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A Series Diode Method of Suppressing Parasitic
Oscillation for Boost PFC Converter Operated in
Discontinuous Conduction Mode

Qiang Li, Kai Yao

Abstract—When a boost power factor correction converter oper-
ates in a discontinuous conduction mode, the nonzero characteristic
of the average current in oscillation period and the initial value of
the inductor current in a switching cycle are the main cause of the
influence of the parasitic parameters on input current distortion.
The effect of parasitic parameters oscillation is analyzed in detail,
and a new method of series diode is proposed, which can effectively
decrease the input current distortion and improve the power factor.
Selection principles of series diode are given. Experimental results
verify the correctness and the feasibility of the theoretical analysis.

Index Terms—Discontinuous conduction mode (DCM), para-
sitic oscillation suppression, power factor correction (PFC), series
diode(SD).

1. INTRODUCTION

OWER FACTOR CORRECTION (PFC) converters have

been widely used in power electronic devices because of
its significant improvement in input current distortion and input
power factor [1]-[15]. Among many topologies, boost circuit
has the advantages of small input current ripple, high output
voltage, simple structure, and high reliability, which is com-
monly used in PFC circuits.

The inductor current of the DCM boost PFC converter fully
operates in the discontinuous conduction mode [16]-[22]. Fur-
thermore, the inductor current of a boost PFC converter designed
for continuous conduction mode (CCM) will operate fully in
DCM when the load lightens to a certain degree. At the same
time, the input current distortion is serious, and the stability of
the system becomes poor [23]-[31].

The causes of this distortion lies in the poor tracking effect
of CCM control algorithm operating on DCM, and the serious
parasitic oscillation of the boost circuit [23]. In order to solve
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the influence caused by this inappropriate control algorithm,
many improved control strategies have been proposed [24]-
[31], which achieve better control effect. However, due to the
effect of the parasitic parameters on the distortion, the amount of
the harmonic contents in the input current is still high. In order
to analyze the influence of the parasitic oscillation on the input
current harmonic, it is necessary to model the oscillation process
of the converter. The common method is based on the average
current model of the inductor [32]-[34], which is unable to
get a precise circuit parameters effect on the input current total
harmonic distortion(THD). Therefore, in [35], the equivalent
model of the converter is established considering the parasitic
parameters, and the influence of the parasitic parameters on the
input current distortion is analyzed in detail. In [36] and [37],
a detailed investigation into the impact of sneak circuits on the
performance of the DCM boost converter is achieved, and the
design guidelines for eliminating the sneak circuit phenomena
are presented. For suppressing the parasitic oscillation, the RC
and RCD snubbers have been proposed, while the loss increases
as well [23]. In order to reduce the input current harmonics and
lower the effect on the efficiency of the converter at light load,
the improved control algorithm of an adaptive switching and
frequency is provided in [38] and [39]. In [40] and [41], a valley
switching method is analyzed and employed to minimize the
switching loss and reduce the input current distortion.

The objective of this paper is to clearly show the oscillation
process of a boost PFC converter operated in DCM and then
propose a method of suppressing the oscillation so as to im-
prove the THD of the input current. The content of this paper
is organized as follows. In Section II, the effect of the parasitic
oscillation on the input current distortion is analyzed in detail. A
series diode (SD) method to reduce the initial value of the induc-
tor current in each switching cycle and the average value of the
inductor current in oscillation period is proposed in Section III.
The experimental verification is carried out and the results are
presented in Section IV. The conclusion is given in Section V.

II. INFLUENCE OF PARASITIC PARAMETERS ON THE INPUT
CURRENT DISTORTION

A boost PFC circuit with the parasitic parameters considered
is shown in Fig. 1. The MOSFET is equivalent to an ideal one in
parallel with a capacitor Cs and a diode Dy,. The freewheeling
diode is considered as an ideal one with a junction capacitance

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.



408

4 CJ_
Vin 4Sv::c Q-lE—l—ZSD =
g in ds
C

055

Fig. 1. Boost PFC circuit with the parasitic parameters considered.
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Fig. 2. Curves of the critical load power.

Cp in parallel. The boost inductor L is regarded as an ideal one
in series with an equivalent resistance Ry.

In order to facilitate the analysis of the effect of parasitic
oscillation on the input current, the hypotheses are made as
follows: 1) The switching frequency f, is far greater than the
input voltage frequency f; and the input voltage is considered
constant in a switching cycle; 2) The output voltage ripple is
much lower than its dc component V.

The input voltage is defined as

Vi (n) = Vi, sin (wnTy) (1

where V,,, and w are the amplitude and angular frequency of the
input voltage, respectively. T is the switching cycle, n is the
number of Ty, and 1 < n < fi/f.

