing the frequency, however, is justified to certain value
after which the benefit is no more pronounced. The reason for this is that with increase of the
frequency the proximity effects in the coil start to play significant role. For certain process or
application, the appropriated frequency is selected depending on the requirements. In cases
when the efficiency of the systems is the most important, such as in melting applications, the
deciding factor is the efficiency of heating. In case when the frequency is the most important
factor, such as hardening applications, the efficiency of heating is ignored. As the aim of
the master thesis being achieving the highest possible efficiency, the efficiency of heating is
used as decisive factor.

The efficiency of heating is defined as the ratio of the delivered power to the workpiece
to the power supplied to the coil or:

Icm'lRek Rek

o _ 2.1
Nheating Icoichoil —+ IcoilRek Rcoil + REk ( )

where:
I.0s — current in the coil [A];
Ry, — Ryyp referred to the coil side (see §2.2) [
Reoit — is the AC resistance of the coil [Q].

2.2 Coil Workpiece Interaction

The system of coil and workpiece in induction heating can be represented as a linear trans-
former (Fig. 2.1(a)). The coil represents the primary side of the transformer with number
of turns equal to the number of turns of the coil (n) and the secondary side is represented

by workpiece as one turn loaded by R,,. In that way R,, can be represented with an
equivalent resistance (R.y) in series with the coil (Fig. 1.4) given by:

Rer = n’kRy, (2.2)

19
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where:
n — is the number of turns in the coil;
k — is the coupling between the coil and workpiece.

NS

(b)

Fig 2.1. Equivalent schematics. (a) basic representation, (b) detailed representation.

A more detailed representation of the interaction is shown on Fig. 2.1(b). From the
figure, in case of no load, for the Kirchhoff’s law can be written [43]:

dusec dzisec disec 1

= (L Ly) ——— R aras™ 7, ~ 2.3
st L) =g+ Ry @ e (2:3)

with characteristic equation:

9 1
yy (L3 + L4) + pRparas + 6 = 0 (24)
and roots:
— Rparas :I: ( Rp(n’as )2 _ 1 (2 5)
PL = T @y + L) 2(Ly+ Ls))  (Ls + Ly G, '
where:

Rparas — parasitic resistance of the coil and the secondary winding of 77 (not shown on
Fig. 2.1(b)) [Q].

From (2.5) it can be seen that when (Rparas/2(Ls + L4))? < 1/(Ls + L4)C,, C, will
resonates with Lz and Ly (Ly = L + Ly).
In case a load is present (2.3), (2.4) and (2.5) become:

disec 1

a + c. (2.6)

dusec ’ d2isec
B~ (1 £) 0 B
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’ 1
P’ (Ls + L5) + P (Rparas + Rer) + =0 (2.7)

(2.8)

2
pry = Bpuros + Rer) (<Rmm+Rek>>_ !

2 (Ls + Lg) 2(Ls + Ly) Ls+ L;) C,

where:
Ly = n%Ls — leakage inductance of the load refereed to primary side of T [H].

From (2.8) it can be seen that when roots are complex, C, will resonates with Lz and
L;. In (2.6) Ly is eliminated because at resonant frequency R.r < wL4 and shunts Ly.
The values of inductances can be found with following equations [44]:

Ly =Ly — M [H] (2.9)
Ls= M [H] (2.10)
Ls =Ly — M [H] (2.11)

M = k+/L,L, [H] (2.12)

where:
k — coupling between Li and Ls.

The coupling k£ depends on the different in the sizes of the coil and the workpiece and
the distance between them [45]. An approximate value of k can be obtained by [46]:

L—-L
k=1 7 sh (2.13)
where:

L — value of the primary inductance (L; Fig. 2.1(a)) when the secondary is open (the
coil’s inductance when no load is present) [H];

Lgp— value of the primary inductance when the secondary is short circuited (the coil’s
inductance when load is present) [H].
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Chapter 3

Design and Calculations

3.1 Preliminary Information

In the following chapter the theoretical design of the induction cooker is presented. The
design starts with an estimation of current requirements in the workpiece for achieving the
desired power. After that the coil design is considered and one possible solution is presented.
The chapter is concluded with dimensioning of the resonant inverter and calculation of the
efficiency of the system.

The starting parameters for the design are:

o Pyt min = 200W;

e Poutmaz = 1.5kW;

e Viine = 230V+10%;

e Cookware materials in accordance with Table 1.1 and Table 1.2;

o Coil of planar type in accordance with the currently produced iron cookers with outer
diameter of 220mm in accordance with the most commonly used cookwares and inner

diameter of 40mm.

e Frequency range between 10kHz and 500kHz limited by IC.

3.2 Dimensioning of the Resonant Network

3.2.1 Estimation of Required Workpiece Current

The required current in the workpiece for generation of 1.5kW Joule losses can be approxi-
mated in two ways — by FEM simulation or analytical calculations. As the aim of the master
thesis not being precise calculation and investigation of coil workpiece interaction, a simple
analytical approach is adopted. The approach gives sufficiently accurate results for initial
selection of power components, resonant frequency and evaluation of the control system.

23
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3.2.1.1 Estimation of Workpiece Resistance

An arrangement of a coil and exemplary cooking vessel is shown on Fig. 3.1. In the presented
case the workpiece resistance (R,,,) can be calculated by:

di + da

MCP=mn [m)] (3.1)
from here the resistance is:
Rup =07 (0] (3.2)
" =B (33
5 .
where:

MCP — Mean Current Path [m];

dy— the outer diameter of the coil (Fig. 3.1) [ml;

da— the inner diameter of the coil (Fig. 3.1) [m];

p — the specific resistance of cooking vessel’s material [ - m];
w — the width of one side of the coil (Fig. 3.1) [m];

0 — the skin depth (1.5) [m].

tyap
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Fig 3.1. Designation of the coil and cooking vessel.

In (3.1) it is assumed that the current is flowing only in the area covered by the coil. In
reality some fringing will be present in the walls of the pan which will additionally influence
R.p. However, the contribution of this flux is small and for simplicity sake it is neglected
here. Further, according to (3.2) R,,, will decrease with smaller vessels which will lead to
requirement of higher current. In the current design it is assumed that the cooktop will have
several coils with different size which to meet the requirement of the small vessels. Here
only one type of coil is designed in accordance to the dimensions described in §3.1.

From (3.2) and (1.1) the required current in the workpiece can be found from:

P’oule
Iyp = 7;% , [A] (3.4)
wp

The influence of the frequency on R, and I,,, in case of Pjoue = 1.5kW, di = 220mm,
dy = 40mm, t,, = 20°C and t,, = 100°C are tabulated in Table 3.1. For visualization



3.2. DIMENSIONING OF THE RESONANT NETWORK 25

sake, the data for AL3004 and ASTM40 in case of ¢,,, = 20°C is also plotted in Fig. 3.2.
In Table 3.1 the temperature of 100°C is selected considering that at see level the boiling
temperature of the water is close to 100°C and this, to some extend, is the maximum
temperature to which the cooking vessel will be heated. Further, the frequency is limited
to 400kHz so that frequency control to be implemented. In the calculation of ASTM40 the
reduction of u, with increase of B is not taken into account.

From the table it can be seen that the highest R, a1 is achieved at 400kHz and 100°C,
which might lead to conclusion that 400kHz is the most appropriate fs,,. However, closer
look at Fig. 3.2 reveals that above 200kHz a saturation point is reached and the decrease
of I,,p is not very well pronounced anymore. A better estimation of fs,, can be made after
calculation of coil losses and efficiency of heating (§2.1).

In all further calculation involving R,,, the temperature is set to 20°C. This will allow
the induction cooker to deliver power higher than 1.5kW to vessels covering the entire coil
and close to 1.5kW to smaller vessels.

Table 3.1. Calculated workpiece resistances and currents for different frequencies and tem-

peratures.
Parameter Frequency
10kHz 100kHz 200kHz 400kHz
t [°C] 20 100 20 100 20 100 20 100

Ruyp,ar [mS] 019 023 06 071 084 101 119 142
Ruypsteer [m] 025 027 0.78 085 1.11 1.20 1.57 1.69
Ruypiron mQ] 3.69 383 11.7 121 165 171 234 242

Tp,arn [A] 2810 2554 1581 1453 1336 1218 1223 1027
Lp,steet [A] 2449 2357 1387 1328 1162 1118 977 942
Lp iron [A] 638 626 358 352 301 269 253 250

i T i f . . . . 0.2
1k 100k 200k 300k 400k 500k 1k 100k 200k 300k 400k 500k

f[Hz] f1H7]
() (b)

Fig 3.2. Workpiece resistance and current in function of frequency in case of Pjouie = 1.5kW
(a) AL3004 and (b) ASTM40. For both material p(T) @ 20°C.
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3.2.1.2 Coil Design and Estimation of Switching Frequency

As state above, the design of the coil is based on a simple planar coil (Fig. 3.1)!. Due to
the high current levels, the high frequencies and the pronounced skin effect, a litz wire is
selected for the design of the coil.

The required current in the coil can be approximated from R, in the following way:

Rek = n2kap; [Q] (35)
P'ou e
Icoil = ]Ridjv [A] (36)

where:
Rcj — equivalent resistance of R, referred to the coil side of the circuit [Q] (§2.2);
n — number of turns of the coil;
k — coupling between the cooking vessel and the coil (§2.2);

The coupling can be calculated by (2.13). Because the equation is derived for coupling of
linear transformers with interleaved windings, its validity for induction heating and planar
coils was practically verified before its employment. For the purpose two planar coils were
designed and mounted one above other on a distance of 3mm. The one coil imitated the work
coil in the induction heating (L; Fig. 2.1(a)) and the second one the workpiece inductance
(Lo Fig. 2.1(a)). Initially the inductances (L and Ly, (2.13)) were measured by an LCR
meter. After that a second measurement, aiming for accounting the influence, if any, of the
current to the inductances, was made by forming a resonant network and tuning it to the
resonant frequency. In that way the value of the inductance was calculated by [43]:

1
4m2C, fr ’
With the measured inductances the coupling was calculated with the help of (2.13) and

the results are tabulated in Table 3.2.
In order calculated k to be verified another approximation of k& was derived:

L= [H]

L1
n= 2 (3.7)
Lsec
Tsee = nklpm’m = k= n[p:m (38)

where:
Ly — inductance of the coil supplied by the inverter [HJ;
Lo — inductance of short circuited coil with short circuit removed [H].

In (3.7) it was used the fact, that both coils have the same shape and the only difference
is the number of turns squared.

ISeveral papers have proposed different approaches for design of planar coils aiming to equalize the
temperature distribution in iron cooking vessels [47], [48] and [49]. In this master thesis, due to good thermal
conductivity of aluminum, sandwiching of aluminum between two layers of stainless steel and moderate
thermal conductivity of cast iron’s, the thermal distribution will be considered homogenous.
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For calculating the coupling by (3.8) the currents in the L; and Ly were measured by
connecting the formed linear transformer (L; and L) to a resonant network, tuning it to
fr and short circuiting the terminals of Ly. The measured results are given in Table 3.2.
From the table it can be seen that all three measurements give close result. The difference
between different approaches can be contributed to inaccuracies in the measurement.

The accuracy of (3.8) was further verified by computer simulation using the measured
values of Ly, Ly and k£ and measuring the currents in the terminals of both inductances. It
was observed that as k approaches 1 the accuracy increase and for k& = 0.88 the error was
estimated to be approximately 9.33 x 10™% %.

Table 3.2. Comparison between theoretically calculated value of k and practically mea-

sured.
Type of Measurement L [pH] Lo [pH] Ly [pH] k Error [%]
LCR meter 56.5 50.7 16 0.85 0
Resonant 57.15 — 13.8 0.87 2.3
f [kHz)™®) 67.4 — 137 — —
Current primary [A] — — 7.65 0.88(®) 57
Current secondary [A] — — 6.9
) C, = 97.66nF
(2) k — Tsec

njpri?n

With the help of (2.13) for t44p, = 5mm, and with specified coil dimensions, the coupling
was estimated to be k = 0.78. The selected ¢4y, is sufficient for accommodating a supporting
material between the cooking vessel and the coil and some additional air gap for further
thermal insulation and cooling.

For achieving the highest possible efficiency the optimum coil current must be estimated.
From (3.5) and (3.6) it can be seen that I.,; depends on the number of turns in the coil (n)
and the frequency (f). The most appropriate frequency can be estimated from the efficiency
of heating. The number of turns, however, are limited by several factors:

(a) the allowed winding area (w in Fig.3.1) and OD of the litz wire — that is if n T OD |
which will lead to increase in the losses in the litz wire (A, = %ODZ)); the maximum
value of OD is also limited by manufacturing capabilities of the litz wire manufacturers;

(b) the inductance of the coil (Leoi), for planar type of coil, is related to n by [50]:
Leoit = 15.22’8L7°Tn2w, [H] (3.9)
hence n 1 L2, 1

(c) the value of resonant capacitor is related to L.y by:

1

f - 271—\/ LcoilCr,

[Hz] (3.10)

50 Leoit T Cr 1

(d) and the voltage across C, is related to I.; by:
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Icoil

Ug, = —
CT Q’H-'.fSﬂJC(T’7

[V] (3.11)

C, L Uc, 1.

Table 3.3. Recommended strand size for given frequency range [51].

Nominal Single
Frequency Rec_ommended Diameter | D.C. Resistance Strand
Wire Gauge over Ohms/M’ (Max) | Rac/Roc

Copper “S”
60 HZ - 1 KHZ 28 AWG 0.0126 66.37 1.0000
1 KHZ - 10 KHZ 30 AWG 0.0100 105.82 1.0000
10 KHZ - 20 KHZ 33 AWG 0.0071 211.70 1.0000
20 KHZ - 50 KHZ 36 AWG 0.0050 431.90 1.0000
50 KHZ — 100 KHZ 38 AWG 0.0040 681.90 1.0000
100 KHZ - 200 KHZ 40 AWG 0.0031 1152.3 1.0000
200 KHZ — 350 KHZ 42 AWG 0.0025 1801.0 1.0000
350 KHZ — 850 KHZ 44 AWG 0.0020 2873.0 1.0003
850 KHZ — 1.4 MHZ 46 AWG 0.0016 4544.0 1.0003
1.4 MHZ - 2.8 MHZ 48 AWG 0.0012 7285.0 1.0003

Obviously, the parameters: Lcoi, fr, Cr and Ue, conflict with each others and an optimal
decision, considering the manufacturing capabilities of litz wire, high frequency high power
capacitors and the losses in the litz wire, must be made. For the purpose, the influence
of the strand diameter, diameter of the litz wires, the number of turns in the coil and the
frequency on the efficiency of heating have been investigated. During the investigation the
available power capacitors and litz wires were considered and used as limiting factor. The
steps taken during the investigation and the achieved results are outlined bellow.

