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3.1 Introduction

The conventional methods for heating steel bearings, to facilitate their placement on
a machine shaft, such as engines and alternators, are open flame, oil bath heating,
resistive plates and resistive furnace heaters.

According to SKF (2022), the first solution brings risks to the user and can cause
structural damage to the bearing. The second solution is environmentally unadvis-
able, besides contaminating the bearing with oil and possibly compromising its
future performance. The third solution is characterized by excessive thermal energy
loss. The fourth solution, although more efficient than the previous one, is more
expensive, due to the cost of the furnace. In addition, the clogging of the furnace to
accommodate large bearings makes it difficult to heat them near the electric machine
shaft, increasing risks of improper bearing assembly.

Currently, induction heating is one of the key metal industry applications, based
on three main effects: electromagnetic induction, skin effect and heat transfer. The
proposed system uses an electronic power converter for coil current control, and
consequently, the temperature, an AVR microcontroller plus a set of sensors to mea-
sure the necessary variables of the induction heating process. Such system reduces
the risk of incorrect use and improves energy efficiency (Mohan et al., 2003) when
compared to conventional heating devices. This work aims to develop high-energy
efficiency induction heater system, without environmental risks, that minimizes
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problems of inadequate assembly, and fulfilling the requirements of the heating
process of steel alloys bearings. This induction-based heater guarantees the appro-
priate process temperature as the temperature differential between the inner and
outer rings, within manufacturer specified limits.

This chapter is divided into five parts. In the first part, presents an introduction to
the subject. The second part is a review of the induction heating methods. The third
part describes the applied method, and in the fourth, results are presented and evalu-
ated. Finally, a conclusion is drawn up indicating practical implications, limitations
and other issues as well as future lines of development.

3.2 Literature Review

In induction heating, the temperature rise in the workpiece is caused by its electrical
conduction characteristic. This phenomenon is called Foucault currents, also known
as Eddy currents, caused by electromagnetic induction (Umans et al., 2014) that is
frequency dependent. When compared to conventional heating systems, as is the
case of oil bath heating, open flame heating and resistive furnace heaters, induction
heating is safe, clean, quick and efficient (Mohan et al., 2003), allowing a defined
section of the workpiece to be heated accurately. This is the heating technology of
choice in many industrial, domestic (Khatroth et al., 2021) and medical applications
due to its advantages regarding efficiency (Lucia et al., 2013), heating speed, safety,
cleanness and accurate control. Low frequency and high frequency power convert-
ers are, both, used in induction heaters (Mohan et al., 2003; Shen et al., 2006).

The magnitude of the induced currents in workpiece decreases exponentially
with the distance x from the surface, by the equation 1,, = Ie~" where I, is the cur-
rent at the surface and and ¢ is the penetration depth at which the current is reduced
to [, times a factor 1/e (Mohan et al., 2003). The penetration depth is inversely pro-
portional to the square root of the frequency f (Hz) and the magnetic permeability u
(H/m) of the workpiece and is proportional to the square root of the material resis-
tivity p (2.m), as shown by Eq. 3.1 (Mohan et al., 2003; Rudnev et al., 2017).

S = /L (3.1
70 f -1, My

Consequently, the workpiece apparent cross section in alternated current (S,.) is
smaller than the real cross section in direct current (S..,). The resulting effect is

real

greater electric resistance R, = R, 5 that heats more by Joule effect. Figure 3.1

depicts the apparent cross section of a circular conductor carrying an alternating
current.

Circulating currents are caused in the workpiece by currents in the induction
coil. The induction load can be represented by an equivalent resistance R in series
with the coil reactance jwL. The equivalent resistance R,. is the electric resistance of
the workpiece (Mohan et al., 2003), which is dependent of the penetration depth and
temperature.
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Fig. 3.1 Apparent and real
cross section , P

Using a power converter, such an AC/AC working at constant frequency (Séguier
et al., 2015), the knowledge of the current and voltage phase difference in the cir-
cuit, is essential to find the minimum value of the power switches firing angle,
e.g. thyristors. In an RL load, the phase difference between voltage and cur-

rent is ¢ = arct co_L
() g R

The firing angle of the power switches ¥ must have the following conditions:
@ <Y <z for one thyristor and z + ¢ < 7 + ¥ < 2z for the other one. Eddy currents
generate, by Joule effect, a thermal power per mass unit (W/Kg), calculated by the
equation: P, =K,.B" .f* (Umans et al., 2014). In this equation, B represents the
density of the magnetic flux. Using a coil to produce the desired magnetic flux, its
density can be calculated by applying the Ampere’s Law to a solenoid (Villate,