Then, the rectified input voltage is

vg(n) = Vp, [sin (wnTy)|. 2)

When a CCM boost PFC converter operates at light loads,
the critical load power for completely CCM and fully DCM
operation is expressed in P,; and Pj9, respectively, as follows
[26] and [42]:

Vi
by =

AL, (32)
Py = TULLV, (3b)

Combining with the circuit parameters given in Section IV,
Fig. 2 can be plotted from (3a) and (3b), which shows the criti-
cal load power corresponding to a certain input voltage, where
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Vinrms 18 the root mean square (RMS) value of the input volt-
age. Mixed conduction mode (MCM) means that the converter
will operate in CCM around 7/2, and DCM around 0 and T,
respectively, during half of an input line cycle.

For DCM operation, when the current drops to zero, the in-
ductor will oscillate with the equivalent parasitic capacitance.
At this time, the inductor current 7;, does not remain at zero,
and the drain source voltage vqs of the switch will not be the
output voltage any longer, which presents a nonlinear variation.
As the capacitance of Cj, and C, is much larger than those
of the parasitic capacitor, they can be regarded as a constant
voltage source whose influence on the oscillation is ignored.
The equivalent boost circuit in the oscillation period is shown
in Fig. 3(a). The waveforms of i; and v, in a switching cycle
are shown in Fig. 4(a).

The KVL and KCL equations for the circuit in Fig. 3(a) are

vr (t) + Rsir (t) +ve, (1) = vy(n) =V,
ve,., (1) —ve, (1) =V,
ir(t) =ic, (t) +ic,., (1)

“)

where

(5
ic, (t) = Cp—<p ")

ve,. (t) = Vgs (t)

Based on (4) and (5), the differential equation of the inductor
current can be obtained as

d {di(t)
% < dt ) +(Coss+OD)Rs

dir (¢)
dt

(6)

(Ooss + CD) L-

+ir(t) =0.
Therefore, the expression of general solution for (6) is
' kisinwg [t — (n — 1)Ts — Ton — Ton]
() = { kg coswg [t — (n— 1)Ts — Ton — Tog] }

B [t—(n—1)Ty ~Ton —Tot:]

X e (7
7 1 RN\ [ 1 R \?
we L(Coss +CD) - <2L> B LO@Q - (2[’)
(3)

where kq and k9 are the coefficients, which will be calculated
afterward according to the initial conditions, wy is the oscillation
angle frequency, C,, is the equivalent parasitic capacitance and
Ceq = Coss + CD-

Two initial conditions can be derived by

UL|t=(n—1)Ty +Ton+Tors = 0
{ ’ ( )T+ +Tott (9)

UL’t:(n,fl)T,;+To.\+T0n =1y = Vo.
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Fig. 4.  Waveforms of i, and vg. (a) vy (n) > V;. (b) vy(n) < Vj.

Therefore, the undetermined coefficients can be obtained as
Vg (n) =V,

k =
! Lwd

ko = 0.

(10)

From (7) and (10), the expression for the inductor current in
the oscillation period is

vy(n) =V,
Lwd
X sin[wg (t — (n — )Ty — Ton

. _Rs iy _ _
irT, (t) _ e 2L [t=(n—1)Ts —Ton —Tott]

—Tog)] (D)

where (n — 1)T + Ton + Tog <t < nTj.
Substituting (11) into (4) and (5), vgs can be calculated as

dig (t)
dt

=vy(n) + [Vo — vy(n)] e~ Ft[t=(n DT ~Ton ~Tort]

COS E«dd (t - (n - 1)Ts - Ton - of‘f)]

Vasr, (t) = vg(n) — L — Ryip (1)

X

S

2Lwd

+ sinwg (t — (n — )Ts — Ton — Tog)]

12)

where (TL - 1)Ts + Ton + Tog <t < nT;.

Due to effect of the parasitic antiparallel diode on the switch,
vgs Will be clamped to zero by the diode Dy, while it oscillates
to zero. Depending on whether vqs can oscillate to zero or
not, there are two situations about the inductor current and the

1

L —Ly, Rs
41_[:71\'?ZV71 +Ve -+
ngCin vds ZS Dds

(b)

A
\ 4
A
A
A 4
A

drain source voltage. The cut-off point is the corresponding
instantaneous input voltage which enables the minimum value
of vg5 to be just zero.

According to (12) and Fig. 4(a), the minimum value v45 can
be obtained while wy[t — (n — 1)Ts — T,y — Toir] = ,
(13)

_ Rsm
s min(t) = vy () = [V — v, (m)] € 7455

Letting v4s, in (t) = 0, the demarcation point of the input volt-
age 1}, can be solved as

s

_Rem
V,e Leq

W = ~ Ran "
14e 2o

(14)

Formula (14) indicates that V}, is related to Rs/2Lw,, the
greater R, /2Lwy is, the smaller V, will be, and the greater error
between V;, with R, = 0 and that with R, > 0 will be. When
R, = 0, the maximum value of V}, equals to V,, /2. Generally, in
[35], [40], and [42], V}, is considered as V, /2 approximately, due
to the reason that the existence of R, is ignored in the equivalent
circuit. Therefore, (14) presents a more accurate expression of
V.