On Table 3.3 is tabulated the recommended, by the manufacturers, strand types for given
frequency range [51]. On Fig. 3.3 is shown the influence of the strand type on the efficiency
of heating in case of n = 15 (Fig. 3.3(a)) and n = 20 (Fig. 3.3(b)), the current in the coil
(Fig. 3.3(c)) and the losses in the coil (Fig. 3.3(d)). The number of turns are selected in
accordance with the iron induction cookers [52].

For plotting the graphs the following equations and data were used (the used Matlab
script is given in Appendix A):

o single layer coil with dimensions according to §3.1;

e the OD is calculated for every strand type by:
OD = FF2, [m] (3.12)
n
where:
FF — filling factor FF = 0.95 [53] [54];

o the number of strands bunched in the cable [55]:

oD 2
s — 5 1
s (1~155ds,overal ) [m] (3 3)

where:
ds overql — maximum overall diameter of the strand [56];
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Fig 3.3. Efficiency of heating in function of frequency for coil with (a) 15 and (b) 20 turns
for different strand types. (c) I..q and (d) coil losses in function of frequency for
different strand types.

o the coil’s DC resistance of litz wire [57]:

di +d
MLT = w%, (] (3.14)
1.015™1.025™ Rye snM LT
Rdgcoil = de, ) [Q] (315)
ns
where:
MLT — Mean Length per Turn [m];
ny — bunching operations n, = 1;
n. — cabling operations n. = 1;
o the proximity effect contribution [58]:
202 12n2n2d2k
Rac,eoef =1+ W H N AR (3.16)

T768p2w?
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where:
w=2rf [rad/s];
ds — single strand bare diameter [m)];
k — factor accounting for field distribution (k = 1);
pe — the specific resistance of the copper p. = 1.72 x 1078[Q - m];

« the total resistance is Ryc,coit = Rdc,coilRac,coefs [

« the efficiency of heating is calculated by (2.1) with Ry given by (3.5) and I..; by
(3.6).

The used equations approximates the real number of ny and R4 and the achieved results
are approximate. because of this, they are used only as guidelines for selecting the strand
type and n.

From Fig. 3.3(a) and Fig. 3.3(b) it can be seen that the highest npeqting is achieved when
strand type of AWG48 and small number of turns are used (n = 15). From Fig. 3.3(c)
it can be seen that in case of n = 15 and f = 50kHz I.,; =~ 150A. The current is suit-
able for parallel resonant network where I.,; flows only in the coil and resonant capacitor
(Fig. 1.4(b)). In the case of series resonant network I.,; flows also in the windings of the
matching transformer which will lead to increase of the copper losses in the transformer.
From Fig. 3.3(d) it can be seen that the difference between losses in case of n = 15 and
n = 20 is approximately 60W. Considering that the current reduction between coil with
n = 15 and n = 20 is approximately 50% (Fig. 3.3(c)) the difference in the coil losses could
be compensated by the copper losses in the transformer and the losses in C).. Because of this
in the further investigation n = 20 and litz types AWG40, AWG42, AWG44 and AWG46
will be used. AWGA48 is not included in the investigation due to limited OD (OD = 4.03mm)
currently produced. The OD is bellow the maximum achievable OD with the selected w and
n which is:

oD = FFY = 09522 _ 4 97mm (3.17)
n 20

In Table 3.4 are tabulated the parameters of litz cables produced by New England with
suitable OD for achieving n = 20 [59].

Because the produced cables differ in OD, which will influence the comparison, the
parameters for strand types AWG42 and AWG44 are calculated by averaging the parameters
of cables with the next lower and higher OD.

Table 3.4. Maximum OD of litz cable produced by New England Wire Technologies [59].

Strand type OD [mm] T R4. [mQ/m] n  Construction
AWG40 4 1100 3.7 22 5xHx44,/40)
AWG42 4 1380 4.9 22 -
AWGC44 3.78 2625 3.97 23 5x5x3/35/44)
AWC46 3.9 35251 4.9 22 -

(1) averaged value
(?) x indicates cabling operations (n.) and / bunching operations (1)
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Based on the data from Table 3.4 new calculations have been made and the results are
presented in Fig. 3.4. From the figure it can be seen that the highest efficiency is achieved
with strand types of AWG44 and AWG46.

AWGA44 is selected for the coil design, due to limited maximum OD of cables produced
with AWG46 (OD = 4.85mm [59]). Further, AWG44 achieves it maximum 7peqting at lower
frequencies than AWG46, which will lead to lower switching losses in the inverter and lower
core losses in the transformer.

1

AWG40
AWG42
AWG44
AWG46

0.9

0.8

0.7

nhcat'mg

0.6

0.5

0.41 i

0 100 200 300 400 500
iz

Fig 3.4. Efficiency of heating for strand types AWG40, AWG42, AWG44, AWG46 and
AWG48.

The calculated OD by (3.17) leads to high current density and high losses in the coil
(Fig. 3.3(d)):

Ao 4% 90
Tiits = = = 8.02A 3.18
== T0D?  3.14 x (3.78mm) 2 fmm (3.18)

where:
OD is given by (3.17);
I3 is taken from Fig. 3.3(c) in case f = 100kHz and n = 20;

Increase of OD can be achieved either by connecting two coils with OD calculated by
(3.17) in parallel (Fig. 3.5(a)) or by connecting two coils with bigger OD in series as shown
on Fig. 3.5(b). In the former case the current density is reduced by factor of two (losses
by 4). It also reduces the coupling between the coil and the cooking vessel, as it influences
the flux linking with the pan, and increases R,. due to increase of the proximity effect. In
the case of Fig. 3.5(b), due to partial coverage of the second layer, the coupling and Rgc. coil
are less effected, while R, is slightly increased due to higher current circulating in the
periphery of the coking vessel Fig. 3.5(b). Because of its benefits the latter approach is
adopted here.

Table 3.5. Parameters of litz cable based on AWG44.

Strand type OD [mm] ny; R4 [mQ/m] Construction

AWG44 574 4200 2.45 6(5x5/28,/44)
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nl nl

Fig 3.5. Possible coil designs.

The selected standard litz cable bunched with AWG44 is shown on Table 3.5 [59]. The
number of turns which can be accommodated in the first layer in this case are:

w 0.09
npist = FEGE = 0950 m
On Fig. 3.6 are shown the achieved result with selected litz cable, n = 20, data from
Table 3.5 and designed in accordance to Fig. 3.5(b). In plotting of the graphs, the reduction
of the coupling, the increase of coil’s R4, and increase of R, are not taken into account.
From the figure it can be seen that the increase of ng led to reduction of the frequency to
f ~ 110kHz.
For calculation of C,. the inductance of the coil can be calculated analytically by [50]:

L= Le+Y > My k#i (3.20)
k=1

k=11i=1

~ 15turn (3.19)

where:
k — the number of layers;
Ly, — the self inductance of each layer;
My,; — the mutual inductance between each layers.

However, (3.20) requires a knowledge of the coupling between the two coils which is
difficult for analytical derivation. Because of this, a real coil was designed and its inductance
was measured. The coil was based on a litz wire with OD ~ 5.5mm, 16 turn in the first
layer and 7 turns in the second layer. The measured no load inductance was Ly oj0aq = 664H
and inductance with load Lj,eq = 22uH. The number of turns were made 23 instead of 20
which leads to increase of Ly oj00q- However, Lj,qq is slightly affected because in the physical
design was based on t4,, = 3mm instead of 5mm, which increased the coupling and reduced

Lload~
For the measured L;,qq and desired f = 110kHz the value of C,. is:

1 1
C, = = = 950F 3.21
Am2f2Lioaa 4 x 3.142 x (110kHz)® x 22uH (8:21)
with UCT:
Icoi
Uc l 80 = 1.22kV (3.22)

" T 27fC, ~ 2 x 3.14 x 110kHz x 95nF
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Fig 3.6. Achieved results for litz cable with OD = 5.74mm, bunched with AWG44. (a)
Nheating: (D) Ieoir and (c) losses coil.

where:

Iy is selected from Fig. 3.6(b) and rounded to 80A.

On Table 3.6 and Fig. 3.7 are shown the parameters and dimensions of CSP 120/200
type power capacitors produced by Celem Power Capacitors Ltd. [60]. From the table it
can be seen that the closest capacitor to calculated one is 2x170nF connected in series. The
capacitance in that way is 85nF, f, = 116kHz, voltage across per capacitor is Uq, = 646V
and

Qc, =1 x Ug, =80 x 646 = 51.67TkVAR (3.23)

The three parameters, Ic, = I, Uc, and Q¢, are meet by the capacitor with proper
derating (Fig. 3.8) [60].

From Fig. 3.6(c) it can be seen that the losses in the coil are approximately Piosses,coit =
219W. The value is high for natural convection and a forced air cooling might be required.
A better estimation of the required cooling can be achieved ether by FEM simulation or
practical design. In the thesis, as main aim of the coil design being the electrical parameters
and not the thermal, the thermal design is not be carried out. It will be assumed that the
cooling system is capable of maintaining the litz strands the temperature in the specified
limits.
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Table 3.6. Parameters of CSP120/200 series capacitors produced by Celem Power Capac-

itors [60].
TYPE CSP 120 / 200
Dimensions (L x W x H) | mm 35 x 35 x30.2
‘Weight kg 0.15
Capacitance (£10%) uk 0.025 0.05 0.085 0.17 0.25 0.33 0.66 1.2
Sinusoidal Voltage Vims 1100 1000 900 800 700 600 500
Peak Voltage v 1560 1410 1270 1130 990 850 710
Max. Current A 200 250 270 300 350 400
Max. Power kVA, 180 200
Freq Range @ Full Power kHz 947-1415 573-707 374-374 ‘ 231-293 l 199-232 I 197-217 I 134-148 I 106-106
Stray Inductance nH <3

4 x M6 ¥ 10mm 302 —=
s £-3| [E-F
CSP120/200 I W I N
200 kVAr
Celem Power 3% 2
c it l | -
apacitors l @ _;_3 E_;_

L;35;J

Fig 3.7. CSP120/200 series capacitors dimensions [60].

With calculated values the quality factors of an iron and aluminum cooking vessels can
be calculated:
27 fswlioada 2 % 3.14 x 116kHz x 22uH

— — ~ 82. .24
Qar Ron 0.197 826 (3.24)

for aluminum cooking vessel, and:

27 fouwLlioad 2 % 3.14 x 116kHz x 22uH

Qiron = =

4.2 3.25
Rey, 3.77 ( )

for iron vessel.

For sake of visualization the steepness of the quality factor and appreciation the chal-
lenges involved in control of such load, on Fig. 3.9 the normalized currents for aluminum
and iron cooking vessels in function of frequency are plotted.

3.2.2 Output of the Coil Design
The output of coil design is:

 coil dimensions — d; = 200mm, dy = 40mm and 44, = S5mm;
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Fig 3.8. Parameters of CSP120/200 0.17uF capacitor [60].
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Fig 3.9. Quality factor for aluminum and iron cooking vessels.

o coil design according to Fig. 3.5(b) with nfirer = 15 and ngecona = 5;
e Lnotoad = 66pH, Ligeq = 22pH and Rge coii = 30mS2 @ 116kHz;

. Icoil,AL = T78.78A =~ 79A7 Icoil,iv'on =19.95A ~ 20Aa Jcoil,AL = 3A/mm2, Plosses,coil =
219W and k = 0.78;

¢ litz wire according to Table 3.5;

o frmoload ~ 67.2kHz and f; 1044 ~ 116kHz;

e C, =2x170nF and Ug, =2 x 646V;

o Rep.ar = 0.194Q @ 120kHz and Rek iron = 3.77Q2 @ 116kHz 2.

3.3 Dimensioning of the Inverter

In general, the IC is designed to control a Half Bridge inverter (Fig. 3.10). However, before
dimensioning of the inverter, an investigation of the suitability of the topology as a solution

2Due to frequency control and low turn ration the controller will increase fs for aluminum so that the
power can be 1.5kW. In case of iron the controller will keep fs. close to the resonant frequency.



36 CHAPTER 3. DESIGN AND CALCULATIONS

for the problem is made. The investigation is based on estimation the losses in the inverter
and the possibility of dissipating the generated power in the switches used for decision
making.

For proper functioning, the IC’s requires a constant input voltage (Ug.) which is selected
to be Ug. = 390V. In that way typical 470uF /400V capacitors can be used (C; Fig. 3.10)
while the DC current is kept as low as possible. The constant voltage is achieved by the
rectifier (D1, Dy, D3 and D4) and PFC (L, @1, D5 and C; ) in the input stage of the
inverter. Dimensioning of both stages is not part of the master thesis.

Ly Ds
1666\ N
_| TOT T Coil
5) n:1 Cr 20:1
+ = 1r
o, Ude| T C1 % HY %Hé %% IjR“'P
S}
_|E§ O | Ws
_|E§ Lo,=0;
A

Fig 3.10. Half Bridge inverter schematic.

3.3.1 Calculation of Losses in Half Bridge Topology

For determination of the losses in the switches, the primary current of the transformer 77 is
required. The current is related to the transformation ration (n) of the transformer which is
set by Rek iron as the resistance having the highest value and requiring the highest voltage:

Usvon = \/Pout Reriron. = /1500 % 3.77 = 75.2V (3.26)
3.14

Usee = V2Uiron = =1=V/2 X T5.2 = 83.48V (3.27)
Usge 390

Upr,HB = d - 7 =195V (328)
Uprs 195

— 2 = — = 2, .2
"= .. T ossas 23 (3.29)

where:
Uiron - VOltage across Rek,iran [V]v
Usec — square wave voltage at the secondary side of Ty [V];
Upr — voltage at primary terminals of T3 [V].

In (3.26) Rac,coi is ignored due to its small contribution.
From (3.29) the currents in the primary winding of 737 in case of aluminum and iron
vessels are:
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Icoi 79
LpraL = #AL = 5 = 3434A (3.30)
Icoil iron 20
Loy ivon = —S28biron _ 22 _ g 7A 3.31
P n 2.3 ( )

With the help of (3.30) the conduction and the switching losses can be calculated which
are higher in case of aluminum cooking vessel due to the higher current.

UL

Usec,l
U, —Uc

Uar

Uc
Fig 3.11. Vector diagram of series resonant network in case wg > w;-.

For calculation of switching losses the turn-off current (I e Fig. 1.13) and fg,, must
be known.
The turn-off current can be calculated in the following way:

4 Usec
Usec,l = ; \/% = Uiron =175.2V (332)
Pout 1500
= _— = ————— =75.37° 3.33
QUA], = arccos Uscon Loomnr arccos TR ( )
Lok turn—of f.AL = V2@ ap sinaar, = V2 x 34.34 x sin 75.37 = 46.99A (3.34)

where:
Usee,1 — fundamental voltage at the secondary side of the transformer;
aar — angle between voltage and current (Fig. 1.13) in case of aluminum vessel [deg].

The fsy in case of aluminum cooking vessel can be found from Fig. 3.11 it the following
way:

Uar = \/PowtRer.aL = V1500 x 0.194 = 17.06V (3.35)

U —Ug, =Uaptanayp = 17.06 x tan 75.37 = 65.35V (3.36)

where:
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Table 3.7. Parameters of low Rpg,on MOSFET and fast IGBT [61][62].

