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1. INTRODUCTION

Induction heating is a popular heat treatment
technology in industrial and domestic products
due to its higher efficiency, precise control, and
lower emission characteristics than other heat
treatment methods [1]. The most common
power supply for induction heating is the
CFPRI because the VFPRI switches suffer from
high stresses [2-4], while low stress affects the
CFPRI switches [5], reliable short-circuit, and
overcurrent protection make it more suitable
for high power applications. The purpose of this
work is to design a reduced harmonic and
switching losses power supply for a portable
induction heating furnace (IHF). In this type of
furnace, a long connector must exist between
the IF power supply and the tank circuit load to
afford flexibility in field applications. Then this
connector must be specially designed to form a
low inductance, low resistance, and low power
loss since it carries a square wave current
characterized by a high harmonic content. The
main components of the IHF are shown in Fig.1.
It is composed of a DC power source part as a
three-phase FCFWR with its triggering circuit
followed by an (L C) smoothing filter. The
current fed to the H-bridge inverter forms the
DC voltage source, passing through a choke coil
to form a current source. This combination
represents a current-fed parallel resonant
inverter (CFPRI) [6]. The load is a parallel tank
circuit, including the induction coil with its
specimen and the suitable parallel tank
capacitor. Due to the dependence of the
induction coil equivalent circuit on the
temperature variation during the heating
process, changing the tank circuit resonance
frequency, a self-tuned inverter was designed
for this purpose using a feedback arrangement
with a phase-locked loop (PLL) [7] tuning
circuit. This work designs the triggering circuit
of the FCFWR and the triggering and the PLL
tuning circuits of the self-tuned H-bridge
inverter. The implemented power supply
showed approximately very close results to the
simulation. The design seeks the reduction of

the switching losses by obtaining the zero-
phase shift between (v;4,) and (izgni), which
can be achieved when the inverter switching
frequency corresponds to the resonance
condition.
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3-phase FCFWR with L-C smoothing filter CFPRI induction heating load

Fig. 1 The CFPRI for IHF Type LC Load.

2.CURRENT-FED PARALLEL-
RESONANT INVERTER (CFPRI)

The idea of feeding the H-bridge inverter with a
direct current source to form the CFPRI is to
replace that known as a voltage-fed parallel
resonant inverter (VFPRI). The output voltage
of the CFPRI was of a sinusoidal waveform,
while its current was a square wave. This
feature leads to the following (Refer to Fig. 1):

Vtank = VC“mk (1)
ILC = Q X Igni (2)

Where Q represents the quality factor of the
tank circuit. Since I, is an imaginary current,

and I,4,; is the real current, the inverter will
only feed the real power, which means that the
CFPRI is compatible with a high voltage low
current DC source. On the contrary, the VFPRI
is suitable for low voltage, high current DC
sources. Fig. 1 depicts a diode in series with a
switch because, if not used, the IGBT parallel
diodes would cause the load-reactive current
components to reach the DC source [8].
Current-source  topologies provide low
switching dv/dt and reliable short-circuit and
overcurrent protection [9]. The following
guidelines are necessary for the current-source
inverter to function correctly: The top or
bottom switches of the various legs cannot be
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turned off simultaneously. Since a short circuit
across the output voltage v;,,, might result,
each switch must have a diode connected in
series unless the circuit will be damaged. In
order to apply the theory practically, an
overlapping time must be considered in the
control signals of the top or bottom switches of
the various legs. Due to the tank circuit load
shown in Fig. 2, the equation describing its
input impedance (Z;,,) is [10]:

. 1
Zy = Req + joL, +m 3)
Yin = Req+joLc +jwctank (4)
Reg—jwL¢ .

Yin = m + jwCrank (5)
Y. = Req + —jwL,

™ RZ+ (wL)?  R% + (wLl)?  (6)

+jwctank

Since, at resonance

ch = wctank (7)
wL _
Rl @Crank 3
Le
qu + (ch)Z =c (9)
tank
(wL)? = ——+ R%, (10)
Ctank
f=t | (Be)’ (11)
2\ LcCrank Lc
If c e RZ,, the parallel resonance frequency
tank
may be simplified as:
S = e (2)
Q _ reactive power _ Iimag (13)

real power Lreal
The relationship between the rms value of the
fundamental component of the square wave
output current of inverter (I.4,,,) at resonance
condition as a function of the inputdirect
current fed to the inverter (I;.) is [11]:

