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A Passive Flyback Auxiliary Circuit With Integrated

Transformer Suitable for Three-Phase Isolated
Full-Bridge Boost PFC Converter
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Abstract—A passive flyback auxiliary circuit with integrated
transformer is proposed and investigated in a three-phase iso-
lated full-bridge boost power factor correction (PFC) converter,
by which the voltage across primary side of the power transformer
can be clamped to a fixed value and the absorbed energy can be
transferred to the load by itself automatically. The auxiliary cir-
cuit is composed of two capacitors, four diodes, and one flyback
integrated transformer. With the help of the flyback integrated
transformer, synchronous resonances in the auxiliary circuit can
be achieved, which will avoid the unbalance of the voltage and cur-
rent in the auxiliary circuit. Compared with the passive snubbers,
voltage spike of the three-phase PFC converter is suppressed more
effectively with the adoption of the auxiliary circuit, and current
stress of the switches is much lower. The operational principle of the
auxiliary circuit is discussed in the three-phase isolated full-bridge
boost PFC converter. Furthermore, the design considerations of the
auxiliary circuit are analyzed. Finally, experimental study of the
auxiliary circuit has been done on a laboratory-made three-phase
PFC prototype, and the feasibility of the proposed method and the
validity of the theoretical analysis are verified by the experimental
results.

Index Terms—TFlyback, integrated transformer, isolated full-
bridge, passive auxiliary circuit, three-phase power factor correc-
tion (PFC), voltage spike.

I. INTRODUCTION

N the research field of active power factor correction (PFC),
I single-stage PFC integrates the functions of PFC and isolated
DC/DC conversion into a single power converter, and it has
the advantages such as high efficiency, simplicity and low cost
when compared with two-stage PFC [1], [2]. Presently, many
low power single-stage PFC converters have been investigated,
fewer higher power single-phase schemes, but very few the
three-phase schemes [3]-[5].

In medium- or high-power field, the isolated full-bridge boost
topology is attractive in applications such as isolated dc/dc
converter, as well as single-phase or three-phase single-stage
PFC, which has the merits including electrical isolation, soft
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switching, and inherent short-current protection. However, the
topology itself has a serious problem: due to the existence of the
transformer leakage inductance, there is a voltage spike across
the bridge leg, which will increase the voltage stress and de-
crease the reliability of the topology [6]-[8].

To suppress the voltage spike, a number of methods have been
proposed. A method based on the basic active clamping tech-
nique is presented in [9]-[12], and it has been the most widely
investigated. Two new active clamping techniques are proposed
in [13] and [14]. A two-switch clamping circuit is presented
in [15]. Some active auxiliary circuits with a single switch are
adopted in [11], [16], and [17]. The voltage spike is efficiently
suppressed after adoption of each of the active methods men-
tioned earlier. However, these active methods have the common
drawbacks: one (or two) additional switch is introduced, which
increases the complexity of control circuit and reduces the reli-
ability of the whole system. Moreover, the switching frequency
of the additional switch is two times that of the main switches,
so it is difficult to choose the switch. Besides the active methods,
some passive methods have also been proposed. For example,
an LC resonance scheme is studied in [7], [18], and [19], which
can also achieve soft switching of the switches; however, the
resonance energy cannot be transferred to the load but added to
the conduction losses of the converter. A snubber made up of
one resister, one capacitor, and one diode (the RCD snubber) is
used in [20], but the energy of the snubber is released by the
resister. A passive clamping technique is proposed in [21]; how-
ever, the problem of magnetic bias of the transformer appears
after adoption of the passive clamping circuit. A passive snubber
is investigated in [22]; however, after adoption of this snubber, a
diode is connected in series with the bridge leg switches, which
will increase the conduction losses. In [23]-[25], other passive
snubbers are investigated in three-phase and single-phase iso-
lated full-bridge boost PFC converters respectively, which can
overcome the disadvantage of the snubber in [22].