N
1999) B= ”71 where [ is the current in the solenoid. Thus, the thermal power

developed in the workpiece and consequently its temperature depend on the control
of that current.
The temperature in the workpiece can be calculated as follows (Perrot, 2010):

hA
P P _[mC t]
T=|—+T, |——e " " 32
(2.7) -
where £ is the heat transfer coefficient of air (W/m?K), A is the dissipation area, m

is the workpiece mass, C, is its specific heat,T is the room temperature and P is the
electric power supplied. For time ¢ long enough, the temperature T tends to the

steady state value: T =| —+T, |.
hA

The electric power needed to raise temperature to a desired value after a specified
time, its calculated rearranging Eq. 3.2:

hA(T -T,)

_h,
{1 —e " ]

P= (3.3)

3.3  Methodology

The proposed solution consists in taking advantage of the temperature rise that
occurs in materials, such as steel, which is caused by hysteresis losses and induced
Eddy currents (Umans et al., 2014), when the workpiece is exposed to a
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Fig.3.2 AC/AC power T
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time-varying magnetic field. The thermal power by mass unit (W/Kg) caused by
hysteresis losses is proportional to the hysteretic cycle area and is calculated by
Steinmetz’s empirical formula: P, = K,.B] .f . Eddy current losses, on the other
hand, occur by Joule effect and result from the induced current in the ferromagnetic
material. The thermal power by mass unit (W/Kg) caused by Eddy currents is cal-
culated from: P, =K,.B" .f*. Thus, the thermal power, by mass unit, that will
raise the temperature of the workpiece is P, = P, + P,, increasing with the amplitude
of the magnetic field.

By controlling the magnitude of the magnetic induction field B, using current
control in an induction coil is controlled the thermal power developed and thus the
temperature. In order to keep the temperature under specific control in the heating
phase, a single-phase AC/AC power electronic converter at constant frequency is
used, with a microprocessor control circuit, with a feedback loop. This feedback
loop of the control system uses a current sensor and an electric voltage sensor, to get
the phase angle between voltage and current, along with two more sensors to mea-
sure temperatures in the bearing’s inner and outer rings. Figure 3.2 shows the power
converter, excluding the thyristor drive circuits, which are electrically isolated by
HF transformers. In the scheme, L, and R, represent the inductance and ohmic resis-
tance of the coil, respectively.

3.3.1 Calculating the Ohmic Resistance of the Induction Coil

Due to the dimensions of the ferromagnetic core of the prototype under study, the
coil is limited to a maximum length / = 35 cm. Using copper conductor wire of
25 mm? cross section (r = 2.82 mm), coiled onto the core of straight section
A =1*l;=5cm* 5 cm, with a pitch between turns p = 7 mm, the calculated number
of turns is

= L = ﬁ = 50turns.
p 0.007

The length of the copper conductor wire obtained is
Leona =N % 4 % [; = 10 m. Its ohmic resistance is, according to the physics:

R, =p= (3.4)
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Using Eq. 3.4, the resistivity defined for hard copper, p = 0.0179 Qmm?*/m:

R, =00179+ 2 _716mQ
n(2.82)

3.3.2 Calculating the Inductance of the Induction Coil, by
Approximation to a Solenoid

Figure 3.3 schematically represents a solenoid. The magnetic flux density inside a
solenoid of length /, with N coils (n = N/I coils per meter), crossed by an electric
current /., is obtained, by application of Ampere’s Law (Villate, 1999):

int

- . 4 N
é;B.dl :deh:B.hzuOI. @thuo.h.T.Ic <:>B=y0¥lc where o
b
represents the magnetic permeability of an air core (¢, = 47.10~7 H/m).

N . .
The magnetic flux through each coil is ¢ =B.A= ,UOTZ.A, where A is the
straight section of the solenoid. From the general expression for the inductance of a

coil L=N Q , the inductance is
i

2

L= uONTA (3.5)

For a core made of packed silicon steel sheets of magnetic permeability p, = 1000,
the inductance calculated with Eq. 3.5 is

N? 507

L=pup,—A=1000%47 %107 * %0.05%0.05 =22.4mH
O 0.35

The induction coil will, therefore, have an impedance:

Z=NR+X’ :7arg(—90°)Q,forf =50Hz.