4
Itank = Tt_\/f Idr_' (14)

Since the real power dissipated in the
equivalent resistance of the induction coil
(P,¢q;) due to tank circuit imaginary current
passing in the induction coil (1) is:

Preqi = I%CReq = Iiank * Viank " COS @ (15)

The following features apply to current-fed

inverters (CFIs) [12]:

1- For the commutation process, overlap time
is necessary; then the switching stages of
the inverter are as follows [13]:

a) SW1 and SW4 were ON during the
positive half cycle.

b) SWi1, SW2, SW3, and SW4 were ON,
during the overlap time.
c¢) SW2 and SW3 were ON during the
negative half cycle.
d) SWi1, SW2, SW3, and SW4 were ON,
during the overlap time.
2- In the event of a short circuit, all
semiconductors were required to conduct.
3- ZVS occurred at the resonance frequency.
4- ZCS occurred above the resonance
frequency.
5- Transistors must be capable of handling
high voltage.
Parasitic inductance (Ly), due to the parasitic
inductances of the switches, diodes, and
connectors, is a source of high voltage stress
across the switches which might cause the
degradation of semiconductors. The parasitic
inductances also influence the switching
process when the inverter's commutation is
capacitive. Still, when L, is considered, the
voltage at the inductance's terminals opposes
the voltage on the tank. Hence, commutating at
capacitive switching offers a more dependable
inverter operation when considering Ly.
Capacitive switching is favored in CFPRI, even
if the reverse recovery currents on diodes are
still an issue. A detailed analysis is in references
[8,14] about the quality factor (Q) effect on the
suitable switching frequency for perfect ZCS
and ZVS conditions. This analysis reveals that
for a high (Q) tank circuit, the resonance
frequency and the zero-phase shift frequency
will be very close. It is preferable to choose the
switching frequency in the capacitive region to
avoid the severe effect of L, on the switches’
safety and reduce the switching losses during
the heating process.

Fig. 2 CFPRI Considering Parasitic
Inductances L.

3. THE PLECS SIMULATION AND
RESULTS

In this study, the power supply of the IHF
feeding linear specimen load is of a high-quality
factor (Q). Fig.3 depicts the simulation circuit
diagram for the IHF. The system was powered
by a mains transformer of 1 MVA, i.e., 3-phase,
380V, and 50 Hz, with secondary equivalent
resistance and inductance of 612.5 uQ and
12.5 uH, respectively. By passing its output
voltage via an L-C smoothing low-pass filter
with Lrgeer = 29mHand Cpyeer = 13200 pF,
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the FCFWR rectifies this AC voltage. In this
design, a chock coil L jcx conn = 50 mH acted as
a current source, simulating a low-ripple
variable DC voltage power source. According to
Eq. (12), the tank circuit's induction coil L.=3
uH, tank capacitor C.q,, = 10 uF, and the
resonance frequency (28.57 kHz) are required.
To account for the loads, the equivalent load
resistance (R.,) was modified to (0.1Q). For
each case, three different applied terminal
voltages were assessed by changing the
FCFWR's triggering angle to (42.74°,60°, and
75°). Fig. 3 displays the simulated -circuit
diagram created by the Plecs computer
package. When (R,, = 0.1 Q) and (a = 42.74")
was the triggering angle, the system voltages
were expressed as follows: Accordingly, Figs. 4-
7. show the input voltage of phase A, the voltage
i

l1 sapewia | T
(

[

I

HE 38

e -

= e

v

LI

across the chock coil, the DC voltage supplied to
the inverter terminals, and the output voltage of
the inverter. The cause of this disturbance in
the input voltage occurred due to the non-
sinusoidal input current feeding the controlled
rectifier shown in Fig. 8. The four sharping
edges (up and down) in the current waveform
caused four disturbances in the voltage
waveform since {v = L(di/dt)}. Figs. 8-19.
Show the system currents and their harmonics
for the input current of phase A, the direct
current of the filter, the capacitor filter current,
the input current fed to the inverter, the output
current from the inverter feeding the tank
circuit, and the induction coil current. These
figures include all of the harmonics in each
current according to the descriptions of load
and triggering angles given below.

