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In this paper, the conducted emission characteristics of an active snubber boost converter with proposed
timing diagram are investigated and compared with its conventional boost converter. It is illustrated theo-
retically and experimentally that the soft switching technique can reduce the high switching dv/dt and di/dt
rate, as well as the conducted emission noise spectra generated from the hard-switched counterpart effectively.
The presented active snubber boost converter shows the line to ground and the neutral to ground conducted
emission spectra significantly be improved at high frequency range over the hard-switched operation.
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1. Introduction

The operation of the dc converter at high frequency
has raised the electromagnetic noise interference (EMI)
because of their switching action. For the noise, its prop-
agation mode is either by the radiation or line conduc-
tion. The rate of changes of the voltage and current

in power electronics converters are the main sources of |

the conducted emission @ ®. There are two types of
conducted emission noises produced on the main power
supply. They are the differential mode (DM) and com-
mon mode (CM) noises. - The DM noise propagates in
and out of the converter circuit through its main in-
put power line. While the CM noise flows in the same
direction through its main input power lines with the
stray capacitance coupled to the chassis ground refer-
ence plane. In this paper, the line to ground and the
neutral to ground conducted emission characteristics
of an active snubber boost converter are presented.
The boost converter is widely used in many applica-
tions because of its simple power and ground-reference
control circuits. The conventional boost converter,
which is known as a hard-switched operation, produces
high dv/dt and di/dt rates. Those rates will cause a high
switching loss and stress over the power switch. They
" are also perceived as the major sources of the conducted
emission signals. Various active snubber (soft-switching)
techniques for the boost converter have been proposed
in the literature to reduce the switching loss and stress
over the semiconductor power switches. They can evi-
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dently improve their power efficiencies. It also improves
and extends the operating range . The active snub-
ber technique creates a zero voltage and/or zero current
condition over the switch. The switch is then turned
on or off softly. So, the instantaneous power losses oc-
curring at the switching transition could effectively be
reduced. The rate of changes of current and voltage are
also reduced due to the soft-switched schemes. Because
the conducted emission signals are proportional to the
rate of change of voltage or current magnitudes, the low
rate of change therefore reduces the conducted emission
coupling effectiveness. The soft-switching technique is
then conceivable in the reduction of the conducted EMI
noise generated by the hard switching operation .

The active snubber boost converter presented in‘®
is observed to be the experimental circuit for the con-
ducted emission characteristics study. It is of interest
from the excellent in a minimum number of components
for the active snubber circuit. However, the voltage and
current stresses of the components of the circuit in ®
are reported similar to the conventional hard-switched
counterpart. The different control-timing diagram and
its operating modes are proposed in this paper. With
the new control diagram, the presented active snubber
achieves the ZCS-ZVS condition. The conducted emis-
sion spectra; Line-to-Ground and Neutral-to-Ground, of
the presented active snubber converter are then studied
and compared with its conventional circuit.

The measured results show that the proposed soft
switching technique can effectively mitigate the con-
ducted emission over the high frequency range.

2. The Mechanism - of the Conducted
Emission Coupling

2.1 Inductive Coupling (Differential Mode:
DM) The inductive coupling occurs from the close-
loop of a current signal path. The power main DM noise



current, Ipas, in an electrical circuit is illustrated in
Fig.1®,

In a close current loop of the single-phase two-wire
system, the differential mode current flows in, from one
of the power-input line through the cable, wire, and in-
terconnect represented by Zgr, to the load, Zyoap. It

then flows out through the rest of the close intercon--

necting loop Zrrn to the other end of the power return
line. Tt will develop the differential mode voltage, Vo
as shown in Fig. 1. ‘

The ac resistance of a copper wire® is given by

Eq. (1),
Ry = (0.244d\/} + 0.26) Ry e (1)

Where d is the diameter of the wire (cm), f is the
frequency (Hz), and Ry is the dc resistance (2). It can
be seen from Eq. (1) that the ac resistance of a copper
wire generally used as the interconnect varies with the
frequency. ‘

The inductance (or self-inductance) L is defined (" in
Eq. (2) as the ratio of the total flux ® of the linear mag-
netic media linkages to the current I flowing in the N-
turn coil which they link, or

D= [ Bods —cvovre i (3)

Where B is the magnetic flux density and ds is any
designated closed area. It is to be noted from Eq.(3)
that the inductance, Eq.(2), depends on the physical
structure.

