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Abstract

The use of induction heating in industrial applications is old and wide. In
recent years, this technology was entered to domestic use. This research deals with
the analysis and applications of induction heating for cooking food, as these
techniques have safe and economy, as well as cleanness and the atmosphere of
work comfortable. Knowledge of the electrical resistance of induction heating
system is very important to designers working in the high frequency-supplies. This
research also analyzes and studies this resistance, by used solid, litz and twisted
wire, and offers simplification of equations derivation help anyone interested in
this subject. The MATHCAD V.14 program has been employed to obtain the
results. The results presented as genera curves for three types of wires (solid, litz
and twisted wire) so that a designer can use them without lengthy and complex
calculations.

Keywords: induction heating; cooker coil; induction cooker; eddy current; skin
effect; proximity effect; solid wire; litz wire; twisted wire;
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1. Introduction
The induction cookers use hob ranges . Each hob contains a cail.
induction heating for cooking. The This means a flameless method of
first research about induction cooker heating. This type of flameess
was Morelands paper [1]. The cooking has many advantages over
principle of the work depends on the traditiona hobs as it provides faster
flow of ac. aternate current in the heating, higher efficiency, greater
coil, which generates a time varying consistency and controllahility.
magnetic field intersects with cooking Induction cookers are safer to use
vessel metal leads to generate eddy than other hobs since there are no
currents and then heating the vessd of open flames and the hob itself only
cooking. The induction cooker come gets marginally hot (due to heat
in a variety of forms , from portable conduction from the pan ). Also, no

one-hob hot platesto full-sized four-
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heat is transferred from the hob to the
air, keeping the kitchen cooler [2].
These cookers are dso easier to
clean because the food can not burn if
it drops onto the cooking surface as it
is not hot. Induction cooker coils are
made of many types of wire such as
solid, foil, hollow, litz and twisted.

Symbol | Explanation

Conduction area or cross

a section area (nf)

d Distance between load and
coil (m)

f Frequency of current (Hz)

Magnetic field created by the
single circular turn

Jo, A Bessd functions

Js | Current density (A/nf)

n Number of turnsin coil

Ng Number of strands

G Packaging factor

Iy Radius of bundle (m)

r Radius of the equivalent solid
€ wire for twisted wire

I Radius of strand (m)

u Radius of sngle loop (m)

Radius of first Internal loop

U of multi turns coil (m)
u Radius of final external loop
' of multi turns coil (m)
Radius of i- turn in multi-
Ui K
turns coil (m)
Y4 Tota impedance (Q2)
.. | Current penetration depth or
| skin depth(m)
n Efficiency of coil+load (%)
&, Factor of Skin effect

&, Factor of proximity eff ect

Recently, the studies dropped to
study main wires (solid, litz and
twisted) which has lower losses, in
high frequency operation, compared
with other types of wire. The coil is
connected to a medium / high
frequency inverter Knowing the
inverter load is very important for its

design. The inverter resonant load

consists of the pan and the induction

cail. The coupling between the coil
and the pan is modeled as the series
connection of aresistor Ry ), see fig.

(1), and to insulate the load from the

coil, ceramic is very suitable to

protect cooker coil from heat transfer
which generated in the vessel, also

see figure (1).

One of the main problems related
to the design of the inductors is the
caculation of the winding ac
resistance. Many efforts, summarized
in [2,3], have been made to derive
expressions for (Rr).

The objective of this work is to
study the variation of Rr.) as a
function of frequency, radius of
strands, number of strands ...etc. to
be useful for different induction
cookers. The main wires used for
induction cooker coils are:

1. Solid wire: also called solid-core
or sngle-strand wire. At high
frequencies, current travels near
the surface of the wire because of
the skin effect, resulting in
increased power loss in the wire.
Solid wire commonly used and
consider the basic to al other
wires or cables.

2. Litz wire: is a specid type of wire
used in high frequency
applications. The wire is designed
to reduce the skin effect and
proximity  effect losses in
conductors. It consists of many
strand wires, individually coated
with an insulating film and woven
together, see fig. (2).

3. Twisted wire: is dso aspecia type
of wire, like litz wire. It is clear
from figure (3) transaction of
strands, taking into account
twisting strands only or the strands
possess only angular transposition,
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twisted wire different from litz

wirein this point only.