Fig. 3.3 Representation of P h y
a solenoid. (Source: d c
Villate, 1999)
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So, under a voltage of 230 V,,,,, it would have a current intensity /. =33 A (7.5 KVA).
Therefore, thyristors in the converter will need to have a stipulated

current I > 33 =23A.

V2

3.3.3 AC/AC Converter with RL Load

Knowing the phase difference between the current and voltage in the circuit is
essential to calculate the minimum value of the thyristor firing angle (Séguier et al.,
2015). In RL loads, there is a phase difference between the voltage and current

L
@ = arctg % . The firing angle of the thyristors ¥ must have the following condi-

tions: ¢ < ¥ < x for the thyristor 7} and 7z + ¢ < 7 + ¥ < 2z for thyristor 7. Firing
one of the thyristors, for instance 7 with ¥ < ¢, leads to one of the undesirable
operating scenarios depending on the type of command signal. Using a pulse at the
thyristor gate, it is obtained a rectified current in half-wave, so the coil would be
crossed by direct current of very high value, limited only by the ohmic resistances
of the coil and the conductors connecting to the electrical installation. In case of
using a pulse train of width # — ¥ radians, the current will be sinusoidal with an
effective value limited to / = V/Z, but without the possibility of control. As will be
shown later, this mode of operation is used at system start-up and during two cycles
of the grid voltage, to calculate, at runtime, the initial phase angle of the load circuit.
In some circumstances, it is possible to run the heater at full power with sinusoidal
current.

Figure 3.4 depicts the current and voltage waveforms in the induction coil using
a suitable thyristor firing angle. It should also be noted that the control range of the
converter will be (z — ¢) radians. However, this is not a real scenario, because, as
already mentioned, the coil inductance is in series with the workpiece electric resis-
tance, which is directly proportional to the temperature and inversely proportional
to the penetration depth of the Eddy currents. This means that the control range of
the power converter is a little greater than 90°.

3.3.4 Command Characteristic with RL Load

The end-of-conduction angle @, of a thyristor can be calculated as follows:

0,-¥

sin(6, —¢p) = sin(‘I—’—(p)e_ ¢ whereQ :%.

Note that for a purely resistive load, we get 8, = z radians.
The effective value of the voltage at the load
0,-¥Y 1 sin20, —sin2¥

T 2 T

comes: V'= V.\/
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Fig. 3.4 Load voltage and current. (Source: Séguier et al., 2015)

whose Fourier series development leads to V', V3, V5, V5, etc. The effective
value of the first harmonics of the current in the coil can obtained by

i W
JR (o) R{1+Q*

LV

T RJ1+250

For predominantly inductive loads, i.e. with ¢ > 45°, as is the case of our load, the
effective value of the 3rd harmonic is higher than the effective value of the funda-
mental component of the current, for very high firing angles, i.e. for a low power
operation scenario (Séguier et al., 2015).

As already explained, the thermal power generated by mass unit in the work-
piece — due to hysteresis and Eddy currents — increases with the density of the mag-

A
PORJI+90

I =

1

1

N .
netic flux in the coil ( B=p,u, TICJ , which in turn is directly proportional to the



62 A.D.L.daSilvaetal.

current. Thus, the power adjustment can be done by adjusting the firing angle ¥ of
the thyristors, in the range ¢ < ¥ < z for thyristor 7, and 7 + ¢ < 7 + ¥ < 2z for
thyristor 7.

3.3.5 System Architecture

Figure 3.5 shows the circuit diagram of the induction heating system, and Fig. 3.6
schematically represents its physical structure.

The core of the control system is an ATmega328p microcontroller (Microchip,
2022) with some features that should be highlighted:

e Analog to digital converter with 10 bits of resolution and acquisition rate up to
10,000 samples per second

e Eight-channel analog multiplexer

* Fourteen /O ports, two of which offer interrupt facility to the CPU

e 32 Kb of Flash memory, 1 Kb of EEPROM and 2 Kb of SRAM and RS232, I>)C
and SPI communication facilities

Two of the analogic inputs, A, and A,, are required to acquire the current in the
induction coil and the grid voltage using the G, trans-resistance amplifier and the G,
precision active rectifier, respectively.