o e e

v [—+{ e —ﬁ]. e |
> .[! -{-J Vi[> _!
e

wone [> .El
e B

Fig. 3 Simulation Circuit of the THF Using Plecs Software.
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Fig. 4 Input Voltage Per Phase.
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Fig. 5 The Voltage Across the Chock Coil.
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Fig. 6 The DC Voltage.
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Fig. 7 The Inverter Output Voltage.
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Fig. 8 An Input Current’s Phase (A) Waveform.
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Fig. 9 The Harmonic Current of Phase (A) of 50 Hz, for Load Resistance
R.; = 0.1 Q at Different Triggering Angles a = 42.74°,60",and 75'.
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Fig. 10 The Phase (A) Harmonic Currents at « = 42.74" and R,q = 0.1 Q.
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Fig. 11 Direct Current Passing Through Lg;;., of (6f; = 300 Hz) Ripples.
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Fig. 12 When R, = 0.1 , the Direct Current Flowing in the Smoothing
Coil has a Fundamental Frequency of (300 Hz) at a = 42.74°,60°,and 75°.

(A)

leilter

| Ipax = 18.5695A

Lpm = —35.4384 A |

' ' 1 ' ]
4.008 4012 4.014 4018

Time (s)

Fig. 13 The Current of the Filter Capacitor at (300 Hz).
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Fig. 14 The Harmonic Current of the Fundamental
Frequency of (300 Hz) of the Current that Flows to the
Capacitor Filter at R,y = 0.1 Q and « = 42.74°,60°,and 75"
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Fig. 15 The Waveform of the Inverter's Input Current.
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Fig. 16 The Inverter Output Current Waveform (f,.).
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Fig. 17 The Harmonics Current of the Fundamental
Frequency of (28570 Hz) of (iyq,x) at Reg = 0.1 Q
and @ = 42.74",60",and 75°.
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Fig. 18 The Current Flowing Through an Induction
Coil at the Resonance Frequency (f;.).
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Fig. 20 The CFIHF Power Supply's Harmonics in Each Branch.

Due to the harmonic results abbreviated in
Fig.20, the most severe contents of harmonics
were that at the connector carrying the square
wave current from the inverter feeding the
LC tank circuit load. Hence, this connector
must be designed to reduce the heat generation
within it during the process and reduce the
voltage drop across it due to its length in such
furnaces. Also, its self-inductance must be as
small as possible. Practically, it is noticed that
when using a traditional copper connector

between the inverter terminals and the tank
load, this connector was subjected to a
continuous increase in its temperature during
the operation time, and it reached an
unacceptable range of temperature. To reduce
the drop in the applied voltage across its
terminals and to avoid the continuous increase
in its temperature, the same procedure adopted
by the reference [15] was applied, as shown
below:
(a) Determine the severest amplitude of the
fundamental harmonic shown in the above
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results to choose the most suitable Litz’s
wire gauge from the AWG table,
considering that the frequency closest less
than or equal to that of the fundamental
frequency.

(b) From the data given in the AWG table of
that chosen wire gauge, the rated power
per meter length of that wire (B.) can be
calculated by applying the commonly used
power equation (B. = IZRy,), where (I,) in
(A) is the rated current of that gauge, and
Ry, is its resistance per unit length of that
chosen wire.

(¢) The chosen wire resistance with respect to
each harmonic can be found by referring to
Fig.21, which describes the harmonic

effective area (Anre y f), and applying the
following equations consequently:

_ Pcu
8, =503 /—n . (16)

Thrpe = Text — Oy (17)
— 2 2
Anreff = Tt(rext - anint) (18)
l
Rm‘eff - pcu@ (19)

l: Wire length in (m).

peu: Electrical resistivity of copper =
(17.2359244 x 10~9)in (Q - m).

Texe: Theradius of the chosen copper conductor

(Toxe =1,) for the fundamental

frequency. It was considered an external

radius with respect to the other highest

harmonics.

:The internal radius of the harmonic

effective area (m).

fnr: The frequency of the harmonic of order
(n) (Hz).

Ur,: The copper relative permeability
=(0.9793025) .

rnrint

The harmonic
effective area

(4nr)

Fig. 21 The Harmonic Effective Area.

Due to the obtained spectrum of (i;4,,), shown
in Fig. 17, represents the highest load current
value leading to dissipating 52 kW power in the
specimen and requiring input DC power of 57

kW, with a system theoretical efficiency of
about 91%. Since the fundamental frequency
fr = 28.570 kHz, the nearest compatible wire
gauge was gauge number (20) due to the AWG
with the following data, as shown in Table 1.