These passive snubbers in [22]-[25] can be used in both
single-phase and three-phase isolated full-bridge boost PFC
converters, and they have the advantages such as simplicity,
high reliability and no need control. However, in these snub-
bers, the volume of the inductors is relatively large. Moreover,
because of the limitation of the LC parameters in these snubbers,
the voltage spike suppression effect of the PFC converter is lim-
ited and the current stress of the switches increases largely. In
[26], a family of multilevel passive clamp circuits with coupled
inductor is proposed, and it can reduce the disadvantages of the
passive snubbers when used in single-phase isolated full-bridge
boost PFC converter.
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The passive flyback auxiliary circuit
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Fig. 1.
Equivalent structure of the passive flyback auxiliary circuit.

In this paper, a passive flyback auxiliary circuit with inte-
grated transformer is proposed and investigated, which can re-
duce the disadvantages of the passive snubbers effectively when
used in the three-phase isolated full-bridge boost PFC converter.
The passive flyback auxiliary circuit was first introduced by
Meng et al. [27], and some more detailed analysis and experi-
mental results are presented in this paper. The rest of this paper
is organized as follows. In Section II, the configuration of the
passive flyback auxiliary circuit is introduced, and operational
principle of the auxiliary circuit used in a three-phase isolated
full-bridge boost PFC converter is presented. In Section III, the
mechanism and structure of the flyback integrated transformer
in the auxiliary circuit are analyzed. Some design considera-
tions of the auxiliary circuit are discussed in Section IV. The
proposed method and theoretical analysis are verified by the ex-
perimental results in Section V. Finally, conclusions are given in
Section VI.

II. PROPOSED CONFIGURATION AND ITS PRINCIPLE
A. Proposed Configuration

A three-phase isolated full-bridge boost PFC converter with
the proposed passive flyback auxiliary circuit is shown in
Fig. 1(a), where L,, Ly, L.(L, = L, = L. = L) are the boost
inductors, D; — Dy and C; — Cy(Cy = Cy = C5 = Cy) are
the parasitic components of switches S; — Sy, L and n are the
equivalent leakage inductance and turns ratio of the power trans-
former 7". The auxiliary circuitis composed of C¢, , Ce, (Cer, =
Ce,),Dr,,Dr,,Dc, Dy, and the flyback integrated trans-
former Ty, where Ly, Ly(L1 = L) are the equivalent induc-
tance of its primary side, Ly is the inductance of its secondary
side, and ny is the turns ratio. The integrated transformer 7'
is equivalent to two conventional transformers (11, T't2), and
equivalent structure of the auxiliary circuit is shown in Fig. 1(b).

B. Operational Principle

The PFC converter operates in discontinuous current mode
(DCM), the duty cycle of S; — Sy is fixed at 50%, and the
switching states of S7, .5, are contrary to those of S3,.S;. When
the bridge leg switches are shorted (57, 5 or S3, .Sy are turn-
ing on), L,, Ly, L. are charged by v, , Uy , Uer » and their cur-
rents (i1, ,%r,,%r,) increase from zero almost linearly. When
the bridge diagonal-leg switches turn on (Sy, Ss or S7, Sy are

Proposed passive flyback auxiliary circuit. (a) Three-phase isolated full-bridge boost PFC converter with the passive flyback auxiliary circuit. (b)

S | W '
S,
S;
S4

L IT_

Veica

Vearcs

iLa/Lb/Le

ILiLans

Ik

: B S \r’/ t
1) hibhtsts ts tetr tg

Theoretical waveforms.

Fig. 2.

turning on), the energy is transferred from the input side to
the output side of the PFC converter, and the input current de-
creases. The process mentioned earlier is repeated periodically,
the discontinuous input current follows the envelopes that are
proportional to the input voltage. Therefore, both PFC and ac/dc
conversion can be achieved.