Two digital I/O ports, Int, and Int,, which provide interrupting facilities, are con-
nected to the zero crossing detection circuits (ZCC) of the voltage and current sig-
nals, enabling the run-time measurement of the phase angle ¢ between grid voltage
and current in the induction coil. In addition, the ZCC associated with the grid volt-
age makes it possible to find, in runtime, the delay to be generated for the firing
angle of the power converter thyristors.

Temperature measurement sensors on the inner and outer bearing rings, 7¢; and
Tc,, respectively, connect to other analogic inputs A, and A; of the microcontroller,

Power converter
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uC ] T1 Isolated drive
»l T2 Isolated drive
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Fig. 3.5 Circuit diagram
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through the cold junction temperature-compensated voltage amplifiers, G; and G,.
The operator’s interface is user friendly, using an alphanumeric LCD display with
I°C interface and a small keyboard.

3.3.6 Thermal Behaviour

Figure 3.6 depicts the physical structure of the induction heater.
Assuming that there are no losses, the energy required to raise the temperature
from 7|, to T of a workpiece of mass m and specific heat C,is W =m. C,. (T — T).
And the needed power is

dar
P=mC —.
Tdt (3.6)
Therefore, the temperature increases linearly with time: 7 =T, + LCt
m.

However, because there are convection and conduction losses:

By =hA(T -T,) 3.7)

loss

Equation 3.6 must be written to:

dar

P-P =mC —

loss P d t

Fig.3.6 Physical structure
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Solving this differential equation, it is obtained the equation to calculate the tem-
perature of the workpiece (Perrot, 2010):

P e
T=T,+—|1-¢""
hA (3.8)

In Eq. 3.8, K is the air heat transfer coefficient (W/m?K), A is the workpiece thermal
contact area, 7 is its temperature and 7 is the room temperature. For the workpiece
with the shape depicted in Fig. 3.7, the thermal contact area is

A=2A +A,

where:

a=x[(24) (%) |

A, =nDb

It is shown by Eq. 3.8 that in steady state, the workpiece temperature

willbe: T =T, + —
hA

There is a wide range of bearings, with great variety in characteristics such as

mass and diameter, from 0,009 kg—5 mm to 1200 kg—800 mm. Taking as reference
SKF’s recommendation (SKF, 2022) and the good practices of electric machine
manufacturers — e.g. Asea Brown Boveri (Radvan, 2014), the temperature in the
bearings should be raised from 20 to 110 °C in approximately 20 min, before they
are placed on the shaft of the electric machine. Figure 3.8 shows the temperature
evolution, calculated using Eq. 3.8, when providing the power equal to the work-
piece’s convection and conduction losses — as defined in Eq. 3.7 — to heat a work-
piece with the following characteristics: D = 140 mm, d = 80 mm, b = 26 mm;

m = 1650 g. For steel Cp =0.466 L . Since the heat transfer coefficient of air
°C

-8
is 5 < h <30 (W/m?K), h = 30 was used.
For T, = 20 °C and a steady state temperature 7 = 110 °C the calculated power
loss, using Eq. 3.7 is: P, = 86.9 W.

Fig. 3.7 Workpiece P d R
thermal contact area _ —

4
v
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Fig. 3.8 Temperature (°C) over time (seconds) with P = P,
Table 3.1 Heating power for several workpieces
WP m(Kg) D(mm) d(mm) b(mm) P(W) Ptot(W)
1 1,65 140 80 26 3114 318,0
2 3,40 160 90 40 614,0 623,9
3 3,70 180 100 34 672,0 683,3
4 4,05 170 80 39 730,6 742,3
5 5,15 200 110 38 923,6 937,7
6 6,50 215 120 42 1155,5 1171,8
7 6,80 200 110 53 1201,8 12179
8 7,50 220 150 56 13174 1333,9
9 8,30 230 130 46 1460,7 1479.4
10 8,45 190 90 64 14739 1491,0
11 8,50 310 200 34 1538,2 1563.4
12 10,7 280 200 60 1879,3 1902,8
13 11,3 320 240 60 2000,8 2028,0
14 12,5 215 100 73 2158.,6 2180,7
There is also power dissipated by radiation:
P, = oeAT*. 3.9

In Eq. 3.9, o is the Stefan—Boltzmann constant, ¢ is the workpiece emissivity, A
is the radiant surface and 7 its temperature in Kelvin. For the given data, and using
Eq. 3.9, the power dissipated by radiation is P4 = 5, 67 x 1078 x 0, 17 x 0,
0322 x (110 +273,15)*=6,7 W.