2. Determination of the
Resistance:

Figure (1) shows the equivalent
circuit of a planar induction system
defined by the values of Ry | which is
defined as:

Rri=Rr+ R @

The ac resistance Rr) of solid,
litz and twisted wire consist of two
components [3], the conduction and
induction resistances.

Rr=R.+ Rn )

Where R. and R,; conduction and
induction resistance respectively.

In strands wire, the total field over
a strand in a particular turn has two
components. the field created by the
another turns of the winding and the
field created by the neighboring
strands in the same turn. Therefore
Rnwill be [4]:

Rn= R+ Re ©)

Therefore, the ac resistance of
litz wire represent by three
components. the resistance due to
the skin effect which called
conduction resistance " R; ", the
resistance due to the proximity
effect of external fields which
caled external induction resistance
" R. " and the resistance due to the
proximity effect of individua
strands in the bundle on each other
which caled internal induction
resistance "R " , i.e.

Rr=R+R+Re 4

As the solid wire does not have
individual strands. Therefore, the ac
resistance of solid wireis:

Rr=R+Re ®

This is applied to ac resistance of
twisted wire also; it is because the
twisted wire can be considered as
equivalent solid wire [3]. The ac
resistance of twisted wire will be:

Rr= Ra+Ra (6)

3. Mathematical Formulation of
the Resistances :

3.1. Analysis and Modeling of Litz-
Wire Winding Resistance:

a. Conduction Resistance:

The conduction resistance per unit
length Rc u , of (ns) strands litz wire
isgiven by [3]:

i

= —x
Rc_u.'_' 2. .1 .F g € (krs)
(7
Where:
‘DC{ETS:] - . .
ber, * bei',:kl,sj, —beig, 4 * be‘r',:kl,sj,

"

ber® ) T bel “:;ﬁ}

)
k= ypao = =2 (9)

Where ber, bei, ber’, and bei’ are
Kelvin functions [5] and 77 the

radius of strand, is the skin depth
(6].
5 2
o iow & (10)
Where

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol.28, No.21, 2010

Analysis of Induction Cooker Coil

o : conductivity (mQ)*
M : permeability of the object
o : angular frequency of the

current flowing through the
object.
I's : radius of strand.

b. Internal
Resistance:

Induction

Take a litz wire of (r,) bundle
radius, the resistance due to internal
induction per unit length [3]:

R . ng. k. 1y

iul ™ 3.m.ri. o n(kre)

(11
(I)ini;,:rs:] = . .
ES"]"Z I:R.rs:l"bﬂ'r I:RFS} +b3i2 l:k]"g:lxggi (.l'{rsjl
ber? (pp +bei® (gry

(12)
Pointing that | D, (R ¢
@Elik&jwhere Polmy 1S defined in

equation (8). hery and hei, are the
second order of Kelvin functions [5].

c. External Induction

Resistance:

The effect of the magnetic field
of each turn (created by the rest of the

turns) at other I-turns, see figure (4) ,
can be caculated by different ways,
numerically using a finite element
analysis, or anayticaly.

This field may change by three
different reasons: first, the presence of
the load; second, the proximity of the
neighboring  turns; and  third,
depending on the conduction area of

the bundle and the packaging factor of
litz wire.

. ng 7"52
Packaging factor =G = ———
o
...(13)

Let a strand in the i-turn of the
planar inductor as it is shown in
Figure (5). The external field applied
to each strand will be [7]:

Ho,i = Hor,i 'a“r + Hoz,i az

The external field in each turn is
caused by the total current | in the
inductor, and then we can i
these losses with a resistance. L

H . the magnetic field generated

a.l
over the I-turn of the winding when a
current amplitude of 1 A is circulating
in the inductor. And can rewrite the
average of the squared field as:

{Hoz,i} :{Hoz,i}*‘ I? (15)

The externa induction resistance per
unit length [3] is:

R =

e_ul
2mk rlH é it
s o Pin(hr,) (16)
Total Resistance Calculation:

According to (4), (7), (11), and
(16), and considering the length of the
whole winding, we can calculate the
total resistance as follows:

L

I'.'I;";v-s_:l :
R =—"—x 2T,
¢ 2mrnon, — 31N
!
e e N,
T 3nrn o '__1“' ¢
(18)
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2 T k T;' ':pi.r.ll
R, =—mn,
a
[27 u; = (3¢
=1 (19)
R=R._+R;+R, (20)