Operational principle of the auxiliary circuit is closely related
to that of the PFC converter, and no special control strategy is
introduced. To simplify the analysis, it is assumed that: 1) all
devices are ideal; 2) the capacitors C¢,, C¢,, and C are large
enough, so their voltages can be considered as constant values:
and, 3) during one charging period of the boost inductors (7),
the change of v,,, vy, and v, are negligible because 7 is
much shorter than the line period. The following is operational
process of the PFC converter with the auxiliary circuit during
one charging period, and the analysis is during the time phase
of 0 < wt < /6, in which the relation of three-phase input
voltage is vy, < 0 < vy < Uy, Where vy, = Vsinwt, vy, =
Vsin(wt — 27 /3) and v, = Vsin(wt + 27/3). The theoretical
waveforms and equivalent circuit of each stage are shown in
Figs. 2 and 3, respectively.

Stage 1 (before t): So, S5 are turning ON and S, S, are turn-
ing OFF. The PFC converter operates in DCM, so iy, , %z, %L,
have reduced to zero before ¢y, and the current in both pri-
mary and secondary sides of T is zero. The voltage across
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the primary side of T: Vo, = Vo, =nV,, Ve, = Ve, =0 and
Ve., =Ve,, = Ve, (Itisdefined that 2V, = anV;,a > 1).In
this stage, the output current is only provided by capacitor C.

Stage 2 (to — t1): At top, Sy turns ON, and S5 turns OFF
with zero voltage and zero current. 47, ,%r, , %7, increases lin-
early with the charging of v,,, , Vpy , Vern - In the auxiliary circuit,
Ly, Ly are charged by C¢, , C¢, . The capacitors C, and Cg,
are large enough, so the decrease in their voltages can be ig-
nored in this stage. At 1,41, ,71,,%, and ir,,%, (the current
of Ly, Ly) reach their maximum value of the whole charging
period, as shown in (1) and (2). In this stage, Vo, = Vo, =
VC3 = VC4 =0, VC(‘I = Vc(,z = VC“ = an%/2, and the out-
put current is only provided by capacitor C

Van/bn/cn

ira/Lb/Le(t1) = TDT (D
. anV,
ULy /L, (tl) = oL, DT (2

where D = (t; — to)/T is the duty cycle of the PFC converter.

Stage 3 (t; — to): Atty, Sy turns OFF, and S, turns ON with
zero voltage. Cy, C5 are charged by L, Ly, L., and their volt-
ages increase from zero. At 1o, Vo, = Vo, = Ve, =Ve,, =
anU, /2, and the charging of L;, Lo is over. In this stage, the
output current is only provided by capacitor C.

Stage 4 (t5 — t3): D¢ is turned on at ¢y, Ly is connected
in series with Lo, and Cy, Cs are charged by L, L;, L. and
Ly, Ly. At ts, Vo, = Ve, =0and Vi, = Vi, = anV,,. In this
stage, the output current is only provided by capacitor C.

The values of Cy and Cj are very small, so the durations
of stages 3 and 4 are very small, and the current changing in
Ly, Ly, L., and Ly, Ly can be ignored during these two stages.
The current of L, should be increased from zero after the
time when Vi, = Vi, = nV,; however, the duration of V,,
Ve, increasing from nVj, to anV, is very small, so the current
increasing of Ly is also very small, which is not considered in
this duration.

Stage 5 (t3 — t4): In this stage, the energy of L; and Lo is
transferred to Ly entirely, and the current in Ly is decreasing.
After t3, Cc,, C¢, are charged by L, Ly, and L. (the capac-
itances of C¢,, Cc, is large enough, so the increasing of their

Equivalent circuit of each stage. (a) Stage 1 and 7. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5. (f) Stage 6.

voltages can be ignored), iy, ,%r,,%r, decrease, the current of
Ly increases from zero, D, D, are turned ON, and the input
energy is transferred to the load through 7'. In this stage, the
current of Ly and Ly, are

anVoDTng  V,

iy ()= TR o) @)
— 1 y ,
ile (t) = %(t - tS)' 4

Atty, iy, (t4) = —ir,. Ly is much smaller than L,, L;, L.
and Ly, Ly, so during the increasing process of iy, , if the
decreasingof iy, ,%r,,%r,,and iy, , 11, isignored, The duration
of this stage can be calculated approximately

=iy Ly
lagg = —————. 5
MG D, (5)

Stage 6 (t4 — t7)1 At ty, VC2 = ch =anV,, ’L.L“( (t4) =
—ir, . After t4, Ve, , Ve, begin to decrease, VQ1 , Ve., cannot
decrease because of the existing of D¢, and 7, still increases.
So the following relationships can be obtained:

iny () +ic, () +ic, (t) = —ir,
dAsz (t)
dt (©)
dig,, (t)

dt
Here, ic, (t), ic, (t) are the charging currents of Cs, Cs, respec-
tively; Avg, (t) is the increasing of the voltage of Cy, Cs after
ts.