Total power losses are Py + Prg = 86.9 + 6.7 = 93.6 W. However, to reach a
temperature of 110 °C in 20 min, as recommended, the system must provide 318 W
(see Table 3.1), instead of 93.6 W.
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In the system under study, the user selects from a list stored in software the
family to which the bearing belongs to. Each bearing family is associated with its
mass m and some relevant dimensions, allowing to calculate, in runtime, the thy-
ristors firing angle W, to obtain the electrical power required for the correct heat-
ing. In Table 3.1, there are some characteristics such as inner diameter, outer
diameter and the mass of some selected steel bearings from the SKF manufacturer
(SKF, 2022).

The values of the electric power necessary to rise temperature from 7, = 20 °C to
T=110 °C in 20 min, were calculated using Eq. 3.8 rewritten as

P:M (3.10)
_hA ’

l—e mC,

In Eq. 3.10, it was used for the specific heat capacity of steel C, = 0.466(%} )
for the heat transfer coefficient of air 2 = 30 W/m?K and for the heating time
t=1200 s. In the right column of Table 3.1, it was added the power lost by radiation
calculated using Eq. 3.9.

Figure 3.9 shows the temperature evolution over time for workpieces nr.1, nr.7
and nr.14, when supplying the calculated power shown in Table 3.1, using Eq. 3.10,
to rise the temperature from 7, = 20 °C to 7= 110 °C in 20 min. These three pieces
were chosen because they correspond to the minimum, intermediate and maximum
values of electrical power to be supplied. The temperature profile is the similar for
all other workpieces.

With the proposed 3.6 KVA system, we are left with the possibility of using it in
a wide range of bearings.

Eddy currents are induced and circulates essentially on the inner surface of the
ring closest to the core, since that is where the magnetic field is stronger, and it is

Temperature over Time
120

]
100 o0 ®

0 200 400 600 800 1000 1200 1400

®WP1 ®@WP7 & WP14

Fig. 3.9 Temperature (°C) over time (seconds) for WP1, WP7 and WP14
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also on this surface that the skin effect occurs. The penetration depth of the eddy
current comes (Rudnev et al., 2017):

s _ |_Fo
O N fo (3.11)

The thermal power generated in the workpiece due the Eddy currents can be calcu-
lated by the formula (Perrot, 2010):
p d

_ 2
S

° b 2s (3.12)

where I, is the induced current in the workpiece, d is the inner bearing diameter and
b is its width.
Using Eq. 3.11 on Eq. 3.12:

Pr
T f (3.13)

The effective eddy current resistance of the workpiece is (from Joule’s Law):

p dn

R, =t =
w(T)
2b | P
7. f -1, Ho (3.14)

where the workpiece electrical resistivity pqy = paoll + a(T — 20)] and a is its the
thermal resistivity coefficient. Then

dr

. \/ P [1+2(T-20)]

1 My (3.15)

R, 1) = P [1 +a(T- 20)]

The current in the workpiece is 1, = N. I, where N. I. is the magnetomotive force
(mmf) of the system coil. Thus, the equation to calculate the power developed in the
workpiece due to the Joule effect comes:

N : 2 2 2
L =Ry V7)1 (3.16)
In this system, the coil, the magnetic core and the workpiece behave like a trans-
former. Therefore, in Eq. 3.16, R,5. N? is the workpiece electric resistance referred
to the transformer primary.

It is on this inner surface of the bearing that the temperature rises faster and
propagates to the outer ring through the spheres or cylinders. This justifies the need
to monitor the temperature difference between the two bearing rings, to avoid struc-
tural damage to the spheres/cylinders that would occur due to different thermal
dilation of the bearing rings.
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3.3.7 Control Algorithm

The proposed algorithm is presented in simplified form in the flowchart of Fig. 3.10.
After reading some operator’s data, such as the temperature sefpoint, the maximum
temperature difference between the inner and the outer bearing’s ring and some
other physical bearing characteristics (from bearing family), the initial thyristors
firing angle is setup in order to minimize the energy consumption. The frade-off
power vs heating time is optimized, also ensuring that no structural damage is
caused to the bearing, which would occur as result of an excessive temperature dif-
ference between its inner and outer rings. The phase load angle is updated at each
cycle of the mains. The firing angle is updated at each half cycle of the grid voltage
(10 ms, for 50 Hz), using a CPU interrupts routine, so the system’s response time is

in

small enough when compared to the thermal time constant of the bearing ( hA

m
Eq. 3.8). Such power control method is known as phase control (Séguier et’al.,
2015). In addition, the demagnetization is also assured at the final stage of the heat-
ing process, to avoid the aggregation of residues or metallic dust during transporta-
tion and placement of the bearing on the machine shaft.

