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ABSTRACT

The phenomena of turn on and turn off of the switching components can cause the
conducted electromagnetic interference (EMI) emission in the interesting frequency range of
150 kHz to 30 MHz. The added EMI filter is used to reduce the conducted EMI emission
after it was generated by switching circuits, but the soft-switched technique reduces the
conducted EMI emission by improving the circuit operation. Therefore, the circuit internal
conducted EMI emission is decreased.

This dissertation presents a study of the conduced EMI emission in boost converter.
A soft-switched boost dc-to-dc converter is used and compared with a conventional converter
and also compared with an added EMI filter boost converter for both operating conditions of
the same input and output power. The main objectives of this research are to understand the
problems and the characteristics of the conducted noises, emitted from the circuit, and to
explain the method to reduce this emission using the soft-switched technique. The simulated
and experimental results are presented and analyzed.

These results are verified by the analysis of the new model that substituted the
switching model by the passive components. The simulated results from Matlab and OrCAD
PSpice programs are in good agreement with the measurement results and the theoretical
ones. In addition, this concept can be applied to other switching circuits for industrial and

commercial purposes.
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Interational
Rectifier

PD-9.512B

IRFP460

HEXFET® Power MOSFET

e Dynamic dv/dt Rating

® Repetitive Avalanche Rated

® |solated Central Mounting Hole
® Fast Switching

® Ease of Paralleling

e Simple Drive Requirements

Description

Third Generation HEXFETs from Intemational Rectifier provide the designer
with the bast combination of fast switching, ruggedized device design, low

on-resistance and cost-effectiveness.

The TO-247 package is preferred for commercial-industrial applications
where higher power levels preclude the use of TO-220 devices. The TO-247
is similar but superlor to the earier TO-218 package because of its isolated
mounting hole. It also provides greater creepage distance between pins to

\![3SE;== 5()0\!
RDS(on) = 02TQ

meet the requirements of most safety specifications.

Absolute Maximum Ratings

TO-247AC

Parameter Max. Units |
lo@ Tc=25°C Continuous Draln Current, Ves @ 10 V 20
Io @ Tc=100°C |Continuous Drain Current, Vos @ 10V 13 A
lom Pulsed Drain Current © 80
Pp @ Tc=25°C | Power Dissipation 280 4
Linear Deraling Factor 2.2 W/rC
Vgs Gate-to-Source Vollage 20 )
E_.Ls Single Pulse Avalanche Energy @ 960 mJ
lan Avalanche Current ©® 20 A
Ean Repetitive Avalanche Energy © 28 mJ
dv/dt Peak Diode Recovery dv/dt @ 3.5 Vins
Ty Operating Junction and -55 10 +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
Rasc Junction-to-Case — — 0.45
Rocs Case-to-Sink, Flat, Greased Surface — 0.24 — °C/W
Reua Junction-to-Ambient — — 40 ]