During a very short time after ¢4, the value of —i;, can be

considered as a constant value, so it can be obtained from (6)
that

ic, () +ic, (t) = 2C;

(a — 1)71‘/0 + AUCZ (t) = Ly

d? Avg, (t)
dt?
Equation (7) has the initial data: Ave, (t4) = 0,4, (t4) =
—ir,ic, (ta) +ic, (t4) = 0, so its solution is

Avg, (t) + 2L Cs = 7((1 — 1)71‘/0 (7)

t—1y

A t) = —(a—1)nV, —1)nV,cos———.
ve, (1) (a nV, + (a n cos\/m

®)
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Fig. 4. Two basic structure schemes of the flyback integrated transformer 7' .
(a) Scheme 1. (b) Scheme 2.

It can be seen that after ¢, there is a very small resonance
on Cy, Cs and Ly, when the energy transferring. The values of
C5,C5 and Ly are very small, so the resonant period is much
shorter than the charging period, and —i;, can be considered as
a constant value during each resonant period. Therefore, in this
stage, the expression of V¢, , Vi, and iz, can be obtained

t—1y
Ve, 1o, (t) =nV, 4+ (a — 1)nV,cos——— 9
0,0, () =1 (a )nV,cos T 9)
. . 209 . t—1y
t) =— —1D)nV,y/ —2sin———. (10
Zle( ) tr, + ((L )TL L S 2L1k02 (10)

In this stage, iy, , i1,, i1, and iy, still decrease. At t5, if,,
reduces to zero; at tg, i1 ¢ reduces to zero; and at ¢, iz, , and iy,
reduce to zero. From (9) and (10), it can be seen that the resonant
value of 7y, is much smaller than its average value. Here the
very small resonance is ignored after ¢7, so it is considered that
ile (t7) = 0and VCZ/C;; (t7) = ’ILVD

Stage 7 (t7 — ts): The equivalent circuit of this stage is the
same as that of stage 1. The current in both primary and sec-
ondary sides of 7' is zero, and the output current is only provided
by capacitor C.

After tg, the PFC converter operates another charging period,
and the switching state between S; and S5, and S, and S, are
exchanged.

III. MECHANISM AND STRUCTURE OF THE FLYBACK
INTEGRATED TRANSFORMER

A. Structure Schemes of the Integrated Transformer

From the analysis in Section II, it can be obtained that there
are two basic structure schemes of the flyback integrated trans-
former 7', as shown in Fig. 4.

Scheme 1: Ly is made on the central leg of the magnetic core,
and L; and Lo are made on the two outer legs, respectively.
There is no air gap in the central leg, while there is an air gap
in each outer leg (I;,l2,{; = l3). There is no coupling between
L1 and LQ .

Scheme 2: Ly, Lo, and L are made on the central leg of the
magnetic core. There is an air gap in each leg. L; and Lo are
coupled.

It can be seen that the transformer with structure scheme 2
is much easier to be manufactured than the transformer with
structure scheme 1.
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B. Mechanism Analysis of the Integrated Transformer

In Section 11, it was proposed that C, = C¢, and Ly = L.
Therefore, in the auxiliary circuit, the resonances between C,
(or C¢,) and L; (or Ly) are synchronous. However, in the real
conditions, there are some differences between two capacitors
with the same capacitance, which is due to their tolerance fea-
ture. For the same reason, the inductances of different inductors
with the same configuration are not exactly the same. So the
resonances between C¢, (or C¢,)and L, (or Lg) may be asyn-
chronous, which would result in the unbalance of the voltage and
current within C¢,, Ce, and Ly, Lo, as a result, the reliability
of the PFC converter decreases.