3.4 Experimental Results

All signals are generated in an electronic circuit simulation environment for valida-
tion of the proposed control system. Figure 3.11 shows the synchronism pulses
generated at zero crossing of the grid voltage (ZCC), the firing pulses for the thyris-
tors T, and T, with a firing angle ¥ = 95° and the voltage at the induction coil.

Figure 3.12 shows the waveforms of the voltage and current in the induction coil
for a firing angle ¥ < ¢. As already explained, this is an operating scenario of maxi-
mum power at the load but without control. This operation mode, with ¥ < ¢, is
used at system start up and for a time interval corresponding to only two complete
cycles of the grid voltage (¢ = 2 x 20 ms, for f= 50 Hz) to obtain the phase angle ¢
of the induction coil and thus calculate, at runtime, the minimum possible value to
be used for the thyristor firing angle ¥. However, in some circumstances, it is pos-
sible to run the heater at full power with sinusoidal current.

In Figs. 3.13 and 3.14 it is represented, in addition to the firing pulses of the
thyristors, the voltage and current in the induction coil for a firing angle ¥ = 135°
and ¥ = 95°, respectively, showing how current increases for lower firing angles.

In all figures, virtual oscilloscope vertical scales were configured with 20 V/div
for load voltage measurements and 0.1 V/div for load current measurements.
Current is measured as the voltage drop in a shunt resistor of 0.01 Ohm, resulting in
10 A/div vertical scale. For synchronism pulses, it was selected 1 V/div for verti-
cal scale.
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Initializations: Set interrupts on. Configure
timers. Calculate load phase angle ¢

Read operator’s data:

Temperature setpoint T,: (default 110°C)

ATmax (Outer ring T~Inner ring T.): default (20°C).
Select bearing family. Calculate power (initial firing
angle 1)

Start heating

e }

Read U, I. Calculate ¢.
Read temperartures T, and T,
Calculate AT.

Increase
firing angle y

AT>= ATmax

Is load current
=0(Int)
?

Stop heating

Fig. 3.10 Control algorithm
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As already stated in Eq. 3.14, the effective Eddy current resistance of the
workpiece is

dr
Pr)
Ty

wr) = Pr)
2b.

As the current in the workpiece is I, = N. I, the power developed in the workpiece
due the Joule effect is, according to the Eq. 3.16:
_ 2\ 72
f’o - ( Rw(T)N )Ic
For each workpiece listed in Table 3.2, the coil current needed to develop the
required thermal power in the workpiece is

[ = |— (3.17)

It was used for the mains frequency f'= 50 Hz and considered for steel: y, = 7500,
Pan=1.6%x107Q. mand a =6.5x 1073 K.

In Table 3.2, P, was calculated using Eq. 3.10, R,, was calculated using Eq. 3.14
and the coil current /. was calculated using Eq. 3.17.

The payback of a new and more efficient heating system compared to a conven-
tional system can be calculated as follows:

Investment difference (EUR)
Annual savings (EUR / year)

Payback (years) = (3.18)

Table 3.2 Coil current vs. workpiece power

WP | m(Kg) D(mm) d(mm) b(mm) P, (W) R,.N* () I(A)
1 1,65 140 80 26 318,0 7,40 6,6
2 3,40 160 90 40 6239 5,41 10,7
3 3,70 180 100 34 683,3 7,08 9,8
4 4,05 170 80 39 7423 4,94 12,3
5 5,15 200 110 38 937,7 6,97 11,6
6 6,50 215 120 42 1171,8 6,87 13,1
7 6,80 200 110 53 1217,9 4,99 15,6
8 7,50 220 150 56 13339 6,45 14,4
9 8,30 230 130 46 1479.4 6,80 14,7