Cr

Parameters
Ups Ip™  Rpson ty P2 R;
Mosfet i - o Package
V] [A] [m{2] [ns] (W] [°C/W] &
IPW65R037C6 650  52.6 70 - 7 500 0.25 T0247
FGH60N60SMD 600 60 242 1.1V®  1.1mJ® 600 0.25 TO247
IGBT Uce Ic  Rcpon UcpBon  Eofy P® R; Package
1) @120°C
2) @25°C
() @175°C
) @175°C, I test = 60A, Uok test = 400V, Rg = 109
Up = Xpleoi,ar = wlhcoitlcoil, AL (3.37)
Uc, = Xcleoit,aL = Leoit, AL (3.38)
r ’ wC,
from here:
Icoi ]-
Teoit, anwLecoi — wl(’;w =Uartanaar, = Leoaw? — IZ?ZL tan aarw — - 0 (3.39)
with:
w =27 fsw (3.40)
The solution of (3.39) is:
U
7 AL tanaar, ++vD
coil /AL
- : Al
1,2 2Lcoil (3 )
with
U 2 Leoi
D:< AL tanaAL) 4 gt AL (3.42)

Ieoil, AL

The positive root of (3.41) gives way, = 750.33 x 10%rad/s = fsw ar = 119.48kHz.
In Table 3.7 are tabulated the parameters of the lowest Rpg.on MOSFET? produced
by Infineon Technologies* and the fastest (for the given Ic and Ucg) IGBT® produced by

Fairchild Semiconductor [63], [61], [64] and [62].

3Metal-Oxide-Semiconductor Field Effect Transistor.

4The company announced recently a new MOSFETs with Rps,on = 19mQ @25°C which were not present

during the development stage of the master thesis.
5Isolated Gate Bipolar Transistor.
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With the data from the table the losses in the switches and the required heatsink are
calculated. The results are tabulated in Table 3.8.
For calculations the following equations were used:

T

1 . V2
Lims AL = %QIir,AL /sm2 wtdwt = TIMAL (3.43)
0
2 / 3
lovg AL = inT,AL /sinwtdwt = inT,AL = 15.47A
’ 2 m
0

Pcond,nLosfet,AL - 13m57ALRDS,on (344)
Peond, 1GBT, AL = Ifms,ALRCE,on + Tovg, ALUCE,on (3.45)

Uchpk,turn—off,AL
2

Psw,mosfet,AL = 2tffsw,AL (346)

ka,turn—off,AL Udc

Py, 16B1,AL = EofffswAL (3.47)
IC,test UCE,test
Ptot = Pcond + Psw (348)
T. = Tj - Ptotch (349)
T.—1T,
Rps = 3.50
" Ptot ( )

where:
I ms a1, — rms currents contributing to conduction losses in case of AL3004 (Ijpsses 7 Ipr
because every of the switches conducts only for half period) [A];
Iyvg AL — average current in the primary in case of AL3004 [A] ;
P.ond, a1 — conduction losses in case of AL3004 [W];
Py, a1 — switching losses in case of AL3004 [W];
ty — fall time of Ip [s];
I¢ test — magnitude of the current during the test in the datasheet [A];
Uc g test — magnitude of the voltage during the test in the datasheet [V];
T. — case temperature of the switch [°C];
R}, — thermal resistance of the heatsink for single switch [°C/W].

In calculation of Peond,mosfet, it is considered that at the instance Upg becomes zero, the
controller will turn on the MOSFET connecting it in parallel to the freewheeling diode and
in, that way, carrying the whole current®. Because of this losses are represented as losses in
the MOSFETs only.

61n reality the whole current will flow through the MOSFET when Upg is bellow the forward voltage of
the diode (Up); otherwise the current will be shared between the diode and MOSFET.
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Table 3.8. Calculated losses and cooling requirements per switch with the data from Ta-

ble 3.7.
Parameters
Irms Pcond R@w Ptot T} Ta Tc Rhs
Mosfet of o
Al W (W] (W] [°C]  [°C]  [°C]  [°C/W]
IPW65R037C6 24 63 41.27  15.39 56.66 1201 50 105.83 0.98
FGH60N60SMD 40.97 100.79 141.76 1400 104.56 0.38

M 0.8T maz

In calculation of Pong raBr, it is assumed that the parameters (U, Rp and ch}D) of
the freewheeling diode are identical to the one of the IGBT (in reality this is not the case,
but for simplicity sake, they are ignored here).

In (3.46) it is assumed that the rise time of Upg is equal to fall time of Ip during turn-off.
In (3.50) the thermal resistance of the thermal pad (the electrical insulation pad) is ignored
due to insufficient data in the manufacturer’s datasheet. The thermal conductivity of the
selected pad, EYGA091203RV, is specified as k = 1600W /(m - K) which for TO247 package
gives Rippaa = 0.173 x 1073°C/W [65]. However, the value does not include the electrical
isolating material in the thermal pad which will further increase the thermal resistance of
the pad.

In calculation of switching losses it is not taken into account the reduction of losses
which the lossless snubbers (Co and C4 on Fig. 3.10) will lead. However, the influence of
the snubbers will be limited due to small value of the capacitors which can be used. The
value of the snubber is related to the magnitude of the current at turn-off — hence angle «
(Fig. 1.13). In order the values of the snubbers to be large, a must be increased and, in order
the output power to be kept unchanged, n must be decreased (increasing « will move the
switching frequency away from f, hence reducing the current; decreasing n will compensate
this). This, however, will lead to increase of P.y,q and P, in the switches. The selection of
appropriate snubber capacitors will be carried out further in the master thesis. In this part
of the master thesis the contribution of the snubber capacitors in case of MOSFETSs will be
ignored. Further, in case of IGBTSs, snubbers will not be used as the small value of snubber
will lead to increase in the losses rather than reducing them [66].

From Table 3.8, where the calculations are per switch, it can be seen that both type of
switches have almost identical P.,,q. However, the employment of IGBT is limited due to
high switching losses and its employment in the design will not be considered. The MOSFETs
performs better and the cooling demands can be met by forced air cooled heatsink. However,
concentration of the heat in only two spots will lead to formation of hot spots in the heatsink
and, in that way, lowering reliability of the unit. Further, because in the calculations the
case-to-heatsink thermal resistance was not included, the practical thermal resistance of the
heatsink must be lower than the calculated one. This demands for either a large heatsink
with low air flow fan of small heatsink with large air flow fan. Both options will lead to
higher price with either noisy fan or large heatsink.

Unquestionably, for reducing the losses in the switches, several devices can be connected
in parallel. In that way the power dissipation area will increase alleviating the heatsink’s
thermal requirement. However, addition of two extra MOSFETs will make the circuit com-
parable with Full Bridge topology. Further, because the losses are related to P = RI?, the
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losses in Full Bridge will be lower that the Half Bridge (paralleling the devices will reduce
Rps,on two times while using Full Bridge topology will reduce the current two times). Ad-
ditionally, the capacitors forming the middle point (C3 and Cs on Fig. 3.10) must carry high

frequency current with magnitude of I, ar./2 = 17.17A per capacitor with capacitance of:
. d CAU,,
‘= (TZ - Tp = lavg = CUcapph—pk fsw (3.51)

Iavg,AL o 15.47
2Uap ph—pk fsw 2 x 10 x 120kHz

C= = 6.44uF (3.52)

where:
Ucap,pk — desired peak to peak voltage drop across single capacitor Uggp pr = 10V [V];
the coefficient of 2 accounts for parallel connection of the capacitors for AC current.

This will require several FKP7 or MKP?® capacitors connected in parallel increasing
further the cost and dimensions of the system.

Due to these reasons, the Half Bridge is considered impractical for the design and the
Full Bridge topology is selected as suitable topology (Fig. 3.12).

3.3.2 Full Bridge Topology

The schematic of the Full Bridge is shown on Fig. 3.12. From the schematic it can be seen
that:

Upr.r = 2Upr np = 390V (3.53)
ngpp = 2nyp = 4.6turns (3.54)
[dc
o —> "
o Q4
—c @L
T )
[pr n .11 ]cozl C"‘ry‘
I
> _
Udc Uim" Usec UCT UL. l’ §
\ 4 \ 4 Rek unv ~
]Q‘ $[(12 LT
<«
Ug,,
Cs csI
M Q> Qs
O

Fig 3.12. Full Bridge.

In the calculation of losses in Half Bridge topology it was assumed that, in case of
iron cooking vessel, the IC works exactly on the resonant frequency. In reality this is

“Film polypropylene.
8Metalized polypropylene.
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impossible due to propagation delays in the control signals and switching characteristics of
the MOSFETs. That is why fs, > f» which will decrease the turn ration and increase in
the losses in the switches.

The minimum turn-off angle can be estimated in the following way. In Fig. 3.13 is shown
an exemplary turn-off of a MOSFET part of a resonant inverter with lossless snubbers. From
Fig. 3.13 it can be seen that for avoiding none ZV turn-on, in case of iron vessel as then the
angle is the smallest, the switch must be turned-off at some angle (¢ = 180° — « Fig. 1.13)
bigger that zero. The minimal angle can be calculated from the figure in the following way:

t1+ta+t3+ts+ 15

iron — 360°
7 T

(3.55)

where:

to — t1 — propagation delay of output of the IC, gate drivers and turn-off delay of switch
(tpa,ors = 83ns [67]) [s];

t1 — to — fall time of Ip or I¢ (t; = 5ns [67]) [s];

t1 — t3 — rise time of voltage across the switch [s];

t3 —t4 — delay time for sensing and asserting the output Flip-Flop by the IC, after zero
voltage across the switch [s];

t4 — t5 — propagation delay of gate drivers and turn-on delay of switch (tpq,on = 16ns

[67]) [s]-

U

1 =t
Iﬂ :

i , I,

| : | \kj/ ; t

) R

v Out A 3 | o Out B

l i at >t

tot1  to tatats

Fig 3.13. Typical turn-off and turn-on waveforms of a SRL resonant inverters (Fig. 3.12)
(times not scaled).

Because the IC is still a prototype, its propagation delays are not measured yet. The
times are included in the design as set value of 2 x 50ns.

The turn-on and turn-off propagation delay of the gate drivers depends on the type of the
gate driver (optical or electromagnetic isolation), with electromagnetic isolated gate drivers
exhibit the lowest propagation time. An example for fast electromagnetically isolated gate
driver is ADuM3223 [68]. The gate driver has propagation ¢pry = 50ns and tpgr = 50ns
which will be used in the calculations.

The times tpq.off, tpd,on and ty are given for IPW60R070C6 MOSFET which has the
parameters shown Table 3.9 [67]. The times are for the case of Ry = 1.7Q2. Due to absence



3.3. DIMENSIONING OF THE INVERTER 43

of data in the datasheet accounting for influence of R, on the switching times, the given
values are used in the design.

Table 3.9. IPW60R070C6 MOSFET parameters [67].

Parameters

Ups I, Rps.on tf(2) p®3) R;
VI [A]  [mQ]  [ns] [W] [°C/W]

IPW60R0OT0C6 600 34 1300 5 391 0.32 TO247

1) @ 120°C
2) @ Ip jest = 25.8A, Ucp test = 400V, Rg = 1.7Q, Vgs = 13V
() @ 25°C,

Mosfet Package

In that way ¢ can be calculated as:

ti+to+ts+1la+1t5
T =

Piron = 360°

= 360 x ((50ns + 83ns) + 5ns + 5ns + 50ns + (16ns + 50ns)) x 120kHz =

=11.18°

The calculated value is the minimum angle. For accounting for some of the above as-
sumptions (gate drivers and MOSFET’s propagation times) an angle of 152 is selected.
The required Uy, for producing 1.5kW in iron vessel with the new angle (¢ = 15°) is:

P 3.14 1500
Usec = z\/i =

= 86.2 3.56
4 Liron COS Qliron 4 20 X cos 15° ( )

Comparing the values calculated with @;.on, = 0 (3.27) and the Us,. calculated by (3.56)
reveals that the difference is approximately 2V. The difference leads to turn ratio of:

Upr.FB 390
= PP _ 7T 45 3.57
Usgee 86.2 ( )
and currents:
o Icoil,AL o

Ipr AL, pp = ——— = 17.55A (3.58)

_ Icoil,iron _
Ipr,iran,FB - T = 4.44A (359)

The new transformer ratio will change fs,, ar,. However, the change will be small and
will be measured further in the master thesis by means of simulations.
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3.3.2.1 Calculation of Snubber Capacitors

For calculation of the required snubber capacitors the stored charge in the inductive com-
ponents (coil, leakage inductance of the matching transformer and parasitic inductances)
can be used. In the case of iron cooking vessel, full power (1,5kW) and ¢ = 15° the stored
charge is:

Qr =1idt = / ka,p'r‘,i'r‘on,FB sin (wi'r'ont) dt
180—iron

o ka,pr,iron,FB

o f, (cos (180 — @iron) — cosT) =

B 6.3
2 x3.14 x 116kHz

(cos 165° — cos 180°) = 294nC (3.60)
where:

ka,pr,iron = \/ijpr,iron =V2x4.44=06.3A (361)
and the maximum snubber capacitors which will not lead to none ZV turn-on:

05 294nC
AC,, . = b —— — 188pF 62
Conub = 777 == 575300 — 100P (3.62)

where:
fr is used assuming that ay.., Will not contribute significantly to frequency change;
Csnup is multiplied by 4 because the calculated charge is divided between the 4 capacitors.

According to the datasheet, the output capacitance (C,ss) of IPWG0R070C6 is 20nF
at Ups = 0V and becomes 100pF at Upgs = 200V. Because of non-linearity of output
capacitance, it is difficult for the required additional capacitance in parallel of the MOSFET
to be predicted. The value can best be selected practically. Because of this no snubber
capacitors will be selected at this stage. Further investigations will be carried out during
the practical design.

The calculated value is in case of full power. At lower power ratings the energy will not
be sufficient to percharge the capacitors. However, this will not lead to hard switching as
the voltage across the switch will be lower that Ug.. The additional losses in this case can
be calculated by:

1 2
Pturn—on - iUcapCsnub (363)

where;
Ucap — voltage across the capacitor at the moment when the switch is turned on.

In that way, the turn-on losses will be compensate by reduced conduction and turn-off
losses and will not lead to destruction of the MOSFETs.
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3.3.2.2 Estimation of the Losses in the MOSFET

The P;, and P,,,q, this time, will be calculated with the help of SW package for circuit
simulation — Plecs [69]. The package includes models of MOSFET and Diode with customis-
able parameters. In such a way the contribution of drain-sourse (Cpg) capacitance can be
accounted for.