The impedance of a wire with a circular cross section

at least 15cm from a ground structure is given ® by
Eq. (4).

4] - ‘
L = 0.0021 (2.303 log<g> 14+ %) (uH)- - (4)
Where [ is the length of the wire (cm), d is the diame-

ter (cm), and ;. is the relative permeability. The induc-
tance calculation from other specific physical structures
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Fig.1. Differential mode (DM) current path.

could be valuably found more in (),

The principle of the DM coupling is then defined fun-
damentally on the di/dt and the inductive reactance.
The induced voltage across the inductor is given by

N E p— e .

Where, L is a closed loop inductor.

The induced voltage vy, produces the unwanted dif-
ferential mode signals. To minimize it, from Eq. (5), the
inductance L must be kept as low as possible. To achieve
this, any interconnection that realizes a high di/dt rate
must be kept as short as possible. In general, all in-
terconnects, printed wiring board (PWB) track, wiring,
and cabling are needed to keep as short as possible also.

The active snubber presented in this paper comes with
the snubber inductor, L,, (as shown in Fig. 4). Tt is used
to limit the di/dt rate for the power-diode at turn-off and
the auxiliary-switch at turn-on states. The latter case
generates the zero current switch (ZCS) turn-on condi-
tion for the auxiliary switch. From Eq. (5), the reduction
of the circuit di/dt in the presence of the snubber induc-
tor Ly, reduces the induced voltage vr. It mitigates the
conducted emission.

2.2 Capacitive Coupling (Common Mode:
CM) The capacitance of a portion of the infinite-
plane arrangement  having a surface area S whose lin-
ear dimensions is much greater than the separation d, is
shown in Eq. (6),

es

C:F .................................... (6)

Where C' is the designed capacitor, € is the permit-
tivity. of the dielectric between two plates (F/m) and d
is the distance between the plates (m). The common
mode noise is recognized in the presence of the earth
system “9. Let consider the node Ly and Ny referred to
the chassis ground shown in Fig. 2, they may form the
capacitors Convi and Coma, respectively.

The fundamental equation of the current, which flows
into the capacitor, is
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Fig.2. Commode mode current path.
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(b) Experimental active snubber boost converter.

Fig. 3.
(b) experimental active snubber boost converter.

From Eq. (6), a piece of surface respecting to the chas-
sis ground may form a capacitor. It then may couple a
current from the dv/dt rate represented by Eq.(7), to
the chassis ground. This capacitor is usually called a
stray or parasitic capacitor. When the connection be-
tween the circuit and chassis ground is implemented,
the common mode current, Iy and Icwve, are taken in
place as shown in Fig. 2@,

To minimize the capacitive coupling effectlveness it
is to keep the area of those plates forming a parasitic
capacitor as small as possible and/or increase the dis-
tance d. Since the heat sink should be grounded, the
relative permittivity &, of the electrical isolator placed
between the switching component package and the heat
sink must be carefully selected to minimize the parasitic
" capacitance.

The active snubber 01rcu1t in this paper is designed
to control the rate of change of voltage at the switch-
ing transient. The Zero Voltage Switch (ZVS) condition
is to bring down the voltage across the targeted power
switch to be nearly zero before it is turned on. Under the
ZVS interval, the turn-on switching loss is minimized.
The instantaneous power loss generated at the turn on
switching transition could be obviously reduced. The
stress over the switch is also reduced to the minimum.
Tt leads to the reduction of the required size of the heat
sink.