1025



IRFP460 -

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

Parameter Min. | Typ. | Max. | Units Test Conditions
Visrjpss Drain-1o-Source Breakdown Voltage 500 — — V1 Vas=0V, lo= 250pA
AV(erjoss/ATy| Breakdown Vollage Temp. Coeiflicient - 0.63 — | VIi*C | Relerence 10 25°C, ip= 1mA
Rps(on) Static Drain-lo-Source On-Resistance —_ — | 027 ]| 0 Vgs=10V, lp=12A @
Vasin) Gate Threshold Voltage 20 — 4.0 V | Vbs=Vgs, lp= 250uA
Qis Forward Transconductance 13 — — S | Vos=50V, lo=12A @
loss Drain-to-Source Leakage Current : : ;;0 HA ::;:ixz :zz;gz T,=125°C
- Gate-lo-Source Forward Leakage — — | 100 iA Vas=20V o
Gate-10-Source Reverse Leakage — — | -100 Vas=-20V
Qg Total Gale Charge — — | 210 lo=20A
Qgs Gate-to-Source Charge - — 29 | nC |Vps=400V
Qqa Gate-to-Drain ("Miller") Charge - —- 110 Vgs=10V See Fig. 6 and 13D
Yo(on) Tum-On Delay Time — 18 — Vop=250V
1 Rise Time — 59 — - Ip=20A
1d(oim Tum-OH Delay Time — 13| - Rg=4.3Q2
1 Fall Time — 58 — Ro=13Q See Figure 10 ®
Lo Internal Drain Inductance - | 50| — Se,.:,:f?a 2';3? ) = :
nH | from package 5@:?
Ls Internal Source Inductance — 13 | — and center of p—
die contact s
+ Cisa Input Capacitance — 4200 — Ves=0V
Cise Cutput Capacitance — 870 | — pF | Vps= 25V
Cras | Reverse Transler Capacitance — 350 | — f=1.0MHz See Figure 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. | Max. | Units Test Conditions
Is C-ontlnugxus Source Current _ . 20 MOSFET symbol o
(Body Diode) i §h0wung the ! ’—_L
Ism Pulsed Source Current i = 80 integral reverse & D_J
(Body Dioda) @ p-n junclion diode. Is
Vsp Diode Forward Voltage — — 1.8 V | T=25°C, Is=20A, Vgs=0V @
ter Reversa Raecovery Time — 570 | 860 ns | T,=25°C, Ir=20A
Qre Reverse Recovery Charge — | 57 | 86 | pC |di/dt=100A/ps @
ton Forward Tum-On Time Intrinsic tum-on lime is neglegible (turn-on is dominaled by Ls+Lp)
Notes:
(@ Repetitive rating; pulse width limited by @ 1sp<20A, dildi<160A/1s, VopsVier)oss,
max, junction temperalure (See Figure 11) Tus150°C
@ Vpp=50V, starting Ty=25°C, L=4.3mH @ Pulse width < 300 pus; duty cycle <2%.

Rg=251, |as=20A (See Figure 12)
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Ip, Drain Current {Amps)

1p, Drain Current (Amps)
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Fig 1. Typical Output Characteristics, Fig 2. Typical Output Characteristics,
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Fig 3. Typical Transfer Characteristics Fig 4. Normalized On-Resistance

Vs. Temperature
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Vos - AN
Ves A —\ DUT.
i | 4, 7 |-
4 N 1 - Yon
—~ 16 - 10V
E' Pulse Width $ Tps
F X
S, \\ Duty Factor S 0.1% +
= L
8 \\ Fig 10a. Switching Time Test Circuit
=
2 N
E 8 Vos
K
g N a0 \
& 4 | |
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25 50 75 100 < 125 150
Te. Case Temperature (°C) ‘qw % %m "
Fig 9. Maximum Drain Current Vs. Fig 10b. Switching Time Waveforms
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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
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2. Receiver: Agilent EMC analyzer E74011A, 9 kHz-1.5 GHz

D1, 16401, 200 S YROGAR &
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3. Oscilloscope: DL 1640 4 channel 32W 50ms/div
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Analysis of Conducted EMI Emission on a Soft-Switched Boost Converter
Using a Single Switch
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King Mongkut’s Institute of Technology Ladkrabang, Bangkok, 10520, Thailand .
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* Graduate School, Production System Engineering,
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Abstract - This paper presents the analysis of a
soft-switched boost converter using a single
switch and low reactive components without the
auxiliary active switches for achieving zero-
voltage turn on and zero-current turn off. The
paper describes the operating characteristics, and
analyzes the overall performances compared

with the conventional boost converter. A
comparison of conducted electromagnetic
interference emission of conventional and

proposed circuits is also included. In addition,
the experimental results are in good agreement
with the theoretical ones.

