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ABSTRACT

This thesis presents the comparison of two kinds of control methods ; namely ,
Frequency Control (FC) and Pulse Density Modulation Control (PDM) which are both used to
control the output power of the high-frequency series-resonant inverter in the induction melter
circuit. The details are divided into various parts as follows : The principle of heat generation
using high- frequency series resonant inverter is first analyed in chapter 2. The analysis of various
circuit parameters and principle of circuit operation are also described in chapters 3 and 4.
The principles of the Pulse Density Modulations (PDM) with distributed pulses and with
concentrated pulses are described in chapters 5 and 6 , and the principle of frequency control are
also explained in chapter 7 for comparision purpose. Moreover , in chapter 8 , the experimental
results for each control method of the induction melter ; such as , output power and efﬁciency
are shown compared to each other using the test prototype with a maximum power level of
3.3 kW, inverter switching frequency of 70-80 kHz and both the theoritical and experimental
results presented in the thesis are in good agreement and the circuit can operate

succesfully.
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Abstract

In this paper . the method of output power control of series
resonant inverter for high-frequency induction melter is proposed ,
using the principle of pulse density modultion (PDM) with the number
of cycle per one period of inverter output frequency equal to 16, 15, ...,
1. 0 which coresponds to its Max. output power of 4kW decreasing to
zero at a constant switching frequency of 70kHz. The circuit analysis
starts with the MATLAB simulation of voltage and current waveforms
in the melter circuit which is also verified by experiment in order to
confirm the correct understanding of circuit operation. All these verified
results can further lead to the calculation of important circuit parameters
such as output power and conversion efficiency , etc. Again, these
theoretical results when compared with the experimental ones appear to

be very close to each other.

Keywords : Melter . Pulse Density Modulation . HF-Resonant
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503 HAMINATOY N1
Max. Output Power ( Pom) 3,300 Watt
Max. Input Power (P, ) 3,450 Watt
Rectifier-Inverter Efficiency(7}) 97.05 %
%Total Harmonic Distortion of Rectifier Input 102.21 %

Current; THD, (Rectifier)

%Total Harmonic Distortion of Rectifier Input 2.98 %

Voltage; THD, (Rectifier)

Input Rectifier Power Factor (PF.) 0.680

%Total Harmonics Distortion of Inverter 4.247 %

Output Current: THD,(Inverter)

%Total Harmonics Distortion of Inverter 49.07 %

Output Voltage: THD (Inverter)

Output Inverter Power Factor (PF.) 0.770

MIAUIUNIAT Percent Total Harmonic Distortion (%THD) , Power Factor (PF)

iaz Displacement Factor (DPF), Distortion Factor (DF)

2 2
L2 =t 51 Is - Idis
f1szneunNMNe( Distortion Factor): DF =% =
1 4
5 s

mlszneumsnszan (Displacement Factor) : ppF = 3059]

e8]

ZV I_ cosf

snoosn

fasznouiias (Power Factor):

3 = d
Percent ANINEUIITUDHNGT5IN (% Total Harmonic Distortion )

[0.0]
2,
=2 X100 [%] ; nsdnsEue %THD, —

2

i

51

DI %THD, —
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19013 PRIMARY

CHI=100V :
DC 100:1 °

2us/div
(2us/div)

m.hfﬂw.«!uoo.vs,fs :

Freq 7G BQkHz

=Tracel= »%j 312 o R

M49MH SECONDARY

TURN

TURN RATIO amnmismsnamey Ny: N, = 310/16 =19.4:1

CHI=100V :
DC 100:1 |

2us/div
© (2usydiv)
NORM ZDDMS/S

RATIO mnnniseanuuy

Secondary

N;:N, = 20:1
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PD-9.512B

International
Rectifier IRFP460

HEXFET® Power MOSFET

® Dynamic dv/dt Rating

® Repetitive Avalanche Rated D _

e |solated Central Mounting Hole Vpss = 500V
® Fast Switching

® Ease of Paralleling

® Simple Drive Requirements

RDS(OF‘I) = 027Q
. I = 20A

Description
Third Generation HEXFETs from International Rectifier provide the designer
with the best combination of fast switching, ruggedized device design, low
on-resistance and cost-effectiveness.

The TO-247 package is preferred for commerciaindustrial applications
where higher power levels preclude the use of TO-220 devices. The TO-247
is similar but superior to the earlier TO-218 package because of its isolated
mounting hole. It also provides greater creepage distance between pins to
meet the requirements of most safety specifications.