MOSFET with Limited di/dt (mask) {ink) Diode with Reverse Recovery (mask) {ink)

This MOSFET models finite: current slopes during turn-on and turn-off. The model This model of 2 power diode includes the reverse recovery effect.
can be used to chop inductive currents. :
Only two of the three parameters trr, Irrm and Qrr must be spedfied. The

Upon a non-zero gate signal the device current increases linearly; its maximum undefined parameter should be set to 0, otherwise the value for Qrr is ignored.
rate-of-change is approx. 0.8%1d/tr. When the gate signal becomes zzra, the The parameter Lir can be arbitrarily set to a very small value, e.g. 1rH.
current starts to fall with a time constant dermined by tf. The parameter Lsig must
be positive. Parameters
Dt Forward voltage Vf: Reverse recovery time trr:
b9 [ 745 o
Blocking voltage Vds: Rise time tr:
50 ] 359 Il On-resistance Ron: Peak recovery current Irrm:
1=l i} -
0.04 [ 65 (]
Continuous drain current Id: Fall time tf:
a0 F 31e0 | Offresistance Roff: Reverse recovery charge Qrr:
Ll I} . =
inf 7] 241e-9 O
On-resistance Ron: Stray inductance Lsig:
5.80.3 Fl ieo B Continuous forward current Ifd: L
7 15 O 1es 0
Offresistance Roff: Initial current i0: :
nf o Current slope at turn-off dir/dt:
i & 20086 [l

(a) (b)
Fig 3.14. Plecs customisable components menus. (a) MOSFET and (b) Diode.
The obtained waveforms and some of the values are shown on Fig. 3.15. In the simulation
the following parameters were used:
¢ Parameters of the MOSFETs according to Table 3.9;

o Leoip = 22uH, C. = 85nF, Rep = 0.194Q, Uy = 390V, Cspup = 188pF (the MOSFET
model in Plecs does not include capacitive behaviour; because of this the calculated
value for the snubber capacitors was used in the simulations) and fs, = 119.6kHz;

e The average power delivered to load was P ~ 1.5kW

From Fig. 3.15 it can be seen that the main losses are due to conduction and are:

Preonda. AL = Feonafsw = (140.70J + 17.8,1J) x 119.6kHz = 18.96W (3.64)

Powar, = By few = 27.21) x 119.6kHz = 3.25W (3.65)

The contribution of the freewheeling diode to losses is approximately 2W. The parameters
of the diode according to datasheet are: Urp = 0.4V and Rp = 20mf2.
In that way the total loses per MOSFET are:

Piot = Poond + Psw + Piioge = 18.96 + 3.25 + 2 = 24.21W (3.66)

The error which theoretical calculation of P, give is:

3 3
Prond.cate = gfpr_ ALRDS.on = g x 17.55 x 0.13 = 20.02W (3.67)
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Fig 3.15. Simulation results of energies, losses and Ip.

Perror = ‘Pcond - Pcond,calc‘ = |2096 - 2002| ~ 1W = 4.49% (368)

which is small enough to justify the assumption made in calculating (3.44).
The case temperature per MOSFET is:

T = 0.8T} maz — Piot Rje = 0.8 x 150 — 24.21 x 0.32 = 112.25°C (3.69)

and the maximum heatsink resistance for 4 MOSFET in case T, = 50°C is:

T.-T, 112.25—50
Rhs pr— =
4P, 4 x 24.21

The calculated Rps does not differ very much from the one calculated for Half Bridge
topology (Rps,mp = 0.98/2 = 0.49°C/W), however the dissipated power (and the thermal
stress) in the switches in case of Full Bridge is lower. Further the power is divided between
four switches and covers large area than in case of Half Bridge. Both factors will increase
the reliability of the unit and will increase the life of the switches. Additionally, the selected
switches for Full Bridge cost 2.8 times less than the selected switches for Half Bridge.

A suggestion for suitable heatsink will not be made here considering that the unit might
contain several inverters attached to one heatsink.

= 0.64°C/W (3.70)

3.3.2.3 Transformer Design

The design of the transformer is based on selection of appropriate core, calculation of the
required number of turns and verification whether the number of turns can be accommodated
in the window area of the core.



3.3. DIMENSIONING OF THE INVERTER 47

+——73.91+ 1.52—|
e—— 634 £2.1 —>

—> 37.7%13 |=— —»[38.61+1.32 |=—

(012)  coating EPOXY

f

12.95
{ (0.12)  coating EPOXY 0.6

}?25.3
) Uy oo

MFW091 ﬁ
(a) (b)

Fig 3.16. Toroidal ferrite cores produced by Ferroxcube (a) TX63/38/25 and (b)
TX74/39/13 [70].

The shape of the transformer is selected to be toroidal (toroidal core gives the maximum
efficiency) made of F3F material produced by Ferroxcube [70]. The manufacturer produces
two type of cores suitable for the design — TX63/38/25 and TX74/39/13 (Fig. 3.16) [70].
From the figure it can be seen that both cores have similar dimension with only difference
in the height. In the master thesis TX74/39/13 cores is selected as it has lower profile than
TX63/38/25 which could be beneficial during the enclosure design. In order copper losses
to be kept low 3 staked cores are selected for the design.

For calculation of the number of turns the approach described in [53] is adopted®. With
the selected core the number of turns are:

_— Upr - 390
P 3AcBpkk frnoload 3 x 208mm?2 x 0.1 x 4 x 67.2kHz

= 23.25turns (3.71)

where:
A, — effective area of the core [m?] (A, = 208mm?) [70];
Bypi, — peak magnetic induction [T;
k — voltage waveform coefficient (k = 4 for squarewave [53]);
fronoload — 10 load resonant frequency of the resonant network [Hz].

In (3.71) fr noload is used as it leads to the lowest induced voltage in the winding and
hence the highest number of turn. The value of the peak magnetic induction is selected 0.1T
in order core losses to be kept low.

Because the required turn ration is n = 4.5 the primary number of turns is selected to
be n,, = 22. In that way the secondary number of turns are:

91n [54] is described approach which aims to equalize the core losses and the copper losses. The approach
is suitable for cores which have direct contact to air. In the current design, as the ring core is selected, the
windings will limit the core’s contact with the air. In that way the temperature of the core will have a higher
value than the windings due to heating by windings and limited cooling.
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_ Mpr 22
Ngee = A5 = 18— 4.89 = Sturns (3.72)

and the turn ratio is:
n 22
P - =44 (3.73)
nS(iC 5
The maximum peak magnetic induction with the selected n,, in case of inverter switching
at the full load resonant frequency is:

B B Upr B 390
PR T 3 A cnpk frioad 3 % 208mm? x 22 x 4 x 116kHz

n =

= 61mT (3.74)

On Fig. 3.17 is shown the losses in the core in function of B, for different frequencies.
From the figure it can be seen that losses will be higher at no load (fr notoqq). However,
working of the induction cooker with no load will lead only to use of energy for heating the
inverter and the resonant network which is meaningless. Because of this, it is assumed that
the induction cooker will be able to detect the load and work only when a load is present.
In that way the worst case is for fs,, = 116kHz. From the figure it can be seen that at this
frequency and By, = 61mT the losses in the material are 28kW/m?. From here the total

losses in the stacked cores are:

Piosses.core = 3Ve Pmat = 3 x 34300mm®28kW /m? = 2.88W (3.75)

where:
V. — effective volume of the core [m?] [70];
Ppqt — losses in the material at specified values of By and fs, [kW/m?’] (Fig. 3.17).

The losses are low and easily can be dissipated by the area of the core.

104 ———— ———
= T=100°C 3F3
Py F
(kW/m3) ,§§§*NW”7
/£d
103 S S
/ /A
J T
7V~ 11
A s
EvATA/am
17/
102 " va
7 /1 J
7/ Vi /A
7 /
II J 7l Il
VA VA 1 1
71/ /
10
1 10 102 B, [mT] 103

Fig 3.17. Losses in F3F material in function of magnetic induction for different frequencies
[70].

For the design of the transformer’s windings a litz wire is selected. For the secondary
side is selected the litz wire used in the coil design (Table 3.5). For the primary side’s the
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litz wire shown on Table. 3.10 is selected. AWG46 is selected because the AWG46 strand
gives lower losses that the AWG44'° (Fig. 3.4). The litz wire’s OD is selected so that the
current density in the wire to be sufficiently low:

4ITALFB 4 x 17.55
I = —E0EE = 2.48A /mm? 3.76
P 7OD2, 314 x (3mm)? / (3.76)

Table 3.10. Parameters of litz cable for the primary windings .

Strand type ODp, mm] ns  Rg. [mQ2/m]  Construction

AWG46 3 2700 6.1 5x5x3/36/46)

The winding area of the core is:

md?,  3.14 x 38.612

W, =
4 4

= 1170.22mm? (3.77)

where:
din, — the inner diameter of the core (Fig. 3.16(b)) [mm].

and the area occupied by the winding is:

Wy = (Wpyr + Wiee) FF, = (15543 +129.32) x 1 = 284.75mm? (3.78)
with
7OD? 3.14 x 32
= P =292 =155.4 2 )
Wy = npy IFF, Tl 55.43mm (3.79)
and
7rOD§ec 3.14 x 5.742 9
Wsec = Nsec 4FFSEC =5 41 = 129.32mm (380)
where:

W, — area occupied by primary winding [mm];

Wiee — are occupied by the secondary winding [mm];

FF,, —1fill factor taking into account the none perfect arrangement between primary and
secondary; for simplicity FF,, = 1';

OD,,, — overall diameter of the litz wire used for the primary winding [mm];

FF,, — fill factor for the primary winding; for simplicity FF,, = 1'%

ODge — overall diameter of the litz wire used for the secondary winding [mm];

10The litz cable bunched with AWGA48 are produced in OD = 2.36mm and OD = 4mm which will give
either too high current density, in the former case, or will require a large window area, in the latter case.

1 The real value depends on the arrangement of the windings in the layers. In the worst case it cannot
decrease bellow 0.785 [54].

12The value is between 0.95 and 1 as each, primary and the secondary winding, occupies only one layer
(the inner circumference of the core is Ceore = mdipn = 3.14 X 38.6mm = 121.2mm while Cpr = nprODypy =
22 X 3 = 66mm and Csec = nsecODgec = 5 X 5.74mm = 28.7mm) [54].
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FFy.. — fill factor for the secondary winding; for simplicity F'Fs.. = 1.

From (3.77) and (3.78) it can be seen that W, > W, and core’s winding area can
accommodate the total number of turns (even at F'F,, = 0.785, FF,, = 0.9, and FFy.. =
0.9).

The losses in the windings can be approximated by:

dou maxr dzn min 7543 - 3729
W= 2 T = 5 = 19.07mm (3.81)

hiot = 3heore.maz = 3 % 13.55 = 40.65mm (3.82)

Lypr = 2npp (W + hior + ODpy) = 2 x 22 x (19.07 +40.65 4+ 3) x 1073 =2.76m  (3.83)

Lsec = 2nsec (W + htot + 2()]:)pr + ODsec) =

=2x5x (19.07 4 40.65 + 2 x 3 +5.74) x 1072 = 0.715m (3.84)
Rie.pr = Rac itz prLpr = 6.1m8Q x 2.76 = 16.84m¢ (3.85)
Rue.see = Rac titz.secLpr = 2.45mQ x 0.715 = 1.75mQ (3.86)
Ruacpr = Rac.coeprRepr = 1.17 x 16.84mQ = 19.7mQ (3.87)
Ruac.see = Raccoef.seeRaesee = 1.11 x 1.75mQ = 1.94mQ (3.88)
Piosses,pr = Loy arRac.pr = 20° X 19.7mQ = 7.88W (3.89)
Piosses,sec = 12oe ap Rac,sec = 79° X 1.77mQ = 12.12W (3.90)

where:

W — width of the core [m];

dout,maz a4 din maez — Mmaximum outer and inner diameters of the core [m];

htot — total height of the three stacked cores [ml];

heore,maz — Mmaximum height of single core [m];

Ly, and Lg.. — length of the primary and secondary litz wires [m];

ODp: and ODge. — overall diameters of the litz wires used in the primary and secondary
windings [m];

Rcpr and Rye sec — DC resistances of the primary and secondary windings [©];

Rac itz pr and Rge 1itz,sec — DC resistances of the litz wires used in the primary and the
secondary windings [€2/m];

Racpr and Rgc sec — AC resistances of the primary and the secondary windings [€];

Roc,coefpr and Rac coef,sec — AC contribution to Ry, for the primary and secondary
windings calculated by (3.16);
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Posses,pr ad Plosses,sec — power losses in the primary and the secondary windings [W].

In (3.83) and (3.84) it is assumed that the litz wires is closely wound to the walls of the
core. In reality the windings will have some radius of winding which will increase slightly
the calculated values. However, due to its small contribution it is ignored here. The OD in
both equation is used in order the contribution of the layer to the mean length per turn to
be accounted for.

In that way the losses in the transformer are:

Bossesﬂfr = f)losses,core + [)losses,pr + Bosses,sec =

= 2.88 x 7.88 x 12.12 = 22.88W (3.91)

From (3.91) it can be seen that the losses in the core are lower that the losses in the
windings. However, considering that the two windings cover the core and, in that way, heat
additionally the core and limit its thermal radiation and convection, the value is appropriate
for the design.

An approximate thermal design can be carried out by a FEM analysis. However the
thermal design is not considered in the master thesis.

3.4 Theoretical Efficiency of the Complete System
The total losses in the inverter are:

Prosses,iny = 4Psor = 4 x 24.21 = 96.84W (3.92)

From here the losses in the whole system are:

Plosses,sys = Plosses,coil + P)losses,inv + P)losses,tr = 219 + 96.84 + 22.88 = 338.72W (393)

In (3.93) the losses in the resonant capacitor are not included due to absence of the losses
(tan d) in the datasheet of the manufacturer.
The theoretical efficiency of the system is:

Pjoule o 1500
Pjoule + F)losses,sys N 1500 + 338.72

Tt = =081 (3.94)

which is still higher that the smooth electric cooktops (74.2%).
The required input power is:
Piy, = Pjoute + Plosses,sys = 1500 + 338.72 = 1838.72W (3.95)

The total power in the output of the inverter in case of aluminum cooking vessel is:

4 Udc Icoil AL 4 390 79
== AL 2 PR g gkvaA ,
SAL= TR n  31dyzaa O3 (3.96)
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3.5 Design Outputs

The output of the theoretical design is:
Inverter

e Topology — Full Bridge;

e Switches — IPW60R070C6;

e 1o lossless snubbers;
Transformer

e turns ration n = 4.4;
o primary number of turns n,, = 22 wound with litz wire with OD = 3mm and AWG46;

e secondary number of turns ns.. = 5 wound with litz wire with OD = 5.74mm and
AWG44;

Resonant Network
o coil dimensions — d; = 200mm, dz = 40mm and 44, = 5mm;
o coil design according to Fig. 3.5(b) with ny;ret = 15 and ngecona = 5;
o litz wire with OD = 5.74mm and AWG44;
e Lnoload = 66uH, Lioaqa = 22pH;
e C, =2 x 170nF;



Chapter 4

Simulation Results

4.1 Simulation Setup

In order the control idea to be used for control of induction heating inverter, several changes
have been made to the circuit presented in Fig. 1.15(a) which, for convenience, is presented
in this part of the master thesis also (Fig. 4.1).

o———
o
_| E} T D1
UG | ' . u O
\ 4 Cr ]CT
_____ L —> .
Uge " ° Ci= Uowt
Q2 7;

Dy

L ™

0O <«
< <
T
<
S
<
L
|
O =«

Fig 4.1. LLC DC-DC resonant converter. Copy of Fig. 1.15(a).