10 8,45 190 90 64 1491,0 3,38 21,0

11 8,50 310 200 34 15634 14,15 10,5

12 10,7 280 200 60 1902,8 8,02 15,4

13 11,3 320 240 60 2028,0 9,62 14,5

14 12,5 215 100 73 2180,7 3,30 25,7
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Annual savings in Eq. 3.18 can be calculated using the following formula:

Annual savings = (L—LJxanTxEC (3.19)
T’sld rlnew

where 744 and 7, are the energy efficiency of conventional heating and induction
heating systems, respectively. P, is the electrical power, in kW, T is the annual
operation time, in hours and EC the energy cost in Eur/KWh. The energy efficiency
of the heating system is

N ——to (3.20)
A

where P, is the power in the workpiece and P; is the power dissipated in the induc-
tion coil. According to (Callebaut, 2007), it is expected an energy efficiency in the
range between 90% and 97%. The coil power loss P; is minimized adopting the
rules described in the Sect. 3.3, Methodology to build de coil, such as using low
resistivity copper, low pitch between turns and a geometric configuration close to
that of a solenoid.

As explained before, the thermal power generated in the workpiece by Eddy cur-
rents can be calculated by Eq. 3.12: Using Eq. 3.1 in

pﬂlig Sy ”nlii m.fou, Ar107

Eq.3.12: P =— -
b 2 p b 2 p

where d is the diameter of the inner ring, b is its width, y, is the relative magnetic
permeability, p is the workpiece resistivity (at 110 °C) and f is the frequency of
induced current /,. Equation 3.21 tells that to increase the thermal power in the
workpiece, it is better to increase coil current /. than increasing frequency. In turn,
increasing the frequency would increase the reactance of the coil jwL, which,
according to the Ohm’s Law, would decrease the current.

To calculate the system’s energy efficiency, it is used Eq. 3.20. In that equation,
the power loss in the coil is calculated using Joule’s Law: P, = R,.I’, where R, is
the coil electric resistance, and . it is the coil current. For the system under study,
coil resistance was calculated using Eq. 3.4: R, =7.16 mQ.

For workpiece WP1 listed in Table 3.2 (d = 80 mm, b = 26 mm), P, is 318 W,
I.=6.6Aand P =R,.I”=0.3 W. The system’s energy efficiency is

318

Mo = ———— =99.9%
318+0.3
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For workpiece WP14 listed in Table 3.2 (d = 100 mm, b = 73 mm), P, is 2180,7 W,
[.=257Aand P =R,.I’ = 4,7 W. The system’s energy efficiency is

o =—23807___ g95q,
2180.7+4.7

In the system under study, it was expected to achieve a relevant energy efficiency for
the minimum and the maximum electric power, when compared to conventional
systems as those described in (SKF, 2022). That being said, there is still the need to
verify in the real environment as it was not taken into account the magnetic losses
in the system core.

3.5 Conclusions

Induction heating is based on the three following effects: electromagnetic induction,
skin effect and heat transfer. Despite the undesirable skin effect in many electro-
technical applications, here, on the contrary, it is used to generate heat with high
efficiency (Khatroth et al., 2021; Lucia et al., 2013; Mohan et al., 2003). The
increase in electric resistance caused by the workpiece apparent cross section reduc-
tion due to skin effect allows getting more thermal power generated by Joule effect.

The proposed solution, it is a system safe and easy to use for its operators, does
not pose risks to the environment, ensures low energy consumption to heat steel
alloy bearings without compromising their mechanical structural characteristics.

A low frequency such as the utility frequency is used in the proposed system.
That is enough for heating a workpiece or even to melt it (Mohan et al., 2003)
should that be the case. The phase control used in the AC/AC power converter leads
us to have to correct the power factor using an input capacitive filter. This is impor-
tant to do, especially in low power operating scenario, where the third harmonic
amplitude is predominant and the reactive power exceeds the active power (Séguier
et al., 2015). In future developments, the focus will be also in high frequency induc-
tion heating, using resonant power converters, to achieve a better power factor but
also to heat materials other than metals (e.g. ceramic workpieces).

The usage of the proposed system is not restricted to the described application.
In fact, there is a wide spectrum of applications where energy consumption and user
safety are mandatory in heating systems, as in the case of cooking devices (Khatroth
et al., 2021) and other household and industrial appliances (Shen et al., 2006;
Takau, 2015).

It is also pursued the objective of developing a fully functional prototype of an
induction heater to support the training of our students and engineers.
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