Fig. 4(a) presents the situation of v, (n) > V;,. When v, (n) <
V;, the waveforms of 77, and v, in a switching period are shown
in Fig. 4(b), and the oscillation current can be divided into three
stages.

During the first stage Ty, the inductor and the equivalent par-
asitic capacitor oscillate until vqy drops to zero, and the oscilla-
tion process is the same as Fig. 3(a). The expressions of i1, 741
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and vgs_rq1 are the same as (11) and (12) respectively, where
(n - 1)T.5 +Ton +Tog <t < (TL - 1)1—'5 + Ton + Tog + T

T} is the solution of the transcendental equation vgs 741 (t) =
0, and because of the complexity, it should be noted that there
is no analytical expression. Hereafter, the following method is
proposed.

For the ideal situation of Ry = 0, the solution of vgs 741 () =
0is

waTy

R,=0Q = acos( (15)

When R,>0, the solution of w,;T,;; with the variation of
R,/2Lw, can be drawn by adopting the software of Math-
CAD, which is shown in Fig. 5 with the red dash line. The
ranges of Ry, C.q and L are defined as 0-100 2, 0-1000 pF,
and 15 pH-3 mH, respectively, so as to be compliant with the
vast majority of boost PFC converters. Therefore, the variation
range of Ry /2Lw, is 0-0.44.

From Fig. 5, it can be seen that w7y, is related to the val-
ues of both v, (n) and R,/2Lw,. For a certain R,/2Lwg, the
minimum value of wqTy; occurs at v, (n) = 0, which is increas-
ing with R /2Lw,. On the other hand, for different values of
R, /2Lwq, wyTyy is always able to reach to the same maximum
value at vy (n) = Vj,. Therefore, the fitted solution of w;T};1 may
be found out based on the three conditions: 1) The equation of
waTy1 5t is the same as (15) while R, = 0.2) While v, (n) = 0,
the value of w; Ty gt increases with the value of Ry /2Lwy. 3)
waTy1_pi = 7 while v, (n) = V.

Let us change the form of (15) and rewritten it as

V.

S

vy(n)+% — Yo
R.—0Q = acos LH ) (16)
vg(n) — 5 T 3

It should be noted that the cause of the error between the
values of w;T;; shown in Fig. 5 and that expressed in (15) is
that R, = 0 is presupposed and (14) is approximately regarded
as V, /2. Therefore, replacing “V,,/2” in (16) with (14) may be
the way out for eliminating the error. Taking the aforementioned
three conditions into consideration, the only possible form of

waTy

S
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replacement is

v,
vg(n)+5 =V,
wqTq1 ¢ = acos (g()%/b>
2

vg(n) — 5 =V

Rsm

v Vv e’zLud

vg(n)—l—?” - = ’2RLM

_ 1+e “d
= acos — (17)

i Ve 2Lwy

vg(n) — 3 — ==

1+e 2Lwa

In order to validate the accuracy of the fitted value, (17) is
also plotted in Fig. 5 with the blue full line. Obviously, the fitting
values of wy Ty 5 agree well with those of the actual solution.

In the second stage T2, the body diode of the switch conducts.
The initial value of vy, is zero. The inductor current flows in the
opposite direction and decreases until it reaches zero. Fig. 3(b)
shows the equivalent oscillation circuit, and the KVL equation
is

vr () + Rsip () = vy (n). (18)

Substituting (17) into (11) and (12), two initial conditions can

be derived as

i

t=(n—1)Ts+Ton+Tots +Ti1
_ Yy (n) =V,

o _Rs .
e 2t T sinwg T g

Lwd

vy, 19)

t=(n—=1)Ts+Ton+Tott+Ta1

’Ug (n) + [V:) - Ug (n)} e_{;*f d1-fit

R .
X (COS(Udelﬁt + ® sinwgTy1 st
d

2Lw

Based on (5), (18), and (19), the inductor current 77, 742 and
the drain source voltage vgs 742 can be derived as (20) and
(21).The solving process is the same as that of (4)—(12)

g V — Ug _ s .
(20)
Vds_Tyo (t) =0 (21)

where (’Il - ]-)Ts + Ton + Toff + le S t < (TL - ]-)Ts + Ton
+ Tog + Tin + Tyo. Tyo is the solution of ij,_742(t) = 0, and

vy (1)
vg(n) + Ry V”%”d(")e’gffm sin (wqTy1)
(22)