Fig.3 illustrates the parasitic elements such as Cis,
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Simplified boost converter including parasitic elements: (a) conventional boost converter and

Cp1 as shown in dotted lines for the conventional in
Fig. 3(a). The parasitic elements of the presented active
snubber boost converter is depicted in Fig.3(b). These
parasitic elements characterize the conducted emission
coupling mechanism. The parasitic element Lirack, on
the return path in Fig.3, represents a total intercon-
necting inductive reactance. The practical inductor also
has the stray capacitor, Cry, from its physical struc-
ture Y. The common mode parasitic capacitor, Cp1 &
Cpa, which is formed between the high dv/dt node and
the grounded heat sink, will couple the noise current to
the chassis ground. All of the parasitic elements depend
on the frequency.

In conclusion, any changmg in the physical aspect such
as a wiring, an interconnect, or a device placement, and
the electrical aspect such as a difference in a semicon-
ductor power rating, type, or packaging, and the soft-
switched topology itself will directly effect the conducted
emission coupling performance.

The contributions of the differential mode, Ipy, and
the common mode, Icyy, current components to the
measured conducted emission spectra revisited in this
section is depicted in the section 4, Fig. 8(b).

3. Experimental Circuit and Operating
Conditions

To carry out the study of the conducted emission char-
acteristics of an active snubber boost converter, the 200-

-
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Fig.4. Active snubber boost converter for experiment.

watt single-phase dc boost converter, in Fig. 4, with pro-
posed control timing diagram, Fig. 5(g), is constructed.

The ratings of the experimental circuit in Fig. 4-are as
follows:

Vin: 100V, Cin: 22,000 uF, L;: 470uH, L.: 10 pH,
Co: 470 uF, M,: IRF840, M;: IRFP460, D, and D,:
MURB860, Switching frequency: 100kHz, and 200-watt
output.

The analysis of the proposed control-timing diagram
of the ZCS-ZVS active snubber boost converter shown
in Fig.5 is derived. The operation modes and the ideal
key waveforms are shown in Fig.5(a)—(g). The auxil-
iary switch M, is turned on before turning on the main
switch M. To simplify the analysis, the boost converter
will be agsumed to be an ideal circuit and operated in
the continuous conduction current mode. However the
output capacitance (Coss) and the body diode of the
MOSFET switch, which are not shown in Fig. 5, will be
included into the operation analysis. As shown in Fig. 5,
four operation modes are included in one switching cy-
cle. :
Before 0, the current from the boost inductor Ir;
flows to the load through the snubber inductor L, and
the boost power diode D,. The two power-switches M,
and My, and the snubber diode D, are in the off state.

Mode-1: Interval 0-1. The gate signal of the aux-

iliary switch M, is applied to turn on the switch M,. °

Since the current Ir; is hanged up with the boost in-
ductor and the snubber inductor, the current between
these inductors could not be changed immediately. The
current in the auxiliary switch will ramp up from zero
to the maximum value with the slope of
Vo

dZM a
dt

=1

The current in the boost power diode Ip, and the
current in the snubber inductor I, will decrease at the
same rate as in Eq. (8). The boost power diode D, will
then stop conducting softly. At this moment, the out-
put capacitance of the MOSFET switch M; (Fig. 4, not
shown) starts discharging through the snubber inductor
L,. When the capacitance is fully discharged, the volt-
age across the switch becomes zero. The current Iy, will
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flow through the body diode (not shown) of the switch
M;. The gate signal of the main switch is applied at
this point of time to achieve the turn-on ZVS condition.

For the practical circuit, the gate signal of M; should
be applied before taking off the gate signal of M, (con-
dition #1 in Fig.5) to guarantee the ZVS condition.

The critical delay time before applying the gate signal
of M; (condition #2 in Fig.5) is to wait until the boost
power diode, D,, completely turns off.

Mode-2: Interval 1-2. Entering this mode, the main
switch M; is already turned on. When the auxiliary
switch is turned off, the current from the boost inductor
I1; is ‘kicked’ out to the load through the active snub-
ber D.. Since the active snubber diode is conducted, the
output voltage is appeared over the auxiliary switch in
this mode.