From Fig. 4.1 it can be seen that in LCC resonant converters the resonant capacitor (C;)
is located in the primary side of the transformer. This is done for two reasons. First C, is
used for blocking the DC voltage and eliminating the need of additional blocking capacitor.
Secondly, C. resonates with the leakage inductance, or leakage inductance and magnetizing
inductance in cases of no load, of the transformer where the current is bidirectional. The
current in the secondary, due to the diodes, for series connection of capacitor is unidirec-
tional. Moving C, in the secondary side, in this case, will only charge the capacitor to
voltage related Uy, and n eliminating the resonant network !.

IWith single secondary winding and full bridge rectifier the resonant network can be formed. However,
this requires 2 additionally diodes and decrease the efficiency of the converter.

93
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In the induction heating the current in the primary and secondary is bidirectional. Be-
cause of this, C). can be located either in the primary or in the secondary side of the
transformer. Keeping the capacitor in the primary side, however, will reduce its value n?
times compared to the case when it is located in the secondary side. This will lead to high
voltage across the capacitor and the transformer. For instance, in the case of full power and
aluminum pan the voltage across C,. is:

Uc, pr = nUs, see = 4.4 x 2 x 646 = 5.68kV (4.1)

A capacitor with such ratings has large dimension, requires extra creepage distance,
imposes challenge in design of high voltage transformer and increases the copper losses.
That is why C, is moved to the secondary side of the transformer (Fig. 3.12).

Further, for achieving a better start-up and stability the IC is designed to track the
voltage across the primary side of the transformer (U on Fig. 4.1) instead of Ug,. In
induction heating the voltage across the primary side cannot be used because C, is situated
in the secondary side. The required voltage is represented by the voltage across the coil (sum
of Ur,,, and Ug,, in Fig. 3.12). Because of this the sampling is moved in the secondary
side of the transformer.

The effect of sampling the coil voltage (Uey) instead of Ug, is shown on Fig. 4.2. From
the figure it can be seen that U, has a voltage jump at the moment when one of the switch
pairs is turned (tg or ¢1) while Ug, is pure sine wave. This, however, does not influence the
control approach as long as the magnitude of AU¢, is calculated correctly. For this reason
the turn-off limits in this case are calculated by:

AUc,  Uge
o> T2 .
UC,.,hzgh = 9 m (4 2)
Udc AUC
ow S - - 4.
Uc, .1 om 3 (4.3)
and the power delivered to load in this case is:
2 SU)CTAU .
P=Uyl, = Udc% (4.4)

The switches are turned-on when the voltage across them becomes zero or a valley is
detected (Fig. 1.14).

With this changes, the developed control idea is implemented in the Matlab language
and simulated with the help of Matlab Simulink (Fig. 4.3) (the source code is given in
Appendix A).

In the schematic:

o switches are ideal with RC snubbers with R = 1m{2 and C = 188pF;
¢ the transformer ratio of T1 is 4.4:1;

o resonant network’s components have values of Cr = 85nF, Lcoil = 22uF and Rek =
Rek,AL or Rek = Rek,iron;

o Uge = 390V;
o the value of Viml (U,,) is used for controlling the turn-on of the switches;

e Vm2 (Ucpi) is the feedback signal used for controlling the turn-off of the switches;
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Fig 4.2. Difference between Uy, and Ug,..

o the additional signals supplied to algorithm are: the simulation time required for
calculation of the switching frequency and the reference power.

o the output signals of the block are the control signals for the switches (out_a and

out_b);
ut. ut_b]
! [leaoi>— |
o o ° o
4% Q1 4% Q4
E w E w ™
-] ] 4.4:1 Cr Lcoil
R A L
n — |U )
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Clock
Fig 4.3. Used schematic during the simulations.

The algorithm works in the following way: in the beginning of the simulation (0 Fig. 4.4)
out__a is turned on for defined period of time and turned off after end of this time (¢q). This
injects energy in Lcoil and Cr and force them to start to resonate. After ¢y the voltage across
switches Q2 and Q4 is sensed. When it becomes lower that 10V out_ b is turned-on and
the next half periods begins (¢1). When condition (4.2) is fulfilled, the out_b is turned-off
(t2) and the algorithm begins to sense the voltage across Q1 and Q3. When this voltage
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becomes <10V, out_ a is turned-on (¢3) and algorithm waits for condition (4.3) to turn-off
out_a (t4). In that way the algorithm switch with a frequency dependable on the required
power. The unknown in (4.2) and (4.3) AUg, is calculated from (4.4) at the end of every
period.
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| | > ¢

. i
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Fig 4.4. Starting up of implemented algorithm.

4.2 Simulation Results

The step response of the implemented controller and the change of fs, in case of Rex =
Rep a1, are shown on Fig. 4.5. The simulated waveforms are without power feedback and
the required power is estimated only by calculating (4.4) in every half cylce. The output
power is averaged by use of 2 order Butterworth low pass filter with cutting frequency of
15kHz.

From the figure it can be seen that the controller is capable of responding to changes
in the reference power very quickly and without any overshoot. The small difference in the
reference power (P.y) and power delivered to load (Pg,, ) is due to calculation inaccuracies
and snubber capacitors which contribute to the continuation of the energy flow after issuing
a turn-off signal. The error can be eliminated by addition of power feedback. Further, from
Fig. 4.5 it can be seen that there is no overshoot it the output power which shows the high
stability of the system and its reduction to first order.

From the figure it can also be seen the small change of frequency required for changing
the power with 1.2kW.

On Fig. 4.6 is presented the step response in case of Rex = Rek iron. From the figure it
can be seen that the step response is similar to case of Rexk = Rex, a1 and the only difference
is in the switching frequency of the inverter. As expected the iron cooking vessel requires
larger change of fs,, for reducing the power to 300W.

On Fig. 4.7 is shown the start up of the inverter in case of Rex = Reg,iron and the
response of the system in case of step change of Rex = Reg,iron t0 Rek = Rek,ar. In the
figure the averaged output power is substituted by the peak output power divided by 2 so
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Fig 4.5. Step response of the output power and change of fs, in function of power in case
of aluminum cooking vessel.

that the real response of the system to be observable. The finite slop of P,..; is due to the
fact that no logic for prevention of capacitive switching is implemented in the algorithm and
the finite time required for increasing the energy in the resonant network to appropriate
magnitudes. From the figure it can be seen that the system response very quickly and
accurately to changes of the load.

For sake of comparison on Fig. 4.8 is shown the response of the system in case of step
change of the load from iron to aluminum when the switches are driven with constant
frequency of 120kHz. This represents a system of second order as described in §1.3.2. From
the figure it can be seen that after the step change was applied the output power needs
some time before it settles to the steady state value. By comparing Fig. 4.7 and Fig. 4.8 the
influence of the controller can easily be notice.

From the simulation results it is clear that the idea successfully can be used in induction
heating applications.
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Fig 4.6. Step response of the output power and change of fg,, with power in case of iron
cooking vessel.
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Fig 4.7. Response in case of step change of Rex = Rk iron t0 Rek = Rek AL-
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Fig 4.8. Response in case of step change of Rex = Rek iron t0 Rek = Rek, ar, with fixed
switching frequency.
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Chapter 5

Practical Design

In the practical design firstly the Half Bridge topology was used. After obtaining successful
results, the topology was changed to Full bridge. The precaution was taken due to the fact
that the IC is designed for control of Half Bridge topology which makes the initial testing
easier.

5.1 Used Equipment

Power Supplies:
e Delta Elektronika SM400-AR-8 (0-400V, 4A) — used for supplying the inverter;
e Delta Elektronika E015-2 (0-15V, 2A) — used for supplying the control board;

e Delta Elektronika ES030-5 (0-30V, 5A) — used for supplying the hide side driver in
the Half Bridge.

Oscilloscopes:

o LeCroy Waverunner 343 (350MHz, 2Gs/s);

e Yokogawa DLM 2024 (200MHz, 2.5Gs/s).
Voltage Probes:

e LeCroy PP007-WS (x10, 550MHz, 10M£2, 10pF );

e Yokogawa 701938 (x10, 200MHz, 10M(2).
Current Probes:

e LeCroy CP030 (30A, 50MHz);

e Yokogawa 701933 (30A, 50MHz);

e Yokogawa 701929 (30A, 50MHz);

e Current transformers 1:40 and 1:60 (Fig. 5.1) with burden resistance of 6£).
Infrared Thermometer:

e Fluke 574.

61
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(b)

Fig 5.1. Current transformers used in the measurements. (a) 1:40 and (b) 1:60.

5.2 Half Bridge Inverter

5.2.1 Schematics and Practical Implementation

The control board used in the practical verification was designed by NXP. All other compo-
nents have been designed by the author.

The appearance of the board is shown in Fig. 5.2 and the schematic on Fig. 5.3. On
Fig. 5.4 and Fig. 5.5 is shown the Half Bridge inverter’s schematic and a picture of the
practical realization respectively. In Fig. 5.3 the Slope Gain (R7) and the Fdb (R8) trimmers
are used for power regulation. Uy, is the feedback signal of the voltage across the coil
(Fig. 5.4). The sensing of the voltage across the coil is implemented with capacitive divider
formed by C16 and C19. The capacitance of C19 is fixed to 100nF and is SMD capacitor
situated as close as possible to the feedback pin of the IC (Sns Cap Fig. 5.3). C16 is
implemented as a series connection of 12pcs. 2.2nF 2kVDC ceramic capacitors connected
in series (Fig. 5.2). The large number of serially connected capacitors is required due to
high AC voltage which the capacitors must sustain. Also, it allows for changing the division
ratio.

In the current version of the IC, the ratio between C16 and C19 sets the output power
deviled to the load. The required value of C16 for achieving given power level can be
calculated by:

frCr Usns,bus

C16 = C19
-Pin - fTCTUsns,bus

[F] (5.1)

where:
Usns,bus — voltage at the Sns Bus pin.

The above equation is valid for low power DC-DC converters where the maximum peak
voltage Uy, (Fig. 1.15) hardly exceeds the applied Upc (Fig. 4.4). In the case of high power
resonant converters, where the reactive power can be significant, the value of C16 is limited
by the maximum voltage which the IC can sustain in the Sns Cap pin and the maximum
peak voltage across the coil (Fig. 5.4). The voltage at Sns Cap is in range of 0-5V and
must not be exceeded. Because of this in all practical design the ratio between C19 and C16
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Fig 5.2. IC’s test board.

is selected so that the divided peak-to-peak voltage does not exceeds 5V. The difference in
the calculated value based on max. pk-pk voltage and the one calculated by (5.1) can be
compensated by tuning R6.

The output power regulation, in the IC, is made to be regulated by changing the voltage
on Sns Fb pin. The voltage range is between 1V and 3V as 3V being the maximum output
power delivered to load and 1V zero power. The IC also has the capability of implementing
Pulse Density Modulation (PDM) (Fig. 1.11(b)) depending on the voltage at Sns Fb pin.
In the current design this level is set to 1.6V.

In the design, the Sns Fb pin, besides power regulation, is also intended to be used for
output current limitation in case of no load. The latter is added in order MOSFETs to be
protected during the tests!.

The current limitation is implemented by the current transformer CT1 (Fig. 5.4) an the
circuit enclosed in dashed box in Fig. 5.3. The circuit works in the following manner: CT1
and R16 transform the primary current into voltage; the voltage is applied to voltage divider
(R9 and R10) and after that feed to U2; in steady state U2 is turn off, however when the
voltage in its input exceeds the threshold voltage of U2, U2 is turn on and in that way
reduces the voltage at Sns Fb.

The Q1, Q3 and Q4, Q6 in the schematic of the Half Bridge are used as current booster
due to limited output current driving capabilities of the IC’s drivers. The diode (D3) and
capacitors C10, C11 and C12 form a bootstrap network used for providing the required
voltage and charge for turning on the upper MOSFET (Q2). The behavior of the circuit is
as follow: when the lower switch (Q5) is turn on, the one end of the bootstrap capacitors
becomes connected to ground through Rpg on of Q5; if the voltage in the bootstrap capacitor
is bellow 15V — Vg p3, D3 becomes forward biased and connects the bootstrap capacitors to
Vdd Hs (+15V); in that way the capacitors are charged; when Q5 is turn off the voltage in
the source of Q2, depending on current direction, becomes higher than +15V which reverse

n the absence of load, according to the equivalent circuit Fig. 2.1, in the secondary side of the transformer
only the Rqc of the coil will remain. This will force the IC to attempt to deliver 1.5kW, in case of full power,
to the small AC resistance of the coil. This will increase significantly the current and destroy the MOSFETs.
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Fig 5.3. Schematic for the control board.

bias D3 and turns it off preserving the charge in the capacitors.
The required bootstrap capacitors can be calculated by [71]:

ate,ltota. 2 1 -9
Choor = Lantestorat g 25 X W07 1 5 g0 = 474 (5.2)
AUvboot 1

where:

ante,total = ante + (Ilk,cap + Ilk,gs + Iqbs + Ilk + Ilk,diode)~ton + le (53)

Qgate — the total gate charge of the MOSFET; Qgqte = 170nC for Ugeee = 0 — 10V [C];
It cap — leakage current of the bootstrap capacitor [A];

Iig s — leakage current of the switch gate source capacitance [Al;

I, ps — quiescent current of the bootstrap circuit [A];

Ij, — leakage current of the bootstrap circuit [A];

Iik, diode— leakage current of the bootstrap diode [A];

Qs — charge required by the internal level shifter of the driver [C];

ton — on time of the high side switch [s];

AUpoot — Pk-pk ripple voltage of the bootstrap capacitor [V];

S — over-dimensioning factor.

In (5.3) the contribution of the currents and the level-shifter charge are ignored due to
their low contribution and are taken in the account in the S. The given value of Qg4 is in
case of 10V gate voltage. As the used maximum gate voltage in the design being 15V (50%
higher) Qgate is multiplied by 1.5. For testing purposes of IGBTs the bootstrap capacitors
are selected with value higher that calculate one (Fig. 5.4).
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Fig 5.4. Half Bridge — schematic.

The gate resistances are selected so that the maximum peak current of 3A of the BJTs
is not exceeded [72]:

Ude 15
—delC _ 20— 50 = 6.80 (5.4)

Rg >
IC,mam 3
where:
Ude,1c — supply voltage of current boost transistors equal to IC’s drivers voltage (+15V);
I¢maz — maximum collector current of the BJTs.

The value of R14 and R17 are:

Rp = ReBmin = 6.8 x 25 = 1700 (5.5)

where:
Bmin — minimum current gain of BJT.