Table 1 Litz’s Wire Gauge (20) Bata Due to

AWG [16].
. A A = ~

N ~
z = g 8 Vs 3
?0 VG vc \/q g E
g < % 5 £ &
(0] &
20 27 0.8128 0.033292 11 4

To calculate the ability of the rated power
dissipated along the unit length of Litz’s wire of
gauge (20) (P,,, ), the following formula can be
used:

— 72
Przo - Iratedzg X RZO (20)

s By, = (11)% x 0.033292 = 4.028332 W
Then using Egs. (16)—(19) to calculate the
Ryr; ffor each harmonic in Ohm per unit length
of the connector using Litz’s wire of gauge (20).
To calculate the total drop in voltage per unit
connector length for each harmonic current

(Vnr dmp), the following formula can be used:

=1 X R (21)

Vnrdrop NTrms Nreff

Also, the power dissipated due to the harmonic
current in the unit length of the connector can
be calculated from

P =12 X R (22)

NT'oss NTI'yms Nreff

These data are represented in Table 2.

The total drop in the voltage along the unit
length of the conductor due to the total
harmonics (Vrnrdrop) is:

— =11
Vandn,p - Zz=1 Vnrdn,p (23)

“ Vinrgrop = 16663 V-m™1
Similarly, the total dissipated power due to
harmonic currents per unit length of the
conductor (Pry,,, ) will be:

— =11
PT"rloss - 2221 Pnrloss (24)

% Prop,,, =  893.692W-m™!
Hence, the total number of Litz’s wires of gauge
(20) required for this connector (N,,) is:

NZO = (25)
893.692 - .
& Nyp = 2026335 = 221.851 = 222 Wires

The designed cable will dissipate B, W per unit
length and cause a drop in voltage for each
meter of length Vy;0p,, equals:

VT"rdrap

Vdropzo -

(26)

N2o
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“ Varopye = 0.0750V-m™! while that of the other group must be in CCW
To reduce the parasitic inductance of this group sense. This arrangement will reduce the stray
of 222 Litz’s wires, they must be divided into inductance of this connector drastically. Hence,
two groups of 111 wires, and every two wires of the connector will be quite suitable when
each group twisted together, such that the connected to the CFPRI induction heating
twisting of the first group must be in CW sense, furnace.

Table 2 Harmonics Data.

Iignk(A) R=0.1Q a = 42.74° THD = 48.5035%

)
)
)

2 . =T 3 g7
2 T N
= 5 B s 5 5% $E  SE fE
' - - -
i NN ~ ~ << 54 a >= > R 3
H: — ~— —
1 28.570 190.374 134.615 3948 x 107*  1.16 x 107> 5.184 x 1077 0.03324 4.474 602
3 85.710 63.1393 44.646 1.316 x 107 2.748 x~* 2.816 x77 0.06120 2.732 121.987
5 142.850 37.5031 26.540 7.896 x 1075 3.2744 x 10™* 1.820 x 1077 0.09470 2.513 66.703
7 199.990 26.3853 18.657 5640 x 1075  3.5x107* 1.340 x 1077 0.12862 2.399 44,770
9 257.130 20.1116 14.221 4386 x 1075 3.6254x10™*  1.059 x 1077 0.16275 2.314 32914
1 314.270 16.0452 11.345 3590x107° 3705x10* 8762 x 108 0.19671 2.231 25.318
I £y T T
’;%C:.‘\DC r ','CC}&;I-‘ \;;
L&
mohammed_alsudanee@yahoo.com
mohammed abdulameer mohaammed sultin
‘; Eg [ Company: Your Company Sheet: 1/1
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Fig. 22 Circuit Diagram of the Firing Unit for the 3-@ FCFWR.

4. TRIGGERING CIRCUIT FOR THE 3-90 =
FCFWR

The most important part of designing the
FCFWR is the triggering circuit. The circuit
diagram is shown in Fig. 22 using the integrated
circuit (TCA785) [17]. Its data sheet is
addressed in Appendix (A). The trigger angle
can be changed from 0° to 120" by variable
resistance to feed a variable DC voltage from
513 V to 0 V. The power circuit consists of six
thyristor type SEMICRON (SKKT 132), see
Appendix (B), and FWD type SEMICRON
(SKKD 212), see Appendix (C), as shown in
Fig.23 representing the implemented circuit.