The snubber diode current Ip, then decreases under
the influence of the snubber inductor L, since the main
current is conducting by the main switch M;. It will
stop conducting softly.

Mode-3: Interval 2-3. The auxiliary switch M, is
in the off state. The main switch M; is turned on. It
is an equivalent to the energy boost stage in the boost .
inductor L; as similar to the conventional boost circuit.

Mode-4: Interval 3-4. This mode is also considered
as equivalence to the free wheeling stage of the conven-
tional boost converter. At the end of this mode, it is to
be noted that the main switch M; is turned off under
the same stress as in hard-switched circuit.

Fig. 6 shows the measured waveforms of the gate con-
trol signals Vguma, Vga, and the currents of the boost
inductor Ir; and the snubber inductor Ir,., respectively.
It is in a good trend with the analysis proposed wave-
forms in Fig. 5.

In Fig. 7 the measured waveforms of the power diode
current Ip,, and the snubber diode current Ip, are
shown with the inductor current waveforms Ir; and I,
respectively. They are also in a good trend with the
analysis ones.

The experimental converter is comprised of 3 PCBs,
which are the power, the driver, and the base-frequency
units. They are incorporated on the open chassis ground
plate. The proposed control-timing diagram improves

IEEJ Trans. IA, Vol.123, No.5, 2003
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Fig.5. Operation modes and the analysis of the
ideal key waveforms.
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the low line power efficiency by 4%. The proposed
control-timing diagram provides the power efficiency
better than 92% compared to 88% of the experimen-
tal converter without the active snubber circuit at the



same rated power.
With the proper algebraic analysis using that the aver-
age voltage across an inductor over one switching period
'is equal to zero, the voltage gain of the experimented
active snubber boost converter, Appendix A, is shown
1 1

in Eq. (9),
(1= Dy) (1 n )

The ripple current in the boost inductor @ is then ex-
pressed by Eq. (10),
V,T
- Dy (1— Dy
=% (pea-pa)

%

Vo:vvin

L,
Dy Ratoﬁu

Ay

The frequency characteristic of the ripple current,
fr(t), can be obtained by using the Fourier series anal-

ysis, Appendix B, as shown in Eq. (11),
fr(t)y = Ag+ Z A,, cos

nmt
=+ m)
n=1 < T

Where Ay = Alz,, A, = 2|Cyl, ¢, = argC,,, and
Eq. (12) is obtained.

t
a 1—Lfl>
Alr; el a<1—t"i/> e ( 3 1
. T T
a a . a a

Cn

where, a = —j2n7:, T = Effective switching period, Dy
= Effective turn on duty ratio, and t,5 = (1 — Dg/) - T.
© From Eq. (9), the snubber inductor L, effects directly
to the ripple current. It also effects to the frequency
characteristic of the ripple current (AIr,) shown in
Eq. (10), (11), and (12).

4. Test Set Up for the Comparison be-
tween the Proposed Active Snubber
and its Conventional Boost Converter

The presented active snubber boost converter is mea-
sured at first. Then, the ‘active snubber set’ is taken
out for the second measurement represented the conven-
tional boost converter. The layout of the tested circuit
is the same for both measurements. The snubber induc-
tor L, is replaced by the same size of wire. The snubber
diode D,, and the auxiliary switch M, are taken out.
However, the switch M, and its heat sink are placed
and grounded at the same location as in the first mea-
surement.

4.1 Circuit Model of the Conducted Emission
Measurement The Line Impedance Stabilization
Network (LISN) as shown in Fig.8(a) is used to pro-
vide firstly the specified impedance over the working ra-
dio frequencies range at the terminals of the unit under
‘test. It has to provide sufficient isolation the test cir-
cuit from spurious or unwanted interference signals on
the supply mains®. Tt is used to couple the measur-
ing disturbance voltage to the EMI receiver. It also has
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(b) The contributions of the differential mode and the common mode
current components on the measured conducted emissions.