The value of C13 and C17 are calculated by (3.52). The MOSFETs are IPW60R070C6
according to Table 3.9.

The connection between the control board and the Half Bridge board was made by
twisted pair wires with length less than 10cm. The cable used for sensing the voltage across
the coil was also made by twisting wires with length less then 30cm.

For the design of the resonant capacitors 240pcs. of MKP capacitors with capacitance of
100nF and 1kVDC were used (Fig. 5.6(a)) [73]. The capacitors were connected 15 in series
and 16 in parallel and the total capacitance was 106nF. In that way the voltage across the
capacitor at 120kHz and I..;; = 79A will be:

_ Teont _ 79
" 2rfC 2 x 3.14 x 120kHz x 106nF

Ue = 989V (5.6)

and across single capacitor:
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o
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Fig 5.5. Half Bridge — practical realization.
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Uc single — T = — =66V 5.7
) gl 15 15 ( )

On Fig. 5.6(b) is shown the maximum permissible AC voltage across a single capacitor in
function of frequency [73]. From the figure it can be seen that at 120kHz and selected ..
the applied voltage will exceeds with 26V the maximum allowed voltage of 40V. However,
because of limited number of capacitors, Uc, could not be reduced further.

The maximum power losses in single capacitor are [74]:

2
Pe, 10sses = 2nfCUE, gingie tand =

=2 x 3.14 x 120kHz x 100nF x 662 x 15 x 10~* = 0.59W (5.8)

which is withing the limit of the 22.5mm pitch package [75].
The current through single capacitor is:

Icap,single = Iiogl = % =4.9A

The designed coil is shown on Fig. 5.7. For the design a litz wire with strand type of
AWG36 (ds = 0.127mm), OD = 5.94mm and n, = 1050 were used. The reason for using a
litz wire with higher ds that the selected on in chapter 3 is due to availability of such cable
and the preliminary stage of the investigation.

The number of turns in the first layer were 17 and the number of turns in the second
layer 6 (Fig. 3.5(b)). The mechanical supporting material was with thickness of 3mm and
the dimensions of the coil were: d; = 220mm, do = 38mm and d3 = 43mm. The measured
inductance was Lyoioad = 66puH, Lipeq = 22uH.

In that way the resonant frequencies are:
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Fig 5.6. Resonant capacitor (a) practical realization and (b) AC voltage vs. frequency for
single capacitor.

1 1
_ _ = 104.27kH 5.9
Frioad 271/Cr Lipad 2 % 3.14 x /106nF x 22pH ’ )
1 1

= 60.2kHz (5.10)

Jranoload = 2V Co Lootond 2 X 3.14 x \/T060F x G6uH

The matching transformer was designed by packing two toroidal cores with inner di-
ameter of dj,ner = 39mm, outer diameter dyyter = 73mm and height of single toroid of
h = 12mm. In that way the area of the two cores was A, = 408mm?. The peak magnetic
induction was set to By, = 0.1T @60kHz and, for half bridge, was calculated 10 turn for
the primary winding and 5 turns were made in the secondary winding (n =2 : 1).

)

Fig 5.7. Practically designed coil.
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Fig 5.8. The matching transformer.

The primary winding was made by litz wire with OD = 3.6mm, strand type AWG36 and
ns = 265. The secondary winding was made by the same litz wire as the one used for the
design of the coil. A picture on the transformer is shown on Fig. 5.8.

5.2.2 Achieved Practical Results

In all practical tests the following settings were used:

o the inverter’s supply voltage (Uj.) was set to a low value, approx. 30V, and was
increased once the IC has locked to the resonant frequency;

o the test were conducted without snubber capacitors connected in parallel to the switches;
e as loads aluminum plate, aluminum fry pan, iron plate and iron pan were used.

In the firsts practical tests, the inverter’s supply voltage (Ug.) was applied before the
IC voltage (U,.). This was done considering that in reality the IC is supplied by step-down
converter which requires some initial supply voltage before beginning operation. In that
way Uy, reaches a value close to the maximum before IC start working.

The approach, however, lead to destruction of the lower MOSFET. The reason for the
failure was investigated and is shown on Fig. 5.9. In the figure:

e U, — supply voltage for the IC (+15V);

o I, — current in the primary side of the transformer;

e U,, — primary voltage at transformer’s terminals;

e Out A — voltage at the low MOSFETs gate (Q5 Fig. 5.4);
e (1) — charging of the bootstrap capacitors;

o (2) — starting of the inverter.

From the figure it can be observed that in the beginning of initialization, the IC turns
on the low side switch for 10ms. Because the Uy, has value bigger than zero, this forces the
capacitors forming the middle point (C13 and C17 Fig. 5.4) to be discharged through the
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Fig 5.10. Auxiliary starting circuit. (a) schematic and (b) practical realization.

transformer and Q5. In case of high Uy, this leads to saturation of the transformer and
destruction of the lower switch.

The problem was solved by applying U.. before Uy, so that the initialization of the IC
to be done with no voltage in C13 and C17. However, because the IC is designed in such
a way that when no change on Sns Fb pin is sensed, the IC continuously turns on and off
the Out A while a change on Sns Fb is sensed. Considering that application of Uy, when
the Out A is high might cause instability issues and for achieving better flexibility with
starting and stopping the inverter additional circuit for aiding the starting and stopping of
the inverter was designed (Fig. 5.10). The new circuit was adapted to Fig. 5.3 by connecting
the output of the circuit (the anode of D2) to the Sns Fb pin of Ul. The circuit work in
follow way: when U, is applied, U2 is reset by pressing the Stop button; then the output of
U2 goes low and pulls down Sns Fb pin of Ul, turning off its outputs; when Start button is
preset the output of U2 goes to +5V and reverse bias D2 as the voltage on its cathode being
higher than the voltage at its anode; this restores the voltage on Sns Fb and its normal
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Fig 5.12. Uncontrolled switching.

Application of U, before Uy, however, eliminates the charging of the bootstrap capaci-
tors ((1) in Fig. 5.9). The charging of the capacitors, now, takes place in the beginning of the
start-up of the inverter Fig. 5.11. This leads to uncontrolled switching of the inverter due
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Fig 5.13. Start up with bootstrap supplied by external voltage source.

to insufficient voltage for saturation of the upper MOSFET. This causes high dV/dt in the
middle point of the inverter (HV Fig. 5.4) as shown on Fig. 5.12 which leads to destruction
of the gate drive stage of the IC. The uncontrolled switching, in case of connected snubbers,
also leads to high power losses in the MOSFETSs due to discharging of snubbers through the
MOSFETs.

For avoiding the uncontrolled switching the diode D3 (Fig. 5.4) was removed and voltage
source with magnitude of +15V was connected in parallel to bootstrap capacitors. The effect
of changes is shown on Fig. 5.13. As can be seen from the figure the starting up have been
improved significantly. However, it is also observable that in the first 40us the switching is
still uncontrollable. The reason for this is the high voltage division required for reducing the
voltage across the coil to the limits of the IC (0-5V). The effect of this is as follow. In typical
DC-DC LLC resonant converter, where C,. is located in the primary side of the transformer
(Fig. 1.15), and the feedback signal for calculation of the turn-off times is taken from the
primary side, the turn-on of the upper switch produce a voltage jump across the primary
side of the transformer equal to Ug.. The IC samples the jump and uses it as a reference for
calculating the turn-off levels of the switches. Further, in low power application the reactive
power, in comparison to active power, is low. Because of this, the voltage at the primary
side of the transformer hardly exceeds Uy, (Fig. 4.4). In that way, if Uy, = 390V, the voltage
division is:

Use 390 _ g4 (5.11)

Ndivision, LLC = o
rsron Sns Cappk 2.5

where:
Sns Cappk — peak voltage at the Sns Cap pin (0-5V is peak-to-peak value).
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In case of induction heating the voltage jump is reduced by turn ratio of the transformer
as the feedback signal is taken from the secondary side of the transformer. Further, the high
current in the secondary side leads to high voltages across the reactive components which
in the current setup is 989V (5.6). This leads to voltage division of approximatelly:

o 200mVvs

Main £ 12.5 k 2us/div

Fig 5.14. Noise across C19 with feedback disconnected and board placed in grounded metal
box.

k> 200mY vy
P

Fig 5.15. Voltage induced in the probe placed inside grounded metal box with probe’s
ground connection attached to active end of the probe.
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V2Uc V2 x 989
ivision = - = = 559.5 5.12
ftd AH Sns Capmax 2.5 ( )

In that way, in case of DC-DC LLC resonant converter, the IC will sample and store a
value of approximately 2.5V, while in case of induction heating inverter the voltage is:

U jum Udc 390
Ustored = L =

= = 348mV 5.13
Ndivision, I H N X Ndivision, I H 2 x 559.5 ( )

where:

Ujymp — voltage jump;

n — turn ratio in the current setup.

On Fig. 5.14 is shown the induced voltage across C19 (pin Sns Cap) in case the feedback
cable is disconnected, the inverter is switching uncontrolled, the control board is placed in a
grounded metal box and Uy, = 20V. From the figure it can be seen that the induced voltage
in the Sns Cap pin exceeds the one calculated in (5.13). This will cause the IC to trigger
before the resonant frequency is achieved.

The contribution of the probe to the induced noise is shown on Fig. 5.15. From the figure
it can be seen that the probe’s influence on the measurements is insignificant and the noise
mainly is due to PCB and IC layout.

Attempts have been made for alleviation of the problem by shortening the length of the
cable used for feedback signal and tightening the twisting so that the induced noise to be
reduced. With this setup several test have been made by gradually increasing Uy.. Even
though the start up, to some extend, was improved (Fig. 5.16 where it can be seen that
the start up is excellent and IC starts to switch immediately at proximity of f, without
any uncontrolled switching), there were cases when the IC could not lock immediately to f,
which leaded to uncontrolled switching. In the latter cases a failure of either the MOSFET
or IC, due to high rate of change of the voltage (dV/dt), was observed.
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Fig 5.17. Continuous work with IC locked to frequency. Load AL plate, Uy, = 50V.

Because in the attempts for improving the start up of the inverter significant number
of IC and MOSFETs were destroyed, the efforts for improving the start up were stopped.
The behavior of the IC was noted as an drawback in the current prototype and efforts were
concentrated on investigating the behavior of the IC at high power levels.

The steady state behavior of the IC when locked to frequency, with AL plate as load,
Uge = 50V is shown on Fig. 5.17. In the figure it can be seen fg,, = 104kHz and the angle
a = 54°. In that way power delivered to load is P =~ 72W.

Because of high losses in the MOSFETs, due to high I,., the power in Half Bridge
topology were not increased significantly. The desired power ratings were achieved with the
Full Bridge topology as shown in the following section.

5.3 Full Bridge Inverter

5.3.1 Schematics and Practical Implementations

The schematic of the Full Bridge inverter is shown on Fig. 5.18. In order control board’s
interface to be adapted to the Full Bridge requirements, four gate drivers with floating power
supply are added. The selected gate drivers, HCPL-J312, have optical isolation and peak
output current of 2.5A [76] which limits the gate resistance to 6.8Q2. The floating power
supplies for the gate drivers are required due to floating ground potential of upper drivers
U4 and U5 (Fig. 5.18). Because the ground potential of U6 and U7 is same for both drivers,
only one power supply is used. The floating power supplies, in reality, can be substituted
by bootstrap network, however this will lead to uncontrolled switching in the start up of the
inverter as described in §5.2.2.

The bootstrap network is moved to the control board to provide a voltage for the upper
gate driver of the IC. The capacitors C10, C11 and C12 (Fig. 5.4) are replaced with a single
capacitor of 1uF' due to reduced charge (current) required by the input of the gate drivers.

The capacitor C31 is used for blocking any DC voltage present in the inverters output.
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Fig 5.18. Full Bridge — schematic.

Fig 5.19. Full Bridge — practical implementation.

The value of the capacitance is selected so that the voltage drop across it to be low and
the current through each capacitor to be within the limits. The primary winding of the
transformer is increased to 20 turn and connected to two terminals in the diagonal of the
bridge (Fig. 5.18). The secondary winding is kept 5 turns so that n =4 : 1.

The outside view of the designed Full Bridge inverter is shown on Fig. 5.19. The
schematic of the power supply stage is shown on Fig. 5.20. A picture of the practical
implementation is shown on Fig. 5.21. In Fig. 5.20 the voltage regulators Ull and Ul4 are
used for reducing the output voltage to +15VDC. The middle winding having a voltage of
10.5VAC does not require voltage regulation.
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Fig 5.20. Power Supply for the Full Bridge — schematic.
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Fig 5.21. Power supply — practical design.

5.3.2 Achieved Practical Results

During the tests three different types of MOSFETs were used. Initially the tests were carried
out with IPW60R070C6 type of MOSFETs. After that STYS8ONMG60N and SPW47N60CFD
MOSFETs were used. The reason for this is explained further in the thesis.

The start up of the inverter, with IPW60R070C6, is shown on Fig. 5.22 and Fig. 5.23.
In Fig. 5.22 it can be seen that the IC located the resonant frequency immediately and
the start up is excellent. However, in Fig. 5.23 the IC attempted to lock to the resonant
frequency for more that 1.7s. The reason for the behavior was described in §5.2.2. Due to
limited number of IC samples the problem was not investigated further.

Due to unpredictability of the start up, the starting up in all tests was performed in the
following manner: first the power to the IC was applied, the circuit from Fig. 5.10 reset
the IC automatically, after that the gate drivers were powered and finally Ug. ~ 30V was
applied. In that way the the inverter was started up by pressing the start button of the
starting circuit and once the IC locked to the frequency Uy, was increased.

With this precautions the steady state operation of the inverter in case of Uy. = 200V,
Ij. = 2A (P4, = 400W) and load of aluminum pan is shown on Fig. 5.24.

Due to destruction of one of the IPW60R070C6 MOSFETs during the test and for sake
of testing and comparing different MOSFETs STYS8ONM60N MOSFETs were bought and
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Fig 5.22. Good start up of the inverter in case of Ugz. = 30V, Aluminum pan and
IPW60R070C6.
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Fig 5.23. Bad start up of the inverter in case of Uz, = 40V, Aluminum pan and
IPW60R070C6.

mounted in the Full Bridge board.

The parameters of the new MOSFETs together with parameters of IPW60R070C6 and
SPW47N60CFD are tabulated in Table 5.1 [67], [77] and [78]. From the table it can be seen
that STYS8ONMGON has lower Rpg,on, higher Ip and higher power dissipation capabilities
that the used IPW60R070C6. These advantage are beneficial from thermal point of view.

The behavior of the inverter with STYS8ONMG60ON is shown on Fig. 5.25. An enhanced
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Fig 5.24. Steady state operation in case of Uy, = 200V, Iz, = 2A, aluminum pan and
IPWG60R070C6.

Table 5.1. Parameters of IPWG60R070C6, STYS8ONM60N and SPW47N60CFEFD used during
the practical tests of the Full Bridge topology [67][77] [78].