Fig. 23 The Implemented Firing Circuit of the
FCFWR.
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To get a smooth DC voltage, the rectified
voltage was applied to an LC filter, as shown in
Fig. 24. The filter was composed of a 2 mH coil
designed by [18], but by reducing its airgap, its
self-inductance reached a value 2.9 mH. The
capacitor of 800 V and 13200 pF was used to
obtain an acceptable smoothing of the output
DC voltage in a high tri i

e

) i. 24 Smoothin

filter.

The LC filter represents a Low pass filter. The
cutoff frequency due to Eq. (27) is 25.72 kHz.
1

f= (27)

27, [Lyitter Crilter

5.PULSE GENERATOR FOR H-BRIDGE
INVERTER

PLL IC 4046 was used to generate gate pulses
for the inverter; see Appendix (D). During the
heating cycle, the induction heating load
equivalent resistance and inductance effective
characteristics changed [19-22]. So, to keep the
inverter's power factor close to unity, it
becomes essential to synchronize the operating
frequency with that of the tank circuit. A crucial
component of the inverter's functioning for this
purpose is the phase-locked loop (PLL) [6]
control circuit, as seen in Fig. 25. The former's
job is to maintain a zero cross-current switching
mode regardless of load changes, which
suggests that the switching frequency of the
IGBT must be changed, based on the resonance
frequency of the inverter load circuit while it is
in operation. A resonant frequency tracking
control circuit developed around the CMOS
PLL [23-25] chip MC14046B achieved the
needed performance using a phase shifter, two
comparators, an integrator, and a low-pass
filter. The IGBT’s Driving Circuits and the
water-cooled heat sink for IGBT, see Appendix

(E).
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6.PRACTICAL AND SIMULATION
RESULTS

In this section, the practical results were
compared with the corresponding simulation
results. These findings were: The self-
inductance of the induction coil L; = 2.08 pH,
parallel tank capacitor 40 uF, and the switching

frequency f; = f, = 17450 Hz.  Fig.  26.

Fig. 25 Circuit Diagram PLL IC 4046.

represents measurements of the direct current
and voltage fed to the inverter, while Figs. 27-
29 represent the practical and simulation
results of the inverter current, the capacitor
voltage, and the IGBT voltage, respectively.
Fig.30. shows the capacitive operation of the
CFPRI.
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Fig. 27 (a) Experimental Inverter Current Waveform (10 A/div) (b) Simulation Waveform.
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Fig. 28 Voltage Across the Capacitor (20 V/div) Waveform (a) Experimental (b) Simulation.
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Fig. 29 Vcz at a Resonant Frequency in CFI Waveform (a) Experimental (b) Simulation.

(b)
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e Vtank (t) (V)

-100- ' ' ' ' '
6.79650 6.79552 6.7955% 65.79656 6.79658

itank(t) (A)

Time (s)

' ' ' ' '
65.796652 5.79664 6. 796665 6. 79558 6.79570

Fig. 30 The Capacitive Switching Case ¢ = 5° Leading.

From the result calculation, the power and R,,:

I;.=16.05AandV,, = 41.81V

Pac = Ige X Vge = 16.05 x 41.81
=671.0505W

41, 4x16.05
= =14.45A

1 =
tank Tl'\/i Tl'\/i
Vianktpeat) _ 5% _ 45 555y

Vtank - \/E \/E
Piny = Lignk X Vignk X €OS 5 =651.446 W

_ Vtank

he=—%—= 198.4724735 A
Pin 651.446

R, =—/—=—————-=0.016540Q
“ I, 198.47247352
_ h 1984724735 . .
Q= Lanic 14.45 e
Also, the efficiency [26] is:
Pout Pinv x 100%

N% =——x100% =
Pin DC
651.446 100 = 97.078%

= —X = .
671.0505 0

Fig. 31 depicts the induction coil with its hollow
copper tube, which reached a temperature of
417 °C.

Fig. 31 The Induction Coil During the
Practical Test of the Designed CFPRI.