Fig.8. The conducted emission measurement.

to prevent the main voltage from being applied to the
measuring receiver.

The impedance of a LISN is the magnitude of the
impedance with respect to the reference earth measured
at an equipment terminal when the corresponding dis-
turbance output terminal is terminated with 50 ().

Fig. 8(b) illustrates the contributions of the differen-
tial mode, Ipy, and the common mode, Iony, current
components described in the section 2, on the measured
conducted emission signals over the completed LISN ar-
rangement *».  From Fig.8(b), the differential mode
current flows down through one 50 resistor and up.
through the other one. The common mode currents flow
down though both 50 € resistors. The contributions due
to each current add in the VL _¢ and subtract in the V..
If the DM and the CM currents are of the same mag-
nitude, the Line to Ground and the Neutral to Ground
spectra will not be the same.

The Agilent E7401A EMC Analyzer is used as the
emission receiver and display. The experimental unit
under test chassis ground is connected to the RF ground
point of the EMCO 3810/2 LISN. The Receiver and the
LISN are grounded to the building earth. The load is
the 2 pieces of 100 watts incandescent lamps. The peak- -
hold mode of the EMI receiver is selected to measure the
0.15-30 MHz conducted emission spectrum. This model
of LISN is able to measure the line to ground and the

IEEJ Trans. IA, Vol.123, No.5, 2003
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neutral to ground conducted emission using a selector
switch. )

The measurement is then carried out, in the EMC
Labs of the King Mongkut’s institute of Technology
Ladkrabang, without enclosure and filter. This paper
‘presents the Line to Ground and the Neutral to Ground
conducted emission characteristics measured from the
experimental circuit in section 3.

5. The Conducted Emission Characteris-
tics Investigation

The measured waveforms of the current and voltage of
the main, My, and the auxiliary, M,, switches of the ex-
perimented active snubber boost converter are shown in
Fig.9. The soft switching conditions over the switches
are depicted in Fig.9. The ZCS condition is achieved
over the auxiliary switch, M, at turn on while the main
switch, M, is turned on at the ZVS condition.

It could be noted that the high dv/dt at turn on state
takes place in the operation over the auxiliary switch,
M,, as shown by the waveformVpg ma in Fig.9. The
auxiliary switch M,, achieves the ZCS condition at turn
on. The switch is modeled comprised of the R-L-C el-
ement for the high frequency as the lumped ideal com-
ponent (LIC) switch “®. The noise developed over the
L element of the switch is limited, (di/dt is limited) un-
der the ZCS condition. The voltage change developed
over the stray capacitor should be considered less than
the unlimited di/dt. Its noise coupling effectiveness to
ground under ZCS condition is considered lower than
the one in the hard switching mode.

When the auxiliary switch M, is turned off, the cur-
rent from the boost inductor, L;, is kicked to the load
through the snubber diode, D;. The output voltage is
realized (circled in Fig. 9—Operation Mode-2), over the
switch M, until the auxiliary diode D, stops conducting.
This voltage stress over the auxiliary switch is consid-
ered to exceed that one in the conventional boost con-
verter.

From the voltage, Vpg m1, and the current Ipg mi
waveforms of the main switch M7, in Fig.9, they show
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the ZVS condition at turn on achievement of the pro-
posed control-timing diagram. It is seen at the ZVS
condition in Fig.9 that the turn on voltage transient
of the main switch is significantly reduced nearly to be
zero. At the free wheeling interval, the experimented ac-
tive snubber boost converter is considered to be identical
to the conventional boost converter. ‘

The voltage. transient conditions investigated above
may be concluded that the conducted emission perfor-
mance at a low frequency range compared the proposed
active snubber with its conventional counterpart will
mostly show the same result. Because the effective de-
sired waveforms are considered to be similar between the
two converters, except only the transients. The voltage
transient stresses on switching devices are limited by the
proposed soft-switched operation. It could be concluded
that the proposed soft switching technique could miti-
gate the conducted emission more effectively over the
high frequency range. The result of the investigation
will be examined experimentally.