3.2. Analysis _and Modding of
Twisted-Wire Winding
Resistance:

Let I'y the radius of twisted wire
containing Ng strand, each one of

them having aradiusfls,
The radius of the equivalent solid

wirel'¢ (see figure (6)) is defined by:
 -—
fe = WMy TS G (21)

Where G is the packing factor of wire
given by eq. (13)

For bundle, the conduction

resistance per unit length is:

CIJC'-:Q:'-Q CIJE‘-:Q:'-B} |;|!2 [ Ts

K =
ct_ul 8T 7 Te

(26)

The factor ‘I’:.;m} takes into

account the skin effect at bundle level
and the factor & . ) accounts for

skin effect at strands level.

b. External Induction
Resistance of Twisted Wire:

a. Conduction Resistance of
Twisted Wire:

The conduction  resistance
per unit length of the strand is[3]:

R:k

LI,
£s 2nreT € (krs)

(22)

For the complete bundle of
twisted wire, the currents were not
equally distributed in every strand, as
it occurs in true litz wire. Therefore,
a equivalent solid wire, the current
density at the coordinate r is given

by [4]:

Q-T Joor)
En.jil:qr}  Tg

o(r) = (23

Where | is the amplitude of the
driven current andJ, and J; are Bessel
functions.

Q isaparameter related with the skin
depth which defined as:

, 3
Q=1Ik NES (24)

k=10l= Juow=

Twisted wire can be considered
as an equivalent solid wire. Therefore,
the internal induction resistance is
negligent, and the external induction
resistance only can be taken into
account as an induction losses. The
induction losses represents the power
dissipation in awire under a varying
magnetic field, Ho; , which crested
by the rest of i_turn. The induction
losses are:

(25)

|5

—2m ks HEE-

T in ':@T's:]

(27)

P.

isul —
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TheH, ; iscalculated anal ytically and
the current density in equivalent solid
wireis[3]:
2 ';I:Hoxdrlfqr} .
Jotp5y = —7— sin(f)
(r.@) Yo trg)

(28)
The total induced losses will be the
sum of the losses in each differential
of area

P

G m? k! Hg it
et i —

—
W2 r, &

inf(}rg-]

At eg. (29), the average of(&lare
magnetic field applied due to the total
current in the inductor. Let H,
magnetic field generated over the
i_turn of the winding, when a current
amplitude of 1A is circulating in the
inductor asin equation (18).

The externd induction
resistance of whole inductor is:

G wikr
R = b

sty

.»_1_\'."5 o I Grg)

n

Z[ 2muy (H7 )]

i=1 (30)

a. Total Resistance of Twisted
Wire
The total resistance for whole
winding from equations (6), (26) and
(30) will be:

2 n

p = Fetew Peo K6 T’Z 2,

ct 87{ T 1"5 T
i=1

(31)

7 = G mikm,
g — Tog W i'“':i'{?‘}_}
n
4 32
[Ens Ly {H::T_i }] ( )
i=1
Rr= Re + Re (33)

3.3. Analysis and Modeling
of load resistance:

Assuming the electric field Ey is
linearity with n turns [7], the total
voltage amplitude induced at the
winding position z = —d is the sum
of the voltage induced in each turn,
anditiscalculated asfollows:

v = ngDdE

n Im
= —Z _Jr F,'D(*r =1;,7 = —'?’.}]J_;,-dlﬁ

i=iq
(34)

Therefore, the equivalent impedance
is:

zZ=7 (35)

The resistance of load will bethered
part of impedance:

R; =real (Z) (36)

4. Computer Resultsand

discussions:

MATHCAD V.14 was applied,
which it possess the ability to solve
Kelvin function and integral of Bessel
function, to perform  computer
program. This program is prepared to
caculate losses and efficiency of
induction cooker and to compare
among wire types too.

To check the validity of the
proposed equations [3], The results
are compared with published work [8]
which it alone deals with three type of
wire in this subject and other
published work dea's with one type of
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wires  separately. Very  good
correlation was obtained as shown in
Fig. (7).