For the structure scheme 2 in Fig. 4(b), the two primary
inductors of Ty are coupled, which may have some effect on the
resonances in the auxiliary circuit. Therefore, the mechanism
of the flyback integrated transformer with the structure scheme
2 is analyzed. Here, the two primary inductors are made on
a common magnetic core, and they have a common magnetic
circuit and the same number of turns. Therefore, the difference
of the inductances within the two inductors can be ignored.

The resonances in the auxiliary circuit appear in stage 2.

First, itis assumed that the voltage unbalance appears between
C¢, and C(, instage 2. Here, the time is defined ¢/ (9 < ¢ty <
tl)I before ¢/, iLl = Z'L2 , VCl,l = VC(:Q ,and at tMaZ-Ll (t]g) =
ir, (tam), VCcz (ty) = VC” (ta) + AV, where AV > 0. The
equivalent circuit of the auxiliary circuit in stage 2 is shown in
Fig. 5(a), which includes the model of T, where Lyi; and Ly
are the leakage inductances, L,,, and L,,, are the excitation
inductances (L + Ly, = L1, Lica + Ly, = L2), and Tigeal
is the ideal transformer. The two inductors (L;, L) have a
common magnetic circuit and the same number of turns, so
the difference in the inductance between them can be ignored.
Therefore: Ly = Lix2, Ly, = Ly,,. Here, it has been defined
that: L,,,, = ALy, and Ly, = (1 — A)L;, where, 0 < 1 < 1.

After t), the following relationships are obtained:

" Ve, () = Vi, (1)

i, (t) = i, (ta) + / " dt
tm 1
(11)
- : Ve, (t) = Vi, (t)
ir, (t) =g, (tar) +/ 2L—Tdt
tm 1k2
i (8) sy (1) = in, (tar) + i (tar)
t
Vr, (t) | Vr,(t)
’ /, { R A (12)
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From (11) and (12), it is obtained that
A
Vi, () = 5Ve., () + Ve, ()] (13)

From (11) and (13), the following expression is obtained:

t(1- _1
iL;(t):iL,(tﬂl)Jr/ (1 A)XCES))LI QAAvdt

tar
1=0)Ve,, (t) — $AAV + Avdt
(1—=2)L '

i, (t)ZiLz(tM)Jr/t (

(14)

From (14), it can be seen that after ¢/, i1, < ¢1,, which
can help accelerate the discharging of C¢,. Furthermore, the
following expression can be obtained:

i, (1) — ip. () = / G_A)‘Slet.

ty

15)

From (15), it can be seen that 7, — %7, increases as the value
A increases, and then the voltage balance between C, and C¢,
will be achieved more easily. From the aforementioned analysis,
it can be seen that the voltage balance between C, and C¢, can
be realized automatically by the help of the coupling between
two primary inductors of 7.

After ¢y, the expression of 7y, + iy, can be obtained from
(12) and (13)

- : , , tVe,, ()
i, (t) +ir, (t) = ir, (bar) + iz, (tar) + / [Ll
tar 1
Ve, (1)
— . (16)

It can be seen from (16) that i, + i, is independent of AV,

Second, it is assumed that the current unbalance appears be-
tween L; and Ls in stage 2. Here, it is defined that the time
tm (to <t < t1): before t,, Ve, =Ve,,,ir, =ir,,andat
tm, Ve, (tm) = Ve, (tm)sin, (tm) # iL, (t, ). Soaftert,, , the
equivalent circuit of the auxiliary circuit in stage 2 is shown in
Fig. 5(b), and Vi, | and VQ2 can be calculated as follows:

1 t
Ve, @) =Ve,, (tn) — @ /, ic,, (t)dt

] : (17)
Ve, () =Ve,, (tn) — & / ic,, (t)dt

Cy Jt,,
. 0 =i (8) g
Z.Cq( ) Z‘Ll( ) Z.d )
e, (t) =1L, (t) — ldc

where ¢, and ic,, are the discharging currents of
Cc, and C¢,, respectively.