6. Measurement Results

Measured spectra are shown in Fig. 10 and 11 for the
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conducted emission from the Line-to-Ground and the
Neutral-to-Ground, respectively. In those Figures, the
spectra are compared the active snubber with the con-
ventional boost converters. As investigated in section 5,
the meéasured results show similar spectra at the low fre-
quency bandwidth. Under a certain circumstance, the
active snubber noise performance may be worse than the
conventional boost converter. This is due to more circuit
components sensitive to the conducted emission coupling
are included. They could form other self-resonance fre-
~ quencies over the original circuit components.

Since the main switch M7 has much reduced in the
dv/dt rate, the measured spectra of the proposed active
snubber converter show better result than its conven-
tional boost converter at the high frequency range.

The measurement is carried out in the open area of
the KMITL EMC Labs test-table. The uncertainty of
the .measurement is necessitated to take into account
when the regulation pre-compliance is in consideration.
The FCC15 AC limit line is loaded into both figures for
the reference purpose only. The noise floor is measured
when the main power supply is turned off.

7. Conclusion

The conducted emission characteristics of a ZCS-ZVS
active snubber boost converter are presented and inves-
tigated experimentally. Its coupling mechanism funda-
mentals are described. The measured results show that
the proposed soft switching technique can effectively
mitigate the conducted emission over the high frequency
range. i

The degree of the conducted emission mitigation di-
rectly depends on the converter topology, the detail of
the applied soft-switching technique, the physical wiring
and layout, the semiconductor switch device itself, the
proper circuit design, and all of the electromagnetic re-
lated elements. It could be notified that the solution
developed successfully for a circuit might not be fully
applied to the other ones. For the interested circuit, it
has to be investigated by its own topology and design.

The fundamental of the conducted electromagnetic
coupling mechanism, which substantially presented in
this paper, can generally be applied to the conducted
noise reduction knowledge of the high  switching fre-
quency power electronics circuits.

(Manuscript received March 22, 2002,

revised Oct. 28, 2002)
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Appendix

Appendix A

Voltage gain of the proposed active snubber boost con-
verter circuit.

The average voltage in one switching cycle is zero,
then from app. Fig. 1,

Vitor + (Vi — Vo) tio + (Vi — Vi) tos

F (Vi = Vg = Vo)bag =0 cveveeneannann (A1)
1D¢
Pt
Dr
Li Y;:fr\" m
Wi Tir B Vo
Vi
R
Ma M1 xR 3
l I
Mazg— | M
Ml:g——I L L
V(Ma:g) ] _‘
—b

V(M1:g) o # |

1(Do)

I(Dr) H

0

app.Fig.1. The circuit and the timing diagram
used to derive the voltage gain.
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Vitor + Vitio — Votia — Votio + Vitaz — Vi tas

A Vitas — Viptza — Volga =0 vevevensns (Ag)
Vi (tor + tiz + taz +t34) — Vi (tas + t34)

-V, (t12 + 1;34) =0 (Ag)
Vo (t12 +t34) = Vi (tor + taz + a3 + t34)

Vi (t23 + t34) ......................... (A4)

At steady staté, the average voltage across Lr in one
switching cycle is zero. Then Vi,,.=0, Eq. (A4) will be as
follows

by

V = Vl-— ....................... A5
¢ (tlg + toff/) (45)
tsr = (to1 + t1o + tos +134), and top = t3s
................. (A6)
Assume Dy = t‘s;t_,i‘”’—“—, then D , and
by = T "ff -, replaced in Eq. (A5) gets
1 togp
Vo=V A7
H(1-Dy) (ti2 + tog) ( . )
1 1
V=V — A8
1(1_Ds/)(t12 +1) ( )
oﬂ’
To find out the value of 19
dir, L,
Vi L,—=, Atig= Aly,, Ig, =I5, Dy,
Ln gt 2=y Li» dr, =11, Ds
Alg
Al — O
L= p (A9)
L, Alg
Atbrs = e A10
e =y, (A10)
Replace Vi, =V, and Alg %’-; = I, in Eq. (A10)
L. 1V, L
Aty — & _—_ "9 = LA All
12 Vo DS/ RO‘) 12 DS'RQ ( )
Then replace 15 into Eq. (A8) yields
1 1
Vv=V— ... (A12)