L
T,]Q = 7R761n

In the third stage T};3, the inductor oscillates with the parasitic
capacitance once again until the time when the switch turns
ON. The equivalent oscillation circuit is the same as Fig. 3(a)
and the solving process is the same as (4)—(12). Similarly, the
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expressions of ¢ 743 and vgs 743 are

ip1, (1) = UI(]/LTL]) e—ff'“[f—("—l)rg ~Ton—Tots—Ta1 —Taz]
X sin [Wd, (t - (n - 1)T€7TOII *Toﬁ' *jjdl *TdZ)]

(23)

—(n=1)Ts ~Ton—Tots —Tar —Ta2]

0D s Tas () = vy (n)—v, (n)e L

t—(n— 1T, — Ty
cos |wy
—Tog — Tyr — Ta2
t—(n—1Ts — Ton
W
—Tog — Tyr — Ta2

where (n — 1)Ts + Ton + Tog + Tar + Tz < t < nT.
For DCM operation, when the switch turns ON, the inductor
current increases linearly

vy (1)
L

sin

2L wWq
(24)

Z'L,Tk,,, (t) == [t - (n - 1)T.,] +iLJ111tial (nTs) (25)
where (n - 1)Ts S t S (TL - I)Ts + Tl’)n: iLJIlitiﬂ.l(nTG) isthe
initial value of the inductor current at the nth number of switch-
ing cycle, which can be calculated as

Z.L,initial (nTS ) -

g —1) - V;)
%e_%m sinwgTy,vg(n —1) >V
g -1 _V;) _78
nln L : e 2L sinwyTy, vg(n —1) <V &Iy < Ty
W,
' R Ty—T
Ug(n— 1) —ei T (Ta—Tar)
R,
-1 Vv, — —1) —5=Tu
Vg (7]7:35 ) QIJZAE:L )6 oL " sinwgTyy |,
vg(n—1) < Vide; Tiy < Ty < Ty + T
—1) =2 (Ty T4 Tu.
Vo= 1) op T G (T — Ty — T,
Lwd
vg(n—1) < Vp&;Ty > Ty + T

(26)

When the switch turns OFF, the inductor current decreases
linearly

iL—Toff (t) = iLfTU.. ((TL - 1)Ts + Ton)

Vo — vy(n) t—(n

L

— Ty — Ton) 27

where (n - 1>Té + Ton <t< (n - 1)Té + Ton + Toff, and

L

Tog = ————
! Vo —vg(n)

Z.L,Tm, ((n - I)Ts + Ton) . (28)
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Fig. 6. Theoretical waveform of inductor current.
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Fig. 7.

Theoretical waveforms of input current.

Therefore, the average current in a switching cycle can be
expressed as

lin (1) =

-f((rzlr—ll)gs-%Tuu i (D)t

Tis +f: 11TTIT:C(,,”+T°“ in 1., (H)dt] ,vs(n) >V,
[+ f7;LT1 ToAT, 4T, LT (DA
-f((: _11))TTS+T°" i, (t)dt T
+ f: 117“T++TT:“"+T°ff ir7,, (t)dt

Tis +J 'LTf?fTUT;iETf;“ i1, (£)dt ,vy(n) < Vi
R
-+ f'?T T+ To Ty 4Ty PL-Tas (DAL .

Based on the above analysis, the theoretical waveforms of the
inductor current and input current in a half line cycle can be
drawn in Figs. 6 and 7, where i;4c,1 is the ideal input current.
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It can be seen that the input current is distorted seriously due to
the oscillation.

Fig. 4 demonstrates that if the average value in oscillation
period and the initial value in a switching cycle of the inductor
current are equal to zero, the inductor current will not be dis-
turbed, so the distortion of input current can be eliminated. The
average current in the oscillation period can be calculated as

Z.L,Td,uwe (t) =

1, .

T S g, 11 410 121 () 0 () 2V
S

nTs+Ton+Tors+Ta1 -
f(nfl)TﬁToﬁT(,ﬁ- i, (t)dt

1 NTs+Ton+Torr+Tg1+Tao -
? + fnTs\JFT(u:)JFTo(;fJFTd11 ’ ULTas (t)dt » U (’I’L) <V
S
nTy .
+ fnTﬁ T +Totr+Ta1 +Tas “L-Tas (t)dt
(30)

Generally, when a converter is designed, the main parameters
are determined, and only the parasitic capacitance of the circuit
is uncertain, which determines the distortion degree of the input
current. Therefore, according to (26) and (30), the waveforms
of 47, initia1(nTs) and i74_ave in a half line cycle can be plotted
in Figs. 8 and 9. Obviously, the smaller value of C,, results
in smaller values of i7, initial(nT5) and iz, 74 ave. Usually, the
order of magnitude for oscillation frequency is about megahertz,
and the equivalent resistance at such a high frequency is much
higher than its dc resistance. The exact value of the resistance
is related to the design and fabrication of the inductor, which
depends on the power, the input voltage range, required power
density, and other specifications of the converter. Here, 10, 50,
100 2 are taken as examples for the analysis in Figs. 8 and 9.