TO-247AC
Absolute Maximum Ratings
Parameter Max. Units

lp @ Tc=25°C Continuous Drain Current, Vas @ 10 V 20
Ip @ Tc=100°C | Conlinuous Drain Current, Vgs @ 10V 13 A
lom Pulsed Drain Current © 80
Pp @ T¢c =25°C | Power Dissipation 280 w

Linear Derating Faclor 2.2 W/eC
Ves Gate-to-Source Voltage +20 Vv
Eas Single Pulse Avalanche Energy @ 960 mJ
lar Avalanche Current ® 20 A
Ean Repetitive Avalanche Energy © 28 mJ
dv/dt Peak Diode Recovery dv/dt @ 35 Vins
Tu Operating Junction and -55 to +150
Tsta Storage Temperature Range °C

Soldering Temperature, for 10 seconds 300 (1.6mm from case)

Mounting Torque, 6-32 or M3 screw 10 Ibfsin (1.1 Nem)

Thermal Resistance
Parameter Min. Typ. Max. Units

Rac Junction-to-Case — —_ 0.45
Recs Case-to-Sink, Flat, Greased Surface —_ 0.24 —_ °C/W
RaJa Junction-to-Ambient — — 40
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IRFP460

Electrical Characteristics @ Ty = 25°C (unless otherwise specified)

Parameter Min. | Typ. [ Max. | Units Test Conditions
Visrjoss Drain-to-Source Breakdown Voltage 500 | — —_ V| Vas=0V, lo= 250uA
AV(Brjpss/AT,| Breakdown Voltage Temp, Coefficient — | 063 | — [V/°C |Reference to 25°C, Ip= 1mA
Rosion) Static Drain-to-Source On-Resistance - — | 027 | Q |Vas=10V, Ip=12A ®
Vas(h) Gate Threshold Voltage 20 | — 4.0 V | Vps=Vas, lo= 250uA
Qis Forward Transconductance 13 — — S | Vos=50V, Ip=12A @
] — — 25 Vos=500V, Vgs=0V
Ipss Drain-to-Source Leakage Current = o e RA Vos=400V. Vos=OV, Tr125°C
e Gate-to-Source Forward Leakage — | — | 100 na LVes=20V
Gate-to-Source Reverse Leakage —_ — | -100 Vas=-20V
Qg Total Gate Charge — — | 210 Ip=20A
Qs Gate-lo-Source Charge — | — | 29 | nC |Vps=400V
Qqa Gate-to-Drain ("Miller") Charge — | — ] 110 Vgs=10V See Fig. 6 and 13 @
tdton) Turn-On Delay Time — 18 — Vop=250V
1 Rise Time — 15 | — | o [lo=20A
ta(oty Tum-Off Delay Time — 110 | — Re=4.3Q
1y Fall Time — | &8 = Rpo=13Q See Figure 10 @
Lo Internal Drain Inductance — | 5.0 — g?,::"ne?g 2"95?: )
nH | from package GE
Ls Internal Source Inductance — |13 — and center of
| die contact 5
+ Ciss Input Capacitance — 14200| — Vgs=0V
Coss Output Capacitance — 870 | — pF | Vps= 25V
Crss Reverse Transfer Capacitance — 35 | — f=1.0MHz See Figure 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. | Max. | Units Test Conditions
Is Continuous Source Current _ —_ | 20 MOSFET symbol o
(Body Diode) A showing the
Ism Pulsed Source Current S . integral reverse @ ;
(Body Diodé) ® p-n junction diode. Is
Vso Diode Forward Voltage = | =] 1.8 V | T=25°C, Is=20A, Vgs=0V ®
tir Reverse Recovery Time — | 570 | 860 | ns |T,=25°C, I,=20A
Qi Reverse Recovery Charge — | 57 | 86 | puC |difdi=100A/us @
ton Forward Tum-On Time Intrinsic turn-on time Is neglegible (turn-on is dominated by Ls+Lp)
Notes:

@ Repetitive rating; pulse width limited by

max, junction temperature (See Figure 11)

@ Vpp=50V, starting Ty=25°C, L=4.3mH

RG=250, lag=20A (See Figure 12)

Tus150°C

@ Isp<20A, di/dis160A/us, VDDSV(BR)DSS,

@ Pulse width < 300 ps; duty cycle €2%.
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Ip, Drain Current (Amps)

Ip, Drain Current (Amps)

e
ToR N
10v
LY =
35y P
BOTTON 4.V b
al
o
o
10! ,{
.
7
4
&
f 4,5
L]
20us PULSE WIDTH
Te = 25°C
100
10¢ 10!