Coils of different number of turns
have been considered in table (1). The
specifications of wires are shown in
table (2) these vdues taking from
[9,10]. Inthistable, we are taking into
account the same conduction area "ac
=3 mm? " or across section of copper
base for the  comparison between
three types of wire (solid, litz and
twisted wire), and the load properties
areshownintable (3). Figs. (8-10
) show the results of a 25 turns un-
loaded practical coil. Fig. (8) shows
conduction resistance against
frequency according to eq. (17) and
eq. (31), fig. (9) shows internal
induction resistance against frequency
according to eg. (18), which only
occur in litz wire. This is due to the
angular and transpose of strandsin litz
wire, which making distribution of
magnetic field in bundle level is
equaly.

Fig. (10) shows external induction
resistance against frequency according
to eg. (19) and eq. (32). At cail leve,
the external induction resistance R
increase when number of turn increase
as expected.

The total resistance Ry of  litz
wire
(R+R+Ry), solid wire (R-+Rg) and
twisted wire (Rt +Ret) shown in fig.
(12).

The distance d between load
(vessel) and the coil is limited by
thickness of ceramic and radius of the
wire. To avoid low efficiency, the
practica value of d does not exceed
10 mm. varying the thickness of
ceramic to this value does not affect
the total resistance, see figure (12).
Thickness of ceramic, in the
caculation, is taken to be 5 mm, as a
middle value.

The effects of the load are shown
in figs. (13 - 15) for magnetic load,
fig. (13) shows externd induction
resistance. At high frequency, the
external induction resistance with load
is less than the external induction
resistance without load, this is clearly
shown when compared figure (10)
with figure (13).

The efficiency of induction cooker
sysem shown in figure (16), that it
when cooker coil loaded by magnetic
load. The efficiency is caculated
from:

R; =100
n) = —
7 (%) Ry

It is known that the different
contributions of each kind of load
being higher in the case of magnetic
load one as expected see figure (17).
This attribute to properties of load
(Relative magnetic permeability i
and resistivity p ) Due to the
difference of total resistance Rr of
coil, loaded by magnetic or
nonmagnetic load, is very smadl
(proximity similar) the total resistance
Ry in figure (14) can be considered as
total resstance Rr of coil loaded by
nonmagnetic load. Also the total
resistance with load resistanceRr | is
shown in figure (18). In addition, the
efficiency of cooker coil loaded by
nonmagnetic load shown in figure
(190 which clearly shown the
difference among wire types.

V1. Conclusions:

First, an extensive review of
induction cooker was covered. The
characteristics of the induction
cookers, their benefits in compared
with other types of cookers and types
of wire, use in induction cooker coil,
were presented too.

The loss mechanisms due to the
skin and proximity effects on a single
and multi strands were derived. This
by used an anaytica mode to
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calculate resistance in different wire
planar windings for induction heating
cooker. The resistance has been
separated into two parts: conduction
resistance and induction resistance
(with internal and externa
components for litz wire). In order to
compute the induction resistance, a
calculation of the magnetic field in the
inductor is required. In addition to the
comparison of result with other work,
discussion the obtained results and the
used of resigance curves ae
presented.

In general, we can consider the
twisted wire the best when compared
with  other wires for whole
frequencies, this appear in efficiency
caes in figures (16) and (19).
Moreover, litz wire has al right
efficiency but in limited frequencies,
as appear in the same figures (16) and
(29).

MATHCAD v.14 proved to be
suitable, efficient and accurate in
solving and caculating the complex
equations of resistance.
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Table (1) showsthe dimension of turns.

25-turns (mm)

Radius of Radi us of
internal turn externd turn
Uy Us
25 109

Table (2) show the number and radius of strands, bundle,
equivalent also include packing factor of each wire.

Load p(mQ)
-7
Magnetic material 125.10 150
-7
Nonmagnetic material 0.33.10 L
Table (3) load properties
Packing | Number | Conduction | Radius of f
Wire type factor of strand area strand el bl 9
p n, ac (mn) rs (mm) r, (mm)
solid | 1 ] 1 \ 3 | 0.980 0.980
. 20 3 0.220 1.270
litz 06 50 3 0.140 1270
. 0.25 1000 3 0.030 1.897
L 0.2 2000 3 0.022 2.200
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Fhax

Eddy currcint

Wessel
=R |
Insulator R, :' :-'"{:
F [
ol

Figure (1) Elements of induction cooker. The flux and eddy current also shown.

Figure (2) litz wire structure.

Figure (3) twisted wire structure.
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. . ) M, P v load a-
Side view Fh-p i .
. 9 1 .