Parameters
Mosfet Ups Ip® RDS"O"(l) ba,of s ty r Fje Package
VI [A] [mQ] [ns] ms]  [W] [°C/W]
IPW60R070C6 600 34 103 832 53 391 032 TO247
STYSONMG60N 600 46 60 4404 200 447  0.28  MAX247
SPW47N60CFD 600 29 103 100 154 417 0.3 TO247
1 @ 100°C

) @ Ip jest = 25.8A, Ucp test = 400V, Rg = 1.7Q inductive load
) @ Ip gest = 37TA, Ucp test = 300V, Rg = 4.79) resistive load
1) Q@ Ip et = 46A, Uop test = 400V, Rg = 3.3Q inductive load

view is shown on Fig. 5.26. From the figures it can be seen that for short period of time the
output current is stable after which it starts to decline till the IC starts to implement PDM.
After this time the IC begins starting up again and the cycle is repeated. A clear reason
for the instability was not found. However, during the investigation it was observed that
the turn-off propagation delay ¢4y (the time differences between the gate voltage drops to
90% of its maximum value to the time when the Ip drops to 90% of the specified value [79])
of STYS8ONMG6ON is 440ns (Table 5.1). This, combined with the propagation delay of used
gate drivers (HCPL-J312), which was measured to be approx. 250ns and is in accordance
with the value specified in the datasheet [76] led to total delay of approx. 690ns.

In the current version of the IC the calculation of U, nign and Ug,. jow is done by sampling
the voltage at the Sns Cap pin short time (between 100ns and 200ns) after turn on signals
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Fig 5.25. Instability with STYSONM60N MOSFETs.
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Fig 5.26. Instability with STYSONM60N MOSFETs — enhanced view.

is applied to one of the MOSFETs. The long propagation delay of 690ns forces the IC to
measure incorrect value which leads to instability in the internal logic. Because of this, and
considering that the problem was not present with IPW60R070C6, it was concluded that
long propagation delay is the cause for the instability.

In order the propagation delay to be reduced, new MOSFETs with lower ¢4,7¢ have
been ordered (SPW47N60CFD Table 5.1) and new gate drivers were designed (Fig. 5.27).
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Fig 5.28. Designed new gate drivers with small propagation delay — practical realization.

As can be seen from the table the new MOSFET is faster than STYS80NMG6ON and little
bit slower than IPWG60R070C6. However, its thermal parameters are slightly better that
IPWG60R070C6 which can help in the thermal design.

On Fig. 5.27 only one half of the divers, driving Q7 and Q9, is shown. The other part is
identical with the difference that the primary winding is connected to HV and Out B and
drives Q8 and Q10. The designed drivers have output peak current of 9A which allowed
the value of the gate resistance to be reduced to 3.9€2, which is close to the recommended
lowest value in the datasheet [78]. The practical implementation of the driver is shown on
Fig. 5.28.

The propagation delay of the new gate drivers was measured to be 25ns at turn-on and
35ns at turn-off which is a reduction of 7 times in comparison to HCPL-J312.

The waveforms of Upg and Ip, at maximum achieved power with the new gate drivers
and SPW47N60CFD in case of Uy, = 400V, 15, = 1.48A and iron pan are shown on Fig. 5.29.
The measured DC power was P;. = 592W, which is bellow the desired 1.5kW. The reason
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for this is the big angle between voltage and current which is approximately 392. With the
current version of the IC the angle could not be reduced further which limited the output
power of the iron cooking vessel to Py, = 592W. Also the used iron pan covered only 80% of
the area of the coil. With iron pan covering the whole area of the coil the power is expected
to increase.

2us/div

Fig 5.29. Achieved results in case of Uy, = 400V, I;. = 1.48A, iron pan and
SPW47N60CFD.

20ms/ div

Fig 5.30. Achieved results in case of Uy, = 400V, I;. = 1.48A, iron pan and
SPW47N60CFD — steady state.

For the stability of the IC with the new setup, to some extend, can be judged from the
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Fig 5.31. Achieved results in case of Uz, = 407V, I3 = 4.1A, aluminum pan and
SPW47N60CFD.
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Fig 5.32. Achieved results in case of Uz, = 407V, I = 4.1A, aluminum pan and
SPW47N60CFD — long run.

steady state waveforms shown on Fig. 5.30. From the figure it can be seen that instability
issue caused by STYS80NMGON is eliminated.

The current and the voltage waveforms in case of Uy, = 407V, Iy = 4.1A (Py. = 1.67kW
the maximum power which the used power supply can deliver) and Aluminum pan is shown
on Fig. 5.31. From the figure it can be seen that theoretically calculated angle o equals the
practically measured one. The difference in the frequency is due to the bigger capacitance



5.3. FULL BRIDGE INVERTER 83

[ 100 Vo It NN

5us/div

Fig 5.33. Waveforms of Upg and I, in case of no load, Ug. = 400V, Iz = 0.9A and
SPW47N60CFD.
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Fig 5.34. Instability in case of no load, Ug. = 400V, Iz, = 0.9A and SPW47N60CFD.

used in the practical realization (106nF vs. 85nF).

The steady state operation of the inverter under aluminum load is shown of Fig. 5.32.
In the figure can be seen that the there is no instability issues.

During the test it was observed that the IC is capable to limit the inverter’s output
current without additional circuit. This allowed the behavior of the IC and the control idea
to be investigate in very high @ factor. The no load quality factor of the systems is:
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Fig 5.35. Output waveforms in case voltage at Sns Fb pin reduced to 1V. Uy, = 30V,
aluminum pan and SPW47N60CFD.

27rchoil,noload o 2 x 3.14 x 666kHZX66MH
ReoilaGokHz 69.11m¢

Qno,load = =400 (514)

where:
Reoitassrm- — AC resistance of the coil calculated by (3.16) @66kHz [(].

The waveform of Upg and I, in case Ug. = 400V and Iz, = 0.9A (Py. = 360W) and
no load is shown on Fig. 5.33. The steady state waveforms are shown on Fig. 5.34. From
the figure it can be seen that I, fluctuates between 11.3A and 24A with fy,. = 238Hz.
Further investigations showed that this behavior is due to implemented control logic inside
the IC used for calculation of the turn-off thresholds, rather than the control idea itself.
Corroborations of this is given further in the thesis.

For controlling the power delivered to the output in the current version of the IC, as
described in §5.2.1, the Sns Fb pin is intended to be used. However, it was found that in
investigated topology, changing the voltage in the Sns Fb pin does not change the power.
The only change which occurs is when the voltage is reduced bellow 1.6V. In this case,
as 1.6V being the threshold at which the IC starts implementing PDM, the waveforms
presented in Fig. 5.35 were observed. From the figure it can be seen that the waveforms are
very distorted and inapplicable for the desired purpose.

During the test it was observed that very good power regulation can be achieved by in-
creasing the voltage in the Slope Gain pin from 0V to 1.6V. In that case the IC controls the
power by increasing fs,, and only above voltages of 1.6V the IC starts PDM and waveforms
as the ones shown on Fig. 5.35 are observable.

On Fig. 5.36 are shown the achieved results whne the voltage at Slope Gain pin is
increased to 1.4V. From the figure it can be seen that the IC increased fs,, to 156kHz which
lead to Py. = 80W (Ug. = 400V and Iz, = 0.2A).

During the test it was also observable that depending on the voltage at Slope Gain
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Fig 5.36. Power regulation in case voltage at Slope Gain pin increased to 1.4V. Uy, =
400V, I, = 0.2A, aluminum pan and SPW47N60CFD.
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Fig 5.37. Instability in case of increased voltage at Slope Gain pin so that P;. = 800W.
Uge = 400V, I = 2A, aluminum pan and SPW47NG0CFED.

pin or Uy the IC becomes unstable at certain voltages and stabilizes itself once the voltage
is increased/decreased above/below the unstable voltage threshold. The behavior was con-
tributed to implemented logic inside the IC and is considered also as the cause for fluctuation
in Fig. 5.34.

The above mentioned unstable behavior of the IC is shown on Fig. 5.37 where the power
was reduced by increasing the voltage of Slope Gain pin so that P;. = 800W. After
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Fig 5.38. Stability in case of increased voltage at Slope Gain pin so that P;. = 400W.
Uge = 400V, I4. = 1A, aluminum pan and SPW47N60CFD.
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Fig 5.39. Instability in case of decrease of Uy, to 350V. Ij. = 2A P;. = 750W, aluminum
pan and SPW47N60CFD.

increasing the voltage on Slope Gain pin so that P;. = 400W the IC regain it stability
(Fig. 5.38).

Example of the same behavior when Uy, is decreased to 350V and Slope Gain voltage
is kept 0V is shown on Fig. 5.39. The figure can be compared with Fig. 5.32.
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5.4 Estimation of Injected Power in the Workpiece

The easiest way of estimating the power injected in the workpiece could be done by subtract-
ing the coil, C, transformer and inverter losses from measured DC power. However, the
losses in the coil at load can not be measured directly as the two resistances, the coil’s and
the workpiece, are connected in series. One way of overcoming the problem is by estimating
the coil losses with help of (3.16). However, in order the results to be accurate and reliable
the accuracy of (3.16) was first practically verified. For the purpose, DC power at the input
of the inverter (Py.) at no load was measured and losses due to C,., transformer and inverter
were subtracted from the measurements. After that the result was compared to the losses
calculated by (3.16).

The DC power in case of no load can roughly be estimated from the measurements made
in case of no load (5.33 and Fig. 5.34). According to measurements in case of fs,, = 66.7kHz
the DC power is P;. = 360W. The theoretical losses in the inverter at full power are 96.84W
(§3.4). The losses in single resonant capacitor at 66.7kHz according to (5.8) are 0.27W which
makes 65.69W in total. For simplicity the losses in the transformer will be neglected. In
that way the losses in the coil are:

Peoitpr = Pac — Plosses,inv — Po, 1osses = 360 — 96.84 — 65.69 = 197W (5.15)

The theoretically calculated R, of the coil for 66.7kHz is R oiiae6.7k1z = 69.85mS2. Be-
cause the operation of the IC at no load was unstable and I, fluctuates between Ip, pi min =
11.3A and I; pk,maz = 24A the average value of the currents will be used. In that way the
losses in the coil are:

n(I’l" k,min + Ipr kmaw))z 4X(113+24) 2
Peoil th = Lo Pnes Reoi L= 22 ) 69.85mQ = 174W
L,th ( 2\/5 1@66.7kH 2\/§
(5.16)

Comparison of result achieved by (5.15) and (5.16) shows that (3.16) gives a good ap-
proximation of the losses and can successfully be used for estimation of the injected power
in the workpiece. The difference in the results can be accounted with the fact that (5.15)
the maximum currents were used while in (5.16) the average one due to fluctuations.

For sake of further corroboration of the injected in the aluminum pan and verification
of the approach adopted in §3.2.1.1, a practical measurement was carried out as well. In
induction heating application for estimation the amount of generated power in the workpiece
a specially designed calorimeters are used [10]. Due to lack of such equipment a simple
approach was adopted in the thesis. The amount of power required for increasing the
temperature of a body is given by [80]:

dr
P =cym o + EAT* [W] (5.17)

where:
¢p — specific heat of the body [J/(kg - K)]; ¢, = 893J/(kg - K) for AL3004;
m — mass of the body [kg]; m = 0.8kg for used pan;
dT'/dt — amount of temperature rise for unit time[K/s];
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k — Stefan Boltzmann constant k = 5.67 x 1078 [Js~Im 2K ~4];
A — area of the body [m?];
T — temperature of the body [K].

The second part in (5.17) accounts for the radiation and convection during the heating of
the body. In cases of temperatures below 50°C the contribution of this part of the equation
is small and can be neglected as done here. In this way the temperature rise of the vessel
was confined to temperatures bellow 50°C and the achieved practical results are tabulated
in Table 5.2.

For fs, = 116kHz and k = 0.85 (Table 3.2) the calculated equivalent resistance of the
aluminum pan is Rep,ar = 0.27€2. In case of I,y = 30A this gives Pjouie,ar, = 248W
which is close to measured one. The difference in the analytically calculated power and the
practically measured one can be contributed to inaccuracy in the temperature measurements.

Table 5.2. Practical evaluation of generated power in a aluminum pan.

Py (W] dtls] dT [°C]  Ppracticar [W]

(39-35) 285.76

350 10 (44-39) 357.2
(47-44) 214.3

(50-47) 214.3

average 3.75 267.9

Icoil = 3OA, fsw = 116kHz

The approach was carried out in low powers only due to fast temperature rise of the
vessel and the high losses (fast temperature rise) in the coil®.

In that way, the estimated power delivered to load at full power with the approach
described in §3.2.1.1 is:

4 x 22.7

Pjoule, AL,th = <nIpr’pk)2R k@116.3kHz = <
joule, ,th — T ck@Q . z —
2 V2

2
> 0.26 = 1072W (5.18)

where:
Rerai16.3xk02 — equivalent resistance of the aluminum pan in case of fg,, = 116.3kHz.

According to measurements made on Fig. 5.31 and Fig. 5.32 and (5.18) the coil losses
are:

Pioutearpr = Pac — Pioule.aptn = 1668 — 1072 = 596W (5.19)

The theoretically calculated losses in the coil by using (3.16) at fs, = 116.3kHz and
Iy, = 22.7A are:

2In case of coil with low losses the vessel can be filled with fluid, water as example, and the temperature
rise of the fluid to be employed in the estimation.
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nl ? 4%x227\°
Pcoil,th = <\]7g7k) Rcoil@llﬁ.:ﬂkHz = (\/i) 1687HIQ = 695.4W (520)

where:
Re.oiia116.3xHz — the AC resistance of the coil at 116.3kHz.

Comparing both (5.19) and (5.18) shows that the difference in the coil losses is approx-
imately 100W. The difference can be contributed to inaccuracy in the used equipment for
measuring Py. (the DC current and DC voltage was measured with the build-in voltmeter
and ammeters of the power supply which are not calibrated), to fact that the coil’s outer
diameter was slightly bigger that the vessel which is not taken into account in (5.18) and to
fact that neither (5.18) nor (5.19) take into account the effect of the second layer in the coil.
However, it can be assumed that the injected power in the aluminum vessel was approx.
1kW. The higher power ratings have not been achieved due to limited power capabilities of
the used DC Power Source to 1.67kW.

In that way the practical efficiency of the system with used components is:

 Pioue _ 1000 _
er = Tp T T 1600

The low efficiency is due to employment of litz wire with large d;, = 0.127mm (AWG36)
that the theoretically estimated one (Table. 3.5).

0.62 (5.21)
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Chapter 6

Conclusions

In the thesis the applicability of newly developed control approach by NXP Semiconductors
for control of induction cookers capable of heating all type of metals was theoretically and
practically verified. The verification was carried out first by theoretical design of 1.5kW
induction cooker, followed by a computer simulations and finalized by a practical design.