T )

The current ripple of the input inductor for the con-
ventional boost circuit is
Vin
L s
Assume that the current ripple caused by Ir. is neg-

ligible compared to Ir1, replace Vo from Eq. (A12) into
Eq. (A13) gets the current ripple of the proposed circuit

Al =

V,T. i L
Al =—2({Dy (1~ Dy L Al4
Ly Ll ( s ( )+ Ro> ( )
Appendix B

The frequency characterlstlc of the rlpple current,

Ir(®)
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In order to maintain the equality of the phases at the
positive frequencies between the complex and real rep-
resentations, a cosinusoidal expansion

2nnt
(T " ¢“)

of the real Fourier series is the frequency adopted as an
alternative to the sinusoidal series expansion.
The phase angle is defined as

:AO—I—iAncos

n=1

f®)

. br . Gn
sin (¢n) = a4 or cos(¢,) = A, (A16)
where A, = /(a2 +b2)
Jr(t) = kator — katio + katoz — katag- -+~ (A17)

Where 0 < tg1 < ti, t1 < t1a <2, 1o <tz < t3, and

t3 <t34 < t4 v v

ki = L,,’ ky = mv ks = Z;_{_LI;T) and kg =
V"_;:—ﬁr};‘i’l, (using the variable from Fig.5 in the pa-
per).

At steady state, it could be assumed that, V;, < V7,
and L, < L;, Then

2nmt
folt) = AO+;1A cos( T +¢>n) ----- (A18)
Where AO = Alr,, An = 2|C,|, ¢n = argC,, and
=L [} ()7 |

The boundary of the ﬁrst point to enter the ZVS con-
dition is subject to a load current. It is assumed that
tor = t1o for the simplicity of the analysis as shown in
app. Fig. 2.

The solution of the C,, is then

1 h y —i2 :.72"_7(
C, = T fr(t)e fr( Je dt
0 tl
ts —j2nwnt ..'n.'lrt
+ fr(t)e T f?"( ) dt)
ta t3

To solve for Cn, let t()l = tlg = Da, lu3 = kl, k4 = kz,
then

[ I I
ALy ¢ : :
L. i i |
- 0"i'i'i -------- [
12
app. Fig.2. The boundary first point to enter the

7ZVS condition boost inductor current waveform,
to1 = ta2.



]2'n7rt

/fr

—32nwt Dg
+ / fr (t)e T dt+ /
D, 2D,

T

fr(t)e

—32nmwt
T

fr(t)e dt

7]2n1rt

+ dt

Dy

Using [ e®dz = €°, fe‘“”dm e~ and [ze®dz =

£ (m — —) and let a = —L the solution of the C,

is
1 et 1\
=g {5 (0)),
at 1 2D,
w{5(-2)
a a/lp,
at 1 Dgr .
{5 (-3))
a a/Jop,

From app. Fig.2, using‘the average ripple current over
a switching period, the coefficient is approximated as

C, = ﬁ &eaTs/ _ e’ + &eaDs’ _ &
T| a a? a a?
1
1 IRRRLIEREREM RIS (A22)

Let toﬁc/ = (I—DSI)TSI, T = TSI, k = AIL“
rearrange Eq. A22 gets

and

_ AILi aT eaT toﬁ/ a(l_hiiﬁ>
C, = Ta Te . +{1 T e
a(l— t"g’)
e Ly (A23)
a a
And 4
AIL_L = g (DS/ (1 - Ds/) + —T) ----- (A24)
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