III. SERIES DIODE METHOD FOR OSCILLATION SUPPRESSION

In conclusion, the smaller the parasitic capacitance in oscilla-
tion period, the smaller the effect on the input current distortion.
Among the commonly used power components, the parasitic
capacitance of the diodes is relatively small, and also due to its
simplicity, a diode can be introduced into the circuit so as to
reduce the equivalent capacitance. From Fig. 3(a), it can be seen
that if the diode is connected in series in the oscillating circuit,
the equivalent parasitic capacitance can be reduced. Obviously,

Ceq can be reduced maximally while the diode is connected
in series with the inductor.

The boost circuit with SD is shown in Fig. 10(a), and its
equivalent oscillation circuit is plotted in Fig. 10(b). Cpy, is the
junction capacitance of the series diode Dy, .

In Fig. 10(b), C’éq can be calculated as

C/ o (Coss+CD)CDL
e Coss +CD +CDL ’

(€19}

Equation (31) indicates that C’éq is less than Cpy,, therefore,
if Cpy, is small enough, C’éq is small enough.

Apparently, Dy, is always conductive during the period of 75,
and T,¢ . In the rest time of T, the inductor will oscillate with the
equivalent parasitic capacitance. The derivation process of the
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inductor current i,L,T(, is the same as (4)—(12), and the expression
is

. -V B}
Z,L,Td (t) - 0 7L[t7(n71)TS —Ton 7T()ff]

e 2L

xsinfwy (t—(n—1)Ts —Ton — Tog)]  (32)
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The time instant of (n — 1)T + To, + Ty is the initial time
of oscillation period, when the diode Dy, has just turned OFF, so

where

(33)

L R |—||-|CDL CD|-||-|
NGy - Dt

i D, D c
Vin 4& v,==C,, :”:RL[]VD

Q-I,'E%zwd‘,

|
a
|

055

@

L . Rs CD,_ le CD

1
+ + v - +VR_+V|_ ic++|— +
s o, oss VCD
\4

g —|— Cin COE vds CU—I_ I/o

(b)

Fig. 10. Boost circuit with SD and its equivalent oscillation circuit. (a) Boost
circuit with SD. (b) Equivalent oscillation circuit with SD.

vdr f I/a
(n-1)T, nT,
0 § >
e t
T, ' Ly T,

Fig. 11.  Theoretical waveforms of i'Lde and ”;ls,T,, .

the voltage on C'p;, equalsto zero. Therefore, the voltage upon
Cpy, in oscillation period can be expressed as

B 1 nTy y
vp, 1, (t) = =—— i'pr, (t)dt
Cpy Jn-1)T,+Ton+ Tors

_ [Vo —vy(n)] (Coss + Cp)
2LuW'y (Ooss +Cp + ODL )

Rse—f—;[t—(n—l)n —Tou—Tos]

t—(n—1)T;s
sin | T T
“don T Loff

X +2Lw/de_§*if[t—(”_1)T~ —Ton —Tort]

t—(n— 1T,
Wy
*Ton - Toﬁ'

—2Lw’d

(34)

COS
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The drain source voltage can be calculated as 2(Coss +Cp) +Cp, o= B lt~(n =) T, ~To, ~Tose]
di/ t . Coss + C(D + CDL
Vawr, (1) = vym) — 128D gty 1 1) —up, 1, (1)

R .
Coss + Cp + CDL +57 sin [wél (t - (TL - 1)Ts —Ton — Toff)]

2L

Wgcoswy (t—(n—1)Ts — Ton — Tog)]
_ (COSS+CD)%+Cvag(n)+%—vg(n) X . (3%
Wy
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TABLE 1
REVERSE PEAK VOLTAGE OF SERIES DIODE

CpL 1 pF
UDL pk 795V

10 pF
759V

20 pF
724V

30 pF
692V

Through the differential calculus, the minimum value of (35)
in a switching cycle can be obtained while w/; [t — (n — 1)T, —
Ton — Tot] = m, which is

Ren
Ug (TL) (1 + 677”‘*"(1 ) CDL

Coss + CVD + CDL

_ _Rsm
4V Coss +CD _ CDLG 2Lely
? Coss + CVD + CDL Coss + CVD + CDL .