1. INTRODUCTION

In 2000, M. D. Bagewadi, B. G. Fernandes, and R. V. S.
Subrahmanyam presented a paper of “A Novel Soft
Swiiched Boost Converter Using a Single Switch™ [1]
which is an interesting concept to provide the zero-voltage
switching and zero-current switching boost converter
using only a low reactive circuit without the- auxiliary
switches. However the paper [1] presented only the steady
state operation and two examples of simulated resuits.
Therefore, this paper presents the overall performances,
and the measured results of the conducted electromagnetic
interference emission of the proposed circuit compared
with the conventional boost circuit. The circuit is focused
on a soft-switching technique to reduce the switching
losses and this circuit does not use any auxiliary active
switches that can reduce the conduction loss and can
control ecasily. A simple auxiliary circuit is used for
achieving the zero-current turn off and zero-voltage turn
on of the main switch with minimum number of devices
or components and does not use an additional switch or
coupled inductors.

0-7803-7277-8/02/$10.00 ©2002 IEEE.
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IT. HARD-SWITCHED AND SOFT-SWITCHED BOOST
CONVERTERS

The conventional boost converter as shown in Fig.l °
operates as a hard-switched converter. The proposed
circuit as shown in Fig.2 is a type of the soft-switched
circuits, which has been presented in [1]. The analysis of
operating conditions of soft-switched boost converter in
Fig.2 such as turming on time and turning off time has
been presented in the reference paper |1]. This paper
shows a measuring of conducted EMI emission of the
circuits and is compared between the hard-switched and
the soft-switched converters. The analysis of self-resonant
frequency and system resonant frequency is also presented
to prove the conducted EMI emission.

Ly Dy
. —
VS S JmVas TG éR

Additional
Components
Ly

e

Fig.2 Proposed circuit by Bagewadi [1] (soft-switched)



III. CoNpUCTED EMI EMISSION

Conducted EMI emission is the interference that
propagates through a metal conductor such as wiring or
any metallic structure. The interference sources are
coupled onto the power cable to the equipment. The
interference may also be coupled either inductively or
capacitively from another cable onto the power cable.
Conducted emissions have two components: differential
mode (DM) is the noise  between two lines of power
supply, and common mode (CM) existing between each
line and common. The common mode for this study is
focused on the frequencies between 90 kHz up to 30 MHz,
because the operating frequency of the converter is in this
range [2-5]. The proposed circuit is implemented at
switching frequency at 100 kHz.

IV. SIMULATED RESULTS

The voltage and current of hard-switched operation as
shown in Fig.3 can be separately analyzed in Figs.4 and 5.
Fig.4 is the turn on voltage and current waveforms of the
switch on the hard-switched condition, which shows the
overlap of voltage and current at the switching time. In
this condition, the turn on switching loss will be large
value. Fig. 5 is the turn off voltage and current of hard-
switched that shows the turn off switching loss on the
switch.

Vils

Iy
J

b A ben Anbe LM 0h e dh s B P 6 e e
a
[

Fig.3 Simulated voltage and current of the switch in hard-
switched boost converter
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Ctie s e demews 0 mems 1 Aes 1 mbee B oein U WU 0 0 e

PEE -y
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Fig.4 Simulated turn on voltage and current of the switch
in hard-switched boost converter (magnification of Fig.3)
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Fig.5 Simulated turn off voltage and current of the switch
in hard-switched boost converter (magnification of Fig.3)
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Fig.6 Simulated voltage and current of the switch in soft-
switched boost converter
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Fig.7 Simulated turn on voltage and current at the switch
of soft-switched boost converter (magnification of Fig.6)
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Fig.8 Simulated turn off voltage and current at the switch
of soft-switched boost converter (magnification of Fig.6)



In Fig.6, the soft-switched voltage and current operating
waveforms are presented. The turn on zero-voltage
switching operation as shown in Fig.7 is a method to
reduce turn on switching loss of the switch, and Fig.8
shows the zero-current turn off operation, which can
reduce the turn off switching loss.