Vps, Drain-to-Source Voltage (volts)

Fig 1. Typical Qutput Characteristics,

Tc=25°C
e
f/
1509 7/
10! 4
i
v GiE .
Vi
Qiaoc
100 Vps = S0V
20us PULSE WIDTH
4 a ] 10

Vas, Gate-to-Source Voltage (volts)

Fig 3. Typical Transfer Characteristics

Rps(on): Drain-to-Source On Resistance

Ip, Drain Current (Amps)

(Normalized)

Top ‘:’s\? -
{8 A
| ELAATE] e /
7
’!
to! = 4, 5V ==
e
.
/ i
e
20us PULSE WIDTH
Te = 150°C
10°
100 10!
Vps, Drain-to-Source Voltage (volts)
Fig 2. Typical Output Characteristics,
Tc=150°C
83 Ip = 204
3.0
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A
2.0 S
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L
1.5 -
/’/
1.0 P
P
=
0.5
VGS = 10V
0.0
=60 -40 =20 D 20 40 6O B0 100 120 140 160

Ty, Junction Temperature (°C)

Fig 4. Normalized On-Resistance

Vs. Temperature
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e Vs = OV, f = Wiz
Ciss = Cgs *+ Cga Cgs SHORTED
Crss = Cga
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Vps, Drain-to-Source Voltage (volts)

Fig 5. Typical Capacitance Vs.
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Isp, Reverse Drain Current (Amps)
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Fig 7. Typical Source-Drain Diode
Forward Voltage
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Vs, Gate-to-Source Voltage (volts)

FOR TEST CTRCUT
SEE FIGURE 13
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Qg, Total Gate Charge (nC)

Fig 6. Typical Gate Charge Vs.
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Fig 8. Maximum Safe Operating Area
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I, Drain Current (Amps)

Rp
AN

20
16 \\
\ [P’ulsa Width < tus
uty Factor  0.1%
12 \\ %
\\ Fig 10a. Switching Time Test Circuit
N
8 ™ Vbs
N sors—\/ A
4 N\ N /)
\ ! VA
| I
3 10% ——f— : f
25 50 75 100 125 150 VGS_/= _l
Tc, Case Temperature (°C) ldon) t(ot) 1
Fig 9. Maximum Drain Current Vs. Fig 10b. Switching Time Waveforms

Case Temperature

Thermal Response (Zgc)

Fig 11.

1
— == {
o=0. J
H [
S -1 i
0.1 Fo.2
0.1
it Z gl
=TH 5 B
o e
10 “po.ox THERMAL R ONSE] -
= L
e
NOTES:
1. DUTY FACTOR, D=ti/t2
L 2. PEAK Ty=Pgy x Zppge + Te
107
1078 1074 1073 1072 n.1 1 10
ty, Rectangular Pulse Duration (seconds)
Maximum Effective Transient Thermal Impedance, Junction-to-Case
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IRFP460 IGR

Vary tp to obtain Vs> (i}
required las
D.UT. _— .
9 ) lu
+ ToR B_.'EA!A
e 1
(_VUU = 2000 30T104 204
E N\
las >
2 500l N,
0.010 2 \\
w N
; i —_ § 1200 NN
Fig 12a. Unclamped Inductive Test Circuit = \
2 ‘
%; 800 \ X‘
£ N
w =
3 <L
< 400 \
w \\
VDS i} Voo - 51 ™ 1
25 50 75 1C0 128 150
Starting T, Junction Temperaturg(°C)
IAS — — B . .
AS Fig 12c. Maximum Avalanche Energy
. ; Vs. Drai
Fig 12b. Unclamped Inductive Waveforms L
Current R
r""%ﬁ(ﬁﬁ&ﬁmﬁ_“j
! i
: s6Ka “j_‘r I
I
lav 2uF
i '[ '[ LapF II
— Qg ! i)
tovgiL . — 222 e-SEEmEmee===—F Vos
} DUT
= Qgs Qap ;9
Vas m_
Y8 I
__—‘-W\-‘J
Charge —» ls ]
Current Sampling Resistors
Fig 13a. Basic Gate Charge Waveform Fig 13b. Gate Charge Test Circuit

Appendix A: Figure 14, Peak Diode Recovery dv/dt Test Circuit — See page 1505
Appendix B: Package Outline Mechanical Drawing — See page 1511

Appendix C: Part Marking Information — See page 1517 Intemational
Rectifier
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