7.CONCLUSION

e Since the FCFWR was supplied from an
efficient transformer of 1MVA, then this
explains the undistorted input voltage from
the mains despite the highly distorted
current per phase due to the switching
effects. Hence, the operation of this furnace
in this lab negligibly affected other loads.

e Since the tank circuit quality factor was
13.735, 1 is considered a high-quality factor,
and the switching frequency will be the
resonance frequency of the tank circuit
despite a capacitive operation shown in Fig.
15.

e The practical work declares the importance
of the design steps of the connector
delivering the power from the inverter to the
load to protect the inverter switches and
increase the system efficiency.

e The current-fed inverter operation in
induction heating is preferable to the
voltage-fed inverter in a high-power
application. However, it must be loaded in
the capacitive mode of operation.
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Appendix (A)
Datasheet of TCA785

SIEMENS

Phase Control IC TCA 785

Bipolar IC

Features

» Reliable recognition of zero passage

s Large application scopse

s May b= used as zero point switch

« L5L compatible

= Three-phass operation possible (2 1Cs)
s Dutput current 250 més,

= Large ramp current range

= f\fide temperature range P-DIP-18-1

Type Ordering Code Package
TCATES Q8T000-AZZE P-DIP-15-1

This phase control 12 is intended to control thyristors, triacs, and transistors. The tnigger pulses
can be shifted within 3 phase angle betwesn 0 ° and 1280 °. Typical applications include
converter circuits, AC controllers and three-phase current controliars.

This IS replaces the previous types TCA T80 and TCATE0 D

Pin Definitions and Functions

Pin Symibol Function
sl = w[]% 1 GND Ground
H IH 5[]ez 2 Q2 QOutput 2 inverted
3 Qi Output I
"-'-'I:i "':l':” 4 (o] Owutput 1 inwerted
ﬁ[ § :|1 5 Faome Synchronows woliage
bong 5 2[]te E oz on::E:jtz
i[e 1] ] e 2 F Stabilized voltage
o o Ramp resistance
w[ ! “:l fn 10 Cum Ramip capacitance
'E-l[ i ?:l’?l 11 o Control voltage
P 12 C Pulse extension
12 L Long pulse
14 21 Output 1
Pin Configuration 3 Q2 Cutput 2
[top wiew) 16 Py Supply voliage
Semiconductor Grouwp 1 0o.94
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Appendix (B)

Datasheet of SEMICRON thyristor type (SKKT 132)

SKKT 132, SKKH 132

ﬁ.-{ﬁg" o
>

B

SEMIPACK® 2

Thyristor / Diode Modules

SKKT 132
SKKH 132

Features

= Heat transfer through aluminiurm
oxide ceramic isolated metal
baseplate

« Hard soldered joints for high
reliability

« UL recognized, file no. E 63532

Typical Applications™®
= DC motor control
(e. g. for machine tools)
« Temperatura control
(e. g. for ovens, chemical
processes)
» Professional light dimming
(studios, thaaters)

1) See the assembly inslruclions

W Vorse Yo Irpmag = 220 A (maximum value for continuous operation)
W v bpay = 130 A (sin. 1B0; T, = 67 “C)
ano 800 SHKT 132/D8E SHKKH 1320BE
1300 1200 SKET 132M2ZE SHKH 132M12ZE
1500 1400 SHKT 13214E SEKH 13214E
1700 160D SHKT 132M6E SEKH 1321EE
1300 1800 SKKT 13218E SHKH 1321EE
Symbol |Conditions Values Units
L gin. 180; T, = 85 (100) "C; 137 {86 ) A
I P31BD T, = 45 "C; B2 /BB T DD A
P3MBOF, T, = 35 °C, B2/ BE 170 /200 A
L P3MBOF, T, = 35 "C. W1 /W3 24073 " 163 A
breaa T, ® 25°C: 10 e 4700 A
T, = 125°C 10 ma 4000 A
i1 T,=2537°C 83 .. 10ms 110000 A's
T,=125°C 8.3 ... 10 ms 80000 A's
Vo T,=25°C; Iy =500 A max. 1.8 v
L T,=125°C a1 W
fr T,=125°C max. 1.5 gy
ko ko Ty = 125 "C Vpn = Viars: Voo ™ Voru max. 40 mA
Loa T,=257°C g =1 Aldi il = 1 Alus 1 [T
B W= 0,87 " Ve 2 [T
(i), T,=125°C max. 200 Adus
(chwidi}, T,=135°C rax. 1000 Wi
L, T,=125"°C, 50 ... 150 [T
Iy T = 25°C; typ. { max. 150 / 400 A
L T,=237°C Ry = 33 () byp. / max. 300§ 1000 mA
Var T,=25°C de. min. 2 v
lgy T,=257°C de. min. 150 A
Vian T,=125°C de. e, 0,25 W
lany T;=135°Cide max. 10 mA
Rire conl, per thyrisbor | pes miodule 0,16/ 0.09 K
R sin. 180; per thyrisior | per module 0,19 /0,085 KW
R rec. 120; per thyvistor [ per module 0,21 70,105 LA
Fypyea per thyristor § per module 0.1/0,05 W
T, -40 .+ 125 C
Ty -40 . + 125 “C
Vi a. ¢ SHE rms 1301 man 3800 7 30D0 W=
M, to heatsink 5+ 15%" Mimi
M, Lo berrranal 5+15% M
a 5"8.81 g™
ui] AP 165 q
Caze SKET A2l
SKKEH A 22