V. EXPERIMENTAL RESULTS

For both the hard-switched and soft-switched boost
converters, ¥;, = 100V, V= 200V, switching frequency
f,= 100kHz, duty-cycle D= 0.5, L,= 5mH, C,;= 4TyF,
R = 80€). For the soft-switched boost converter L, and
Ly= 1pH, and Cy= 10nF. Fig.9 shows the experimental
voltage and current waveforms of the switch in the hard-
switched boost converter. Fig.10 shows the soft-switched
voltage and current waveforms, have a smaller transient
ringing both of turn on and turn off interval.

Fig.9 Experimental voltage and current waveforms of the
switch in hard-switched boost converter

vyt 100V/div, i, : 5A/div, and ¢: 2ps/div
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Fig.10 Experimental voltage and current of the switch in
soft-switched boost converter
Vg - 100V/div, iy : 5A/iv, and 1 : 2us/div

547

119

Line Impedance Eyuipment Under Test
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Fig. 11 Experimental circuit
LISN: EMCO 3810/2 50£2, 50/250pH, 9kHz-30MHz
Receiver: Agilent EMC analyzer E74011A, 9kHz-1.5GHz

Fig. 11 shows the purposed circuit for measuring the
conducted EMI emission of both converters. Figs.12 and
14 show the conducted EMI emission from the hard- |
switched boost converter and the conducted EMI emission
from the soft-switched boost converter is shown in Figs.13
and 15. Tt can be confirmed that the soft-switched boost
converter has less conducted EMI emission than the hard-
switched converter. From these results, they can confirm
that soft-switched boost converter can reduce the
conducted EMI emission.

¢

scd8ss833238

o 1 " Mz

Fig.12 Conducted EMI emission from hard-switched
boost converter, measured from 90kHz to 30MHz, set
reference to 100dBpV
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Fig.13 Conducted EMI emission from soft-switched boost
converter, measured from 90kHz to 30MHz, set reference
to 100dBpvV
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Fig.14 Conducted EMI emission from hard-switched

boost converter, measured from 1MHz to 30MHz, set

reference to 90dBuV
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Fig.15 Conducted EMI emission from soft-switched boast
converter, measured from 1MHz to 30MHz, set reference
to 90dBuV

TABLE 1 PERFORMANCE OF BOTH CONVERTERS

Hard-Switched Soft-Switched

Boost Converter ~ Boost Converter
Vi (V) 100 100
In (A) 5 5
P (W) 500 500
Vour (V) 186.6 193.2
Lo (A) 2.32 238
Pt (W) 432.91 459.82
86.58 91.96

Efficiency (%)

Table I shows the circuit performance of both converters,
the experimental condition of both circuits are 100V, 5A,
or 500W input power. The output power of hard-switched
boost converter is about 433W and 86.6% efficiency
compared with the output power of soft-switched boost
converter about 460W and 92% efficiency. These results
can prove about the performance of soft-switched is better
than hard-switched converter and can reduce the EMI
emission from the circuit, which supported by the
reference papers [6].
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VI. DISCUSSION

This paper shows the experiments of the similar design
and power rating of hard-switched and soft-switched boost
converters. From Figs.12-15 can be analyzed as the
following: at the frequency range of 1-3MHz the soft-
switched converter can reduce the switching transients
(such as di/dt and dv/dt ) [6] and the effect of self-

resonant frequency of the circuit components. rom the
measured results, the self-resonant frequencies of these
circuit components are in the range of 850kHz to 2.9MHz.
At the frequency range more than 10MHz, the parasitic
effects have been focused. The parasitic effects, such as
the capacitive and inductive effects from PCB wiring and
component layout, can be reduced while using the soft-
switched converter.

VII. CONCLUSION

The analysis of conducted EMI emission and operating
condition of soft-switched boost converter are concerned.
The experimental waveforms of the proposed circuit and
conventional boost converter are presented and analyzed
for the switching loss reduction. The frequency responses
of the system and each component are measured and
analyzed for conducted EMI emission.
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