’U/d,,‘,Td _min _s (t) =

(36)

With the variation of v,(n) during a half line period, the
minimum value of (36) can be got at v, (n) = 0,that is

_ _Rsm

! Coss + Cp Cp,e <

Uds,T,l,min 1= ‘/o C C c — - 5 o )
oss T CUp+ Dy oss T CUp + D,

(37)

Generally, Cpy, is much smaller than the sum of C,s and
Cp, S0 Vg 1, in s 18 always positive in the oscillation period.
According to (32) and (35), the theoretical waveforms of i’L?Td
and v}, o in a switching cycle are shown in Fig. 11. It can be

60 = witﬁout SD :
— with SD 1pF :

48 e With. SD IBpF ............. ...........
—_ w1th SD 30pF :

:ﬂ/ R I T e ~ ............
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0ot 35/276 :
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Fig. 20. RMS value of the inductor current.

seen that the oscillation frequency of the inductor current is in-
creased greatly, the oscillation amplitude decreases, and the ini-
tial value of inductor current in a switching cycle is nearly zero.

Similarly, based on (25), (27), and (32), the average current
in a switching cycle can be expressed as

(n=1)Ts+Ton -

f(: T, iy, (t)dt
, 1 VT, +Ton +T7,
Z;H(t) =7 |t [: 1T+ Ton ! ZIL Togr (t)dt

S

(38)
+fn DTy 4 Ton+T o5t iy, (t)dt

It should be noted that, the expressions of 7 5 i} 5 ,and
T!+ in (38) are nearly the same as (25), (27), and (28) respec-
tively, except for the initial value of inductor current in each
switching cycle, which can be written as

-1 -V, ’
i initial (ML) = %6_%@5 ~Ton ~Tort)
X sin [w& (Té - j—:)ll - (ﬁff)] . (39)

The average current in the oscillation period is calculated as

T
1 nis
y
LT, ,m'e(t) - T
; T, (n=1)Ts+Ton+T!

According to (39) and (40), the waveforms of ¢} ;... (nTy)
and i ¢ ., in ahalf line cycle are plotted in Figs. 12 and 13,
which show that the initial value of the inductor current in each
switching cycle and the average value of the inductor current in
oscillation period is approximately zero.

Based on (32) and (38), the theoretical waveforms of the
inductor current and the input current in a line frequency cycle
are shown in Figs. 14 and 15. The distortion of the input current
in Fig. 15 is improved effectively compared to that in Fig. 7.
The input current with SD is almost sinusoidal.

The THD of the input current can be calculated as

iy, (t)dt. (40)

2 2
THD = Imeb I

x 100% 41

1
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Fig. 21. Junction capacitance versus reverse voltage. (a) Infineon—IDHO08G120C5. (b) ON Semiconductor—FFSPO8120A. (c) Fairchild—RHRP8120.

(d) Intersil—RURP8120. (e) ST—STTHS8S12. (f) ST—STTHS812. (g) Vishay—VS-8ETU12-N3. (h) Vishay—HFAO8PB120PbF.



LI et al.: SERIES DIODE METHOD OF SUPPRESSING PARASITIC OSCILLATION FOR BOOST PFC CONVERTER OPERATED

417

TABLE II
PROBABLY SUITABLE DIODES

Corporation Type VRRM Irav G
Infineon IDH08G120C5 1200V 8A 365 pFat Vg = 1V, 50 pFat Vg = 100 V
26 pFat Vg = 400V, 20 pF at Vg = 800 V
IDH10G120C5 1200V 10A  525pFatVg = 1V,75pFat Vg = 100V
37pFat Vg = 400V, 29 pFat Vi = 800 V
IDH16G120C5 1200V 16A  730pFat Vg = 1V, 100 pFat Vg = 100V
52pFat Vg = 400V, 40 pF at Vi = 800 V
ON Semiconductor MURS100E 1000V 8A 58 pFat Vg = 100 V
FFSPO8120A 1200V 8A  538pFatVg = 1V,100pFat Vg = 100V
50 pFat Vg = 400V, 40 pF at Vg = 800 V
FFSP10120A 1200V 10A  612pFatVg = 1V, 120 pFat Vg = 100V
58 pFat Vi = 400 V, 47 pF at Vi, = 800 V
Fairchild RURP8100 1000V 8A  30pFatVg = 10V, 12pFat Vg = 100V
RURP15100 1000V 15A  60pFat Vg = 10V,21 pFat Vg = 100V
RHRP8120 1200V 8A 25pFat Vg = 10 V,9 pFat Vg = 100 V
RHRP15120 1200V I5A  55pFatVi = 10V, 19pFat Vg = 100V
Intersil RURP8120 1200V 8A 25pFat Vg = 10V, 9 pFat Vg = 100 V
RURP15120 1200V 15A  S6pFatVg = 10V,23pFat Vg = 100V
ST STTHS810 1000V 8A 9pFat Vg = 100V
STTHI210 1000V 12A 13pFat Vg = 100V
STTHS8S12 1200V 8A 9pFat Vg = 100V
STTH812 1200V 8A 13pFat Vg = 100V
STPSCI0H12 1200V 10A  725pFatVg = 0V, 100 pFat Vg = 100 V
60 pFat Vg =300V
STTHI212 1200V 12A 17pFat Vg = 100V
Vishay VS-SETU12-N3 1200V 8A 12pFat Vg = 100V, 8 pFat Vg = 200 V
VS-HFAOSPBI20PbF 1200V 8 A 17pFat Vg = 100V, 11 pFat Vg = 200 V
VS-1SETU12HN3 1200V 15A  17pFat Vg = 100V, 13 pFat Vg = 200 V
VS-HFAI6PBI20PbF 1200V 16 A 38pFat Vg = 100V, 27 pFat Vg = 200 V
the required rated voltage of the diode is relatively high, which
where N is independent from the rated power of the system.
Ly 1ms = T iiZH (t)dt (42) Based on (44), the reverse peak voltage of series diode can
LJo be calculated for different values of C'pr, as shown in Table 1.
N o For different power range, a 1 kW converter will operate in
I = tin (1) sin —tdt (43)  three conduction modes, i.e., fully CCM, MCM, and fully DCM,