16-04-2007 GIL

& by SEMIKRON
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Fig. 1L Power dissipation per thyristor vs. on-stale current
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Fig. 1R Power dissipation per thyristor vs. ambient temp.

Fig. 3L Power dissipation of two modules vs. direct current
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Fig. 2L Power dissipation per module vs. rms current Fig. 2R Power dissipation per module vs. case temp.
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Fig. 3R Power dissipation of two modules vs. case temp.
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SKKT 132, SKKH 132

TRRTIIE M AL T 3
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Fig. 4L Power dissipation of three modules vs_ direct and rms current Fig. 4R Power dissipation of three modules vs. case temp.
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Fig. 9 Gate trigger characteristics
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* The specifications of our components may not be considered as an assurance of component characteristics.
Components have to be tested for the respective application. Adjustments may be necessary. The use of SEMIKRON
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Appendix (C)

Datasheet of SEMICRON FWD type (SKKD 212)

SEMIPACK® 2

Rectifier Diode Modules

SKKD 212

Features

« Heat transfer through aluminium
oxide ceramic isolated metal
baseplate

« Hard soldered joints for high
reliability

Typical Applications*

« Mon-controllable rectifiers for
AC/AC converters

« Line rectifiers for transistorized
AC motor controllers

« Field supply for DC motors

Vasu Vi lepaye = 340 A (maximum value for continuous operation)
v lppy =212 A(sin. 180; T_=85 *C)

1300 1200 SKKD 212112

1700 1600 SKKD 21216

1800 1800 SKKD 21218
Symbol |Conditions Values Units
[ sin. 180; T_ =85 (100) *C 212 (165) A
Tesu T,;=25°C; 10 ms G600 A

TuJ=125°C; 10 ms 5500 A
it T“J =25"C; 8,3 . 10ms 217800 At
T"J=125°C: B3.. 10 ms 151250 A's

Ve T,=25°C; 1. =500 A max. 14 v
viTGJ TllJ =135°"C max. 0,75 W
rr T,=135"C max. 1,05 i}
Irn T, = 135 “C; Viap = Vaau max. 9 mA
thu-cl per diode / per module 0,18 /0,09 KW
Riios) per diode / per module 0,1/0,05 KW
Tq -40.. .+ 135 “‘C
T:tg -40...+ 135 “C
Vil a.c 50Hz; rms.;1s/1min 3600 / 3000 =
M, to heatsink 5+15% Nm
M, to tarminals 5+15% Nm
a 57981 mis*
m approx. 165 ]
Case SKKD A23

18-06-2008 MA.J
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Fig.11L Power dissipation per diode vs_forward current Fig.11R Power dissipation per diode vs ambiant
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Fig.12L Power dissipation of two modules vs.direct Fig.12R Power dissipation of two modules vs casa
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Fig.13L Power dissipation of three modules vs direct Fig.13R Power dissipation of three modules vs case
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Fig.14 Transient thermal impedance vs.time Fig.15 Forward characteristics
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Fig.16 Surge overload current vs.time
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Appendix (D)
Datasheet of a phase-locked loop (PLL) IC 4046

CMOS High Voltage Logic — CD4046B

CMOS Micropower Phase Locked Loop (PLL) in bare die form

Description

The CD4045B phase locked loop consists of two
phase comparators, a voltage-controlled oscillator
(WCQ), source follower and zener dicde. The
comparators have 3 common signal input amplfier and
common comparator input. The zener dwde is used
for power supply regulation if required. Applications
include FM and FEK modulation / demadulation,
frequency synthesis and multiplication, frequency
discrimination. tone decoding. data synchronization
and conditoning, voliage-to-frequency conversion and
motor speed control.