During the theoretical design, it was found that, in case of simple planar coil, the max-
imum resonant frequency is limited by the coil losses. With the selected number of turns
and type of litz wire, the highest possible efficiency of heating was estimated to be 87% at
116kHz. Due to poor impedance matching between the inverters output and the resonant
network, the applicability of Half Bridge topology, as a possible solution for the design,
was found to be limited. It was estimated that, with state of art low Rgzs MOSFETS, the
conduction losses are excessive an impose a challenge in design of the cooling system. In
case of IGBTs it was observed that the switching losses exceeding 100W per switch. A
better efficiency was achieved by Full Bridge which, for the whole system, was theoretically
calculated to be 81% at 6.3kVA.

The computer simulations showed that the control idea locates the resonant frequency
immediately, tracks the reference power accurately without inclusion of power feedback and
response to step changes very quickly with no overshoot.

During the practical verification, it was observed that the control idea is behaving in
predictable manner according to simulations. However, several important issues, linked to
the fact that the IC is designed for low power LLC DC-DC converters were observed. Firstly,
the start up of the IC was unpredictable, leading to uncontrolled switching of the inverter
and in destruction of the IC or MOSFETs. The cause of this was contributed to induced
noise in the feedback pin of the IC used for controlling the turn-off of the switches. Due
to nature of the problem, no means for alleviating it were found. Further, it was observed
that the IC becomes unstable in case of long propagation delay in the control signals and
MOSFETs. The problem was solved by design gate drivers with low propagation delay
drivers and use of MOSFETs with low tpq,0¢f. Finally it was observed that, depending of
the supply voltage of the inverter and the voltage level of some of the signal used for control
of the power, the IC becomes unstable at certain levels. The behaviour was contributed to
implemented control logic inside of the IC used for calculation of the turn-off threshold of
the switches.

In general, the system performed well and was capable of delivering power of approxi-
mately 1kW in an aluminum cooking vessel. The injected power was limited by the power
rating of used DC power supplies and the litz wire used in the practical design. The power
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delivered to a iron vessel was estimated to be approx. 592W and was limited by the minimum
phase angle of 39° between the voltage and current set in the IC.



Appendix A

Source Code for Calculation of Efficiency of Heating for
Different Strand Types

clear all

oo loloToToToToToTo oo o o o o o o oo o ToTo oo

%inputs

n = 15; % number of turns

fmax = 500e3; % maximum frequency for calculations
FF = 0.95; % fill factor for 0D

o loloToToToTooTo oo o o o o o o o o oo o oo

dl = 38e-3;
d2 = 220e-3;
ro = 4.16e-8;

ro_c = 1.68e-8;

d = (d1 + d2)/2;

w = (d2 - d1)/2;

0D = FF*w/n*1e3;

mcl = d*pi; % mean current lenght
mtl dxpi*n; % mean turn lenght

% diameter of single strand litz wire
ds10 = 0.312;%0.257; %AWG32

ds20 = 0.229;%0.183; %AWG34

ds50 = 0.169;%0.13; %AWG36

ds100 = 0.14;%0.104; %AWG38

ds200 = 0.108;%0.081; %AWG40
ds350 = 0.093;%0.066; %AWG42
ds850 = 0.076;%0.053; %AWG44

ds14 = 0.063;%0.042; %AWG46
ds28 = 0.048;%0.033; %AWG48

% resistance single strand
rs10 = 0.3472;
rs20 = 0.6944;
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rsb0 = 1.417;
rs100 = 2.237;
rs200 = 3.781;
rs350 = 5.907;
rs850 = 9.425;
rsl4 = 14.908;
rs28 = 23.901;
dsO = [ds10, ds20, ds50, ds100, ds200, ds350, ds850, dsi14, ds28];
rsO = [rs10, rs20, rs50, rs100, rs200, rs350, rs850, rsi4, rs28];

fplot = 1e3:50:fmax;

% generates one fig

figure

color =[;b7 )g) Ty ’e? ‘m’ 7y7 Tk Ty ’C’]'

for i = 1:1:9 %, for ploting several awg on one fig

ds = ds0(i);
rs = rs0(i);
k =1;

for f = 1e3:50:fmax
if (f >= 1e3 && f <= 350e3)

s = 1;
else
s = 1.0003;
end
ns = (0D/(1.2*ds))"2; % number of strands
rdc(k) = rs*mtl*1.015%1.025/ns; % dc resistance
fr(k) = 1 + pi~2*(2xpix*f) 2% (pi*de-7) " 2*n"2*ns"2* (ds*1le-3) 6/ (768*ro_c~2*w"2) ;
delta = sqrt(ro/(pi~2+4e-7xf)); % skin depth work piece
rwp(k) = ro*mcl/(wxdelta); I resistance work piece
k=k + 1;
end

rek = 0.78*n"2*rwp;
rc = fr.*rdc;
rek./(rc+rek);

ni

% ploting plot(fplot, ni, color(i))
hold on

end

hold off

grid

axis([1e3 fmax 0.4 0.85]);

legend (’AWG30’,’AWG33’,’AWG36°,’AWG38’,’AWG40° ,’ AWG42’ ,’ AWG44’ , > AWG46°’ , > AWG48?)

xlabel(’f [Hz]’)

ylabel(’\eta’)

ic sqrt (1500. /rek) ;

pc = ic."2.*rc;



% figure

% plot(fplot, pc)
% grid

% xlabel(’f [Hz]’)
% ylabel(’P [W]’)

figure
plot(fplot, ic)
grid

xlabel(’f [Hz]’)
ylabel(’I [A]’)
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Source Code for Calculation Efficiency of Heating for

AWG40, AWG42, AWG44, AWG46

clear all

Tl lololololoToloToToToToToToToToToTo oo o

% inputs

fmax = 500e3; % maximum frequency for calculations

TlololotoToToToToTo oo o o o o o o oo oo To oo

dl = 40e-3;
d2 = 220e-3;
ro = 4.16e-8;

ro_iron = 1.1e-7;
ro_c = 1.68e-8;

d = (d1 + d2)/2;
w = (d2 - d1)/2;
0D40 = 0.157%25.4e-3;

0D42 = 0.156%25.4e-3;
0D44 = 0.149%25.4e-3;
0D46 = 0.155%25.4e-3;

bunch = 2;
cabling = 1;
coupling = 0.78; % coupling between pan and coil

mcl = d*pi; % mean current lenght
mtll = d*pi*22; % mean turn lenght of the lower
mlt = mtll;

% diameter of single strand litz wire
AWG40_bare = 0.081e-3; % meters
AWG42_bare = 0.066e-3;



96 CHAPTER 6. CONCLUSIONS

AWG44 _bare
AWG46_bare

0.053e-3;
0.042e-3;

ns40 = 1100; % number of strands

ns42 = 1380;
ns44 = 2625;
ns46 = 3525;

% resistance single strand
rs40 = 1.13/304.8; % ohm/meter

rs42 = 1.505/304.8;
rs44 = 1.21/304.8;
rs46 = 1.5/304.8;

fplot = 1e3:50:fmax;

% number of turns
n_40 = 0.95%w/0D40;

n_42 = 0.95*%w/0D42;
n_44 = 0.95%w/0D44;
n_46 = 0.95%w/0D46;

% generates one fig

figure

k=1;

for £ = 1e3:50:fmax
% dc resistance
rdc_40 = mlt*rs40;
rdc_42 = mlt*rs42;
rdc_44 = mlt*rs4d4;
rdc_46 = mlt*rs46;

% ac resistace
fr 40(k) =1 + pi“2*(2*pi*f)AQ*(pi*4e—7)A2*n_40AQ*ns4OA2*AWG40_bareAG/(768*r0_CA2*WA2);

fr_42(k) = 1 + pi~2%(2%pi*f) "2x(pi*de-7) " 2xn_42"2*xnsd2"2*AWG42_bare~6/ (768*ro_c 2*w"2) ;
fr_44(k) = 1 + pi~2%(2%pi*f) "2*(pi*de-7) 2xn_44"2*xnsd4~2*AWG44_bare~6/(768*ro_c 2*w"2) ;
fr_46(k) = 1 + pi~2%(2%pi*f) " 2*(pi*de-7) 2xn_46"2*nsd6”2*AWG46_bare~6/(768*ro_c 2*w"2) ;

delta = sqrt(ro/(pi~2*4e-7*f)); ¥ skin depth work piece alumin
rwp(k) = ro*mcl/(wxdelta); ’ resistance work piece alumin
freq(k) = f; % frequency for ploting

% equivalent resistance

rek_40 = n_40"2*rwp*coupling;
rek_42 = n_42"2*xrwp*coupling;
rek_44 = n_44"2*xrwp*coupling;
rek_46 = n_46"2*xrwp*coupling;
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% coil total resistance
rc_40 = fr_40%rdc_40;
rc_42 = fr_ 42*rdc_42;
rc_44 fr_44xrdc_44;
rc_46 fr_46*rdc_46;

% efficiency heating

ni_40 = rek_40./(rc_40+rek_40);
ni_42 = rek_42./(rc_42+rek_42);
ni_44 = rek_44./(rc_44+rek_44);
ni_46 = rek_46./(rc_46+rek_46);

% ploting

plot(fplot, ni_40, ’r’)
hold on

plot(fplot, ni_42, ’g’)
plot(fplot, ni_44, ’b’)
plot(fplot, ni_46, ’k’)
hold off

grid

legend (’ AWG40’, ’AWG42’, ’AWG44’, ’AWG46°)
xlabel(’f [Hz]’)
ylabel(’\eta’)

% ic = sqrt(1500./rek);
% pc = ic. 2.*rc;
% pc_man = ic."2.*rc_man;

% figure

% plot(fplot, pc)

% grid

% xlabel(’f [Hz]’)

% ylabel(°P [W]’)
%hfigure

%plot (fplot, ic)

hgrid %xlabel(’f [Hz]’)
hylabel(’T [A]°)

Source Code for Calculation Efficiency of Heating for
AWG44

clear all

T ot to Fo o To To o To To o Voo fo Fo o Fo S o Fo o To Fo oo
% inputs
n = 20; % number of turns
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fmax = 500e3; % maximum frequency for calculations

TololototoToToTo o oo o o o o o o o ToToToToTo o

n_iner = n - 16;
n_outer = 16;

dl = 38e-3;
d2 = 220e-3;
ro = 4.16e-8;

ro_iron = 1.1e-7;
ro_c = 1.68e-8;

d = (d1 + d2)/2;

d_iner = (d1 + d2 - 48e-3)/2;
dsec = (d2 + d2 - 48e-3)/2;
w = (d2 - d1)/2;

w_1 = (d2 - 48e-3 - d1)/2;
w_2 = (d2 - (d2 - 48e-3))/2;

0D = 5.74e-3;

bunch = 2;

cabling = 1;

coupling = 0.78; % coupling between pan and coil

mcl = dx*xpi;

mcl_1 = d_iner*pi; % mean current lenght inner

mcl_2 = dsec*pi; % mean current lenght outer

mtll = d*pix(n-8); % mean turn lenght of the lower

mtl2 = dsecxpi*8; Y mean turn lenght for the upper 7 windings

mtl = mtll + mtl2;

% diameter of single strand litz wire
AWG44_bare = 0.053e-3;

% number of strands
ns44 = 2625;

% resistance single strand
rs44 = 0.747/304.8;

fplot = 1e3:50:fmax;

% generates one fig
figure

k=1;
for £ 1e3:50:fmax
rdc = mtl*rs44; % dc resistance
fr(k) = 1 + pi~2%(2%pi*f) 2% (pi*de-7) " 2*xn"2*ns44~2*AWG44_bare~6/(768*ro_c 2*w"2) ;
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delta = sqrt(ro/(pi~2x4e-7*f)); % skin depth work piece alumin

delta_iron = sqrt(ro_iron/(pi~2*4e-7*f*145)); ¥ skin depth work piece iron
rup(k) = roxmcl/(wxdelta);

rwp_iron(k) = ro_iron*mcl/(wxdelta_iron) ;

freq(k) = f; % frequency for ploting

rek = n"2*rwp*coupling*0.9;
rek_iron = n"2*rwp_iron*coupling;
rc = fr*rdc;

ni = rek./(rc+rek);

% ploting
plot(fplot, ni)

hold off

grid

legend (’AWG44’)
xlabel(°f [Hz]’)
ylabel(’\eta’)

ic = sqrt(1500./rek);
pc = ic.72.*rc;

figure
plot(fplot, pc)
grid

xlabel(’f [Hz]’)
ylabel(’P [W]’)

figure
plot(fplot, ic)
grid

xlabel (£ [Hz]’)
ylabel ("I [A]’)

Source Code Used in Implemented Algorithm of the Con-
trol Idea in Simulink

% matlab implementation of NXP control idea
function [out_aa, out_bb] = NXP(hv, vc, P, tout)

% variables
cr = 85e-9; % resonant capacitor
vdc = 2%390/4.4; 7 Dc voltage of the inverter
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persistent start hvh hvhl hvl hvll hv_rise hv_fall;
persistent t freq time_old out_a out_b;

% 88888888838888888838833838388888388388338388888888888

if isempty (start) J used for starting the inverter
start = 1;

end

if isempty (t) % used for calculation of sw frequency
t = 0;
end

if isempty (time_old) % used for calculation of sw frequency
time_old = O;
end

if isempty (out_a) %
out_a = O0;
end

if isempty (out_b) %
out_b = 0;
end

if isempty (freq) ’ switching frequency
freq = 0;
end

if isempty (hvh) % for voltage comprator
hvh = 0;
end

if isempty (hvhl) % for voltage comprator
hvhl = 0;
end

if isempty (hvl) % for voltage comprator
hvl = O0;
end

if isempty (hvl1l) % for voltage comprator
hvll = O;
end
% 888888838388388838383838388388388833838383388388888388838888

% ===== begining code ======
% start pulse
if (tout < le-6) ¥
out_a = 1; % start the inverter
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start = 1;
elseif (start)
out_a = 0;
start = O;

end

% rise comparator

hvhl = hvh;
if (hv > 370)
hvh = 1;
else
hvh = 0;
end

% fall comparator
hvll = hvl;
if (hv < -370)
hvl = 1;
else
hvl = 0;
end

h —mmm————- edge detectors ----——-——-----
% rising edges
if (hvh && ~hvhl)
hv_rise = 1;
else
hv_rise = 0;
end

% falling edges
if (hvl && ~hvll)

hv_fall = 1;
else
hv_fall = 0;
end
h ——————= switching frequency --------

if (hv_fall) % turn on
freq = 1/t; 7% calculate the frequency of the switching
time_old = tout;

else
t = tout - time_old;

end

% calculation of delta Ucr
vl = P/(fregxcrxvdc);

if (~start)
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% —————- out a turn on --——---

if (hv_rise && ~out_b)
out_a = 1;
elseif(vec < (vdc - v1)/2)

out_a = 0;

end

% —————- out b turn on ---—----

if (hv_fall && ~out_a)
out_b = 1;

elseif(ve > ( vl - vdc)/2)
out_b = 0;

end

end

% output signals
out_aa = out_a;
out_bb = out_b;

CHAPTER 6. CONCLUSIONS
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