T Jo T

where i, ;s 1S the RMS value of the input current, [; is the
RMS value of the fundamental component of the input current,
and 7; is the line frequency cycle.

From (29), (38), and (41), the THD of the converter without
and with SD are shown in Figs. 16 and 17, respectively. It can be
observed that a smaller parasitic capacitance of the series diode
leads to a greater improvement of THD.

From (34), the theoretical voltage waveform of vpy, in a half
line cycle can be plotted, as shown in Fig. 18.

According to (34) and Fig. 18, it can be seen that vp, reaches
the peak value vpy, . When v, (n) equals to zero and wy [t —
(n — )Ty — Ton — Tog] = m. Therefore

_ Ren
V;) (Coss +OD> (1 +e l“"*"zl)
Coss +CD +CDL

From (44), it is known that the reverse peak voltage of series
diode is only related to the parameters of the circuit and has
nothing to do with the input voltage and load power. When the
main parameters of the circuit are determined, vpr, x can be
calculated by the value of Cpy. Fig. 19 is given to show the
relationship between vpy,,k and Cp1. It should be noted that,

(44)

Up, pk = —

and the RMS values of the inductor current for these situations
can be calculated as (45a), (45b), and (45¢), respectively,

IL ams.CCM —

n—1)Ts+Tyn -
iy 2 (t)dt

2 fs/2f n—1)T;
T] Zn:l nT .9 d (453-)
' + f(n—l)Tﬁ +T,, YL T (t)dt
Ir tmsMeM =
n=1)Ts+Ton .
ST i g e
N (n—1)Ts+Ton+Torr -
) 23,5 |+ f(:q)Ts +Ton ! Z%,Toﬁ- (t)dt
— nTy .9
T + f((”*l))Ts +Ton+Tors LTy (t)dt
—1)Ts+Ton -
No f(:q)rs i g, (t)dt
+ Zn:Nl nT, 9
+ i 0m, e, 1, (DdE
(45b)
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Fig. 22.  Experimental waveforms without SD at 220 VAC. (a) P, = 88 W.

(b) P, = 60 W. (c) P, = 24 W.
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S (bt
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'2
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Fig. 23.  Experimental waveforms without SD while P, = 30 W. (a) 176 V.
(b) 220 V. (c) 264 V.

Obviously, a higher RMS value of the inductor current is
corresponding to a lower value of the input voltage.

Combining with the parameters of the converter and substi-
tuting V,,, = 176+/2 into (45)—(48), Fig. 20 can be plotted. It is
apparent that the maximum RMS value of the inductor current
is 5.7 A, which occurs at the full power of 1 kW.

Based on the voltage and current stress, the probably suitable
diodes can be searched and found, as shown in Table II. Taking
margin into consideration, the diodes with 1200 V of Vi p s are
more appropriate. From Figs. 16 and 17, it can be known that a
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Fig. 24.  Experimental waveforms with RCD at 220 VAC. (a) P, = 88 W.
(b) P, =60W. (c) P, =24 W.

smaller C; of the series diode results in a better improvement
of THD. Based on this, RURP8120 from Intersil or RHRP8120
from Fairchild are the most suitable one, for they are charac-
teristic of not only a low but also a comparatively stable value
of Cj, which can be observed and compared from the curves
of C} versus the inverse voltage Vi in datasheet, as shown in
Fig. 21. In this paper, RURP8120 from Intersil is adopted in the
prototype.