Ordering Information

The following part suffixes apply:

Mo suffix - MIL-STD-883 /2010B Visual Inspection

H" - MIL-STD-883 /20108 Visual Inspaction
+ MIL-PRF-38534 Class H LAT

K- MIL-STD-283 /20104 Visual Inspacton (Space)
+ MIL-PRF-28534 Class K LAT

LAT = Lot Acceptance Test.

For further information on LAT process fiows see below.

www . siliconsupplies. com'quality\bare-die-lof-qualification

Supply Formats:

Default = Die in Waffla Pack (100 per tray capacity)
Sawn Wafer on Tape = On requast

Unsawn Wafer — On request

Die Thickness <= §35pm(25 Mils) — On reguest

Assamblad into Ceramic Package - On requast

Features:

Rev 1.0
21/09/18

* Choice of two Phase Comparaiors:

= Exclusive Or Gate. duly cycle imited

- Rising edge swiitching, duty cycle unlimited
« Buffered outputs compatible with MHTL and Low

power TTL

» VOO mhibit control for ON-OFF keying and ulira-
low standby power consumption

» Source-follower output of VCO control input

* Integrated zener dicde to assist supply regulaton

=  Supply voltage range: 3V 10 18V

=  Symmetrical output characteristics

Die Dimensions in pm (mils)

1930 (78)
O o o ool
O
o “lls
=]
O &
0
0
I:'rzl ooo |y

Mechanical Specification

Die Size (Unzawn)
Minimum Bond Pad Size

Die Thickness

Top Metal Composition
Back Metal Compaosition

1930 x 2210 pm

T8 x B7 mils
108 x 108 um
417 x 417 mils
625 (x20) i
25 (+0.79) mils

Al 1965 1.1pm

N/A - Bare Si

Pagelof8 wovw slliconsupplies com
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CMOS High Voltage Logic — CD4046B

Pad Layout and Functions

DIE ID

221 0um (87 mils)
[=]

(]

fi2]

5 i
(2] [o] [ig]

— =
s

|

1930um (76 mils)

Block Diagram

PAD FUNCTION

1 LD

2 PCAqur
3 PCBn
4 VCOor
5 INH

3] Cla

7 Cils

8 Vas

9 WVCOw
10 SFour
11 R1
12 R2
13 PC2aour
14 PCAN
15 ZENER.
16 Wz

Rev 1.0
21/09/18

COMNMECT CHIP BACK TO Voo OR FLOAT

PLL Waveforms

e A e— T — ! SHENAL INPLIT (PAD 14) 1 !
PCA 14 sgll.ﬂrcmsl»j cnumﬁam I'L°2 PClour
| | VED CUTPUT [PAD 4 =
| - PHASE 15 PC2gur COMPARATOR INPLIT {PALIY)
IR B S —— COMPARATOR 2 D —I 1L I
Yoo B o | VOLTAGE Hoo4 E‘C%UT PHASE COMPARATOR 1
! CONTROLLED 4‘“‘2 s OUTRUT [PADZ) LML — VDO
| OSCILLATOR o i )
| ey a7 & WO INPUT (PAD &) =
| | B = LOWLPASS FILTER QUTFUT V53
INH 5o ||I — SOURCE FOLLOWER | 010 SFoyr
Vg o +=0 15 ZEMER . .
_____ b — Typical waveforms for CMOS PLL with
Pad 12V phase comparator in locked condition of .
ad 1= Voo
Pad 8 = Ve
Page 2 of 8 v siliconsupplies.com
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Appendix (E)

The IGBT’s Driving Circuits

The type of IGBT for CFI is SKM300GBD12T4,

When driving the gate of a high-power transistor, such as an IGBT or power MOSFET, a power amplifier
serves as the gate driver. It receives its high-current drive input from a controller integrated cct. (IC's)
low-power input.

Figure (E-1) illustrates the isolation of the four driving circuits. Each one provides +12 and -12 volts that
can be used to power an IGBT in the inverter.

+HIWVCE

FFs30H 13
T'E}Ul [ sigrad 1o IGET

HEFL3120

C WD [
= AMDDE WL
CATHODE WOL

— L

' =

g R ]

} o = FOFENEDC
FOFEMEOC

T¥

e

(b)
Figure (E-1) (a) The circuit diagram of the gate driver (b) The implemented circuit of the gate driver.

The water-cooled heat sink shown in Figure (E-2) was used to absorb the excessive heat stresses on the
IGBT and the MOSFET during the heating process.
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Figure (E-3) IGBT for CFI.
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