/,onvuta. P seessesee—: =4

f‘_: s

0 Sideview

| JEppp——
Pecrrsana
Precscsansssnn

Figure (4) Planar inductor of n turnsloaded by a medium characterized by
its Conductivity ; and relative permeability [L..; . The coordinate system is
also shown.

Figure (5) External magnetic field Hor.: » H>z.: in agtrand
Stuated in thei-turn.
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Iwisted wire

Figure (6) Equivalent solid wire of twisted wiresasa function of its packing factor.

current density
distribution

equivalent
solid wire

-"r:---:.u

cenduction
current density

induction
current density

The exter nal magnetic field and distribution of theinduced currents produced by the

equivalent solid wiresisalso shown.

total resistance (ac=4 mumnl )

o1 r 1
zobd, re=1.13 from MATHCAD
btr, ne=20, re=i) 25 from MATHCAT
— pwrasted, ne=2000, re=0.025 from MATHCAD
sobd, rs=1.13 Grom ref[ 8]
g +++ Btz ne=20, rs=0.25 from ref [ 8] o
= >oo rwisted, ng=2000, rs=0025 fromref[8] Pl
- " -
= Dol -
z =
g o fga”?"'
- - D
= = .-.-'__; l_-'-'--_Hm’_'__'__,_,.,-'-"i:\--
e e
— -
o I —
[re— % = = = F F ==
0.001
1000 1<10® =10 L=10"

Figure (7) comparison between MATHCAD resultsand
results of reference [8].
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conduchon rezistance {ac=3

nuinl, =25 s

I
e gohd, re=0_98

bir. fia=50_ rz=0 14
- = Pensted, neg=1000,

btz ne=20, re=0.22

re={ 03
e tunsted, ne=2000_ r

g=0 Q22

—

renstance (ohm)

—=r

Conduchs

Ll
re=cp

Figure (8) variatiol

n of conduction resistanceR. of 25-turn with frequency, ac=

1=10%
wenmy f Ha)

mifcrnal myduction resista

-

we (ac=3 nunl, =25 hwnsd

I
20 rs=0 22

g=50, ra=0_14

¢ (ohm)

=]

o

[=]
=]

=]
Is

[=]

| 2]

=
&
e
=
r=)
2
=
-
=
=
=
=

&

g =]

1=10

i=10°

frequency (Hr)

Figure (9) variation of internal induction resistanceR; of 25-turn
with frequency, ac=3mnt.

external induction resistance (ac=3 nun?_ =25 twns)

100
=)
-= 10 = - E
. =
& Ol —n os / o -
s
E= n.o1 T solid, rs=0 98 E
2 Lo B e -+ litz, ns=20, rs=0.22 B
= / —— litz, ns=50, rs=0. 1<
E j.10* = - = taristed, ne=1000, rs=0.02 |
H 5/ —— twisted, ne=2000, re=0.022
110"
1000 1=10% 1=10° 1=10°%

frequency (H=)

Figure (10) variation of external induction resistanceR, of 25-turn
with frequency, ac=3mnt
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total resastaryce (ac—3 x| 13—2 5 twaraas)
100 H
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Figure (11) variation of total resistanceRy of 25-turn with frequency
without load, ac=3mnf.
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Figure (12) the resistance against distance between load and coil.
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Figure (13) variation of external induction resistanceR, of 25-turn
with frequency, ac=3mnt loaded coil by magnetic load.
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Figure (14) variation of conduction resistanceR; of 25-turn
with frequency, when the coilloaded by magnetic load ac=3mm?Z.
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Figure (15) variation of (total+load) resistanceRy | of 25-turn
with frequency. when the coil loaded by magnetic load, ac=3mn.
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Figure (16) efficiency of induction cooker system when the cail
loaded by magnetic load, 25-turn, ac=3mnft.
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Figure (17) Comparison of exter nal induction resistanceR. between magnetic (points)
and non-magnetic (red line) load for coil has 25-turns by used litz wire (=20,
r<=0.22mm), ac=3mnr.
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Figure (18) variation of (total+load) resistanceRy , of 25-turn with
frequency. when the coil loaded by non-magnetic load, ac=3mm.
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Figure (19) efficiency of induction cooker system when the cail
loaded by non-magnetic load, 25-turn, ac=3mnf.
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