For other boost PFC converters with certain parameters, the
same method can be used for the analysis and calculation, then

v, (250V/div)

fes
in 7
o }

i, (0.25A/div)

‘-'\Z-"

v

(1 A/ le)
t (st/ div)

@
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0 5A/d1v

“

2ms/ d1V
(b)
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i, (0.25A/div)

iL(O.SA/diV)

t(2ms/div)
©

Fig. 25.  Experimental waveforms with RCD while P, =
(b) 220 V. (c) 264 V.

30 W. (a) 176 V.

the corresponding diode can be searched and selected. In con-
clusion, the diode should meet the required voltage and current
stress, and most importantly, features a low and stable value of
the junction capacitance.

1V. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the proposed method,
a 1-kW boost PFC converter based on DSP MC56F8257 has
been built and tested in DCM operation. The variable duty cycle
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Fig. 26. Experimental waveforms with SD at 220 VAC. (a) P, = 88 W.
(b) P, =60 W. (c) P, =24 W.

control strategy proposed in [20] is adopted. The theoretical
critical load power of the converter is 96 W at 220 VAC. In the
actual experiment, 88 W is employed as the margin is consid-
ered. In addition, [23] is studied carefully, which indicates that
RCD snubber is a better choice in terms of both the oscillation
damping effect and the efficiency, compared to that of RC
snubber. Therefore, the RCD snubber is also adopted in the
experiment. The specifications and components of the proto-
type are as follows: Vi, 1 = 176 — 264V, fi = 50 Hz, f, =
100kHz, P, =24 —88 W, V, =400V, L =560 uH, R, =
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Fig. 27. Experimental waveforms with SD while P, = 30 W. (a) 176 V.
(b) 220 V. (c) 264 V.

32 Q, Coss = 130 pF,Cp =30 pF, Cpy, =30 pF, Ci, =

0.33 uF, C, =980 uF. Power switch: IPP60R099CP, power
diode: IDHO5S60C, series diode: RURP8120. RCD snubber:
R, =2kQ, C, =470 pF, D,: BYV28-600. Vi, 11ns, and P,
are chosen as 220 VAC and 60 W, respectively, for the
aforementioned theoretical analysis.

The waveforms of the input voltage, input current, and induc-
tor current are presented in Figs. 22 and 23 without any oscil-
lation suppression circuit, Figs. 24 and 25 with RCD snubber,
and Figs. 26 and 27 with SD, respectively. Figs. 22 and 23 show
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input current is distorted seriously. It can be seen from Figs. 24 . 1ves with different Vi, ;.. while P, = 30 W.

and 27 that the input current is improved effectively, especially

at a high power and a low input voltage.
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Fig. 33.

The inductor current waveforms in a switching cycle without
and with SD are shown in Figs. 28 and 29 while V;;, ;s = 220V
and P, = 60 W. Figs. 28 and 29 illustrate that the amplitude
of the inductor current is decreased with SD, and the induc-
tor current is almost zero at the initial time of the switching
period.

Fig. 30 shows the waveforms of the reverse voltage on Dy,
and the current through Dy . It can be seen that the reverse
voltage on Dy, is basically the same as that of the theoretical
analysis.

The PF, THD, and the efficiency curves from experimental
results of the converter without SD, with RCD, and with SD at
different load power and input voltage are given by Figs. 31,
32, and 33, respectively. From Figs. 31 and 32, it can be seen
that the proposed method can effectively decrease the input
current distortion and improve the power factor, and the PF
is slightly lower than that of RCD snubber. At a certain input
voltage, the THD decreases with the increment of the output
power, while at a certain output power, the THD increases with
the increment of the input voltage, both for the converter with-
out SD, with RCD, and with SD. The contrary is the case for
PF.

Fig. 33 indicates that the proposed method brings about some
reduction of the efficiency, for the series diode generates the

o WIhoutSD
= with SD
—- with RCD

231 242 253264

87.0 :

176 187 198 209 220

(b)

Measured efficiency. (a) Efficiency curves with different P, at 220 VAC. (b) Efficiency curves with different Vi, s while P, = 30 W.

increase of the conduction loss. In the oscillation process, the
power consumption of the RCD snubber is higher than that of
the SD method; therefore, the efficiency of the converter with
SD is higher.

V. CONCLUSION

The oscillation process of a boost PFC converter operated
in DCM is analyzed and the related mathematical expressions
are derived and presented in detail. The analysis shows that a
smaller equivalent parasitic capacitance results in smaller values
of the average current in oscillation period and the initial value
of the inductor current in a switching cycle, which, if are equal to
zero, the distortion of input current can be eliminated. The series
diode method is proposed for reducing the THD and improving
the PF. The THD is figured out at different values of parasitic
capacitance of the series diode. Also, the voltage and current
stress are calculated, and the principle for the selection of the
diode is that it should feature a low and stable value of the
junction capacitance. In spite of the PF improvement, the SD
method brings about an efficiency decrease. Moreover, being
independently from the rated power, the required voltage rating
of the series diode is high.
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