From (17) and (18), it can be seen that: if ic, (?)/ic,, (t) =
Ce, /Ce,, Ve, (t) = Ve,, () can be achieved in stage 2, and in
this case, it can be obtained that: ipc = 0 and iy, (t)/ir, (t) =
Ce, /Cc,.

It is assumed that after ¢,,, iz, (¢)/iz, (t) > C¢, /Ce,, and
then, it can be seen from (17) and (18) that: after ¢,,,, ipc > 0,
Z’O([l (t)/ic(,2 (t) > C¢, /Ce, and Vc(‘l (t) < VC(,2 (t).

According to the aforementioned analysis, in stage 2, when
Ve, (t) < Ve, (t),ir, (t) <L, (t) appears immediately to ac-
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celerate the discharging of Cp, (in this case, iqc =0 and
ic, /c., =lirL,/L,)- Therefore, with the help of the flyback inte-
grated T, the voltage and current balance: Ve, (t) = Ve, (1),
ir, (t)/ir, (t) = Ce, /Ce, can be achieved in the auxiliary cir-
cuit in the real conditions.

C. Structure Design of the Integrated Transformer

According to the aforementioned analysis, the structure
scheme 2 in Fig. 4(b) is selected for the flyback integrated trans-
former 7'y. Compared with the structure 1, it has the following
advantages:

1) the transformer with structure scheme 2 is much easier to

be manufactured;

2) the synchronous resonances between C¢, (or Cc,) and

Ly (or Lo) can be realized automatically with the help of
the coupling between two primary inductors of 7.

IV. DESIGN CONSIDERATIONS OF THE AUXILIARY CIRCUIT
A. Design Considerations of T}

For the flyback integrated-transformer 7'y with structure 2
in Fig. 4(b), the two primary inductors can be considered as a
coupled-inductor. Their basic mathematical model is

dir, (t dir, (t
Lll ZLI()+M ZLZ()

vz, (8) = dt dt
(19)
dig, (t dig, (t
v, (t) = Lao let( ) + M Ldlt( )

Where L1; = L5 are the self-inductances and M is the mutual
inductance.

The two primary inductors have a common magnetic circuit,
so it can be obtained approximately that L1 = Loy = M. If
the differences between C¢, and C¢, are ignored, it can be
obtained that: vy, = v, and iy, = ¢1,. Therefore, it can be
obtained approximately

dlig, (t) 4+, (t dig, (t
vr, (t) = L iz, ( )dt L®l_ 2L, Et( )- (20)
From (20), it can be obtained that
Ly =Ly = 2Ly = 2Ly 2D
L
2 11

It can be seen that the flyback integrated transformer 7'y can
be designed according to a single transformer, of which the
inductance of primary side and secondary side are L;; and Ly
and the current of the primary side is ¢y, + 75, or 23z, .

Therefore, the AP value of T’y can be further calculated as
follows:

Ly (2Ileax )2
2BJK

Lii(Ip—imax + 11y, )?
AP, — 2max ) _
Ts BJK

(23)

B. Turn Ratio ny and the Maximum Duty Cycle Dy,

According to the analysis in Section II, in stages 4 and 5, the
energy of Ly and L, is transferred to L entirely, so it must be
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achieved in stage 4 and stage 5 that

sV, < Ve, 24)
2nsV, < Ve, 04 (25)
From (9), (24) and (25), it can be obtained that
2ny < (2 —a)n. (26)

The flyback integrated transformer 7'y operates in DCM, so
the following relationship must be achieved:
anV,DTny V, anD
—— < —1-D)T=2n; >
L, L, (1-D) "=1"Dp
From (26) and (27), the relationship between ny and Dy, a
(the maximum duty cycle) can be obtained

27)

aDy,ax 2ny
7 <L <2 q. 28
1_Dmax on “ ( )
It can be obtained directly from (28) that
2 —
D < =5 (29)

The PFC converter in Fig. 1(a) operates in DCM, which
can be equivalent to a basic three-phase single-switch boost
PFC converter, and the DCM conditions of these two convert-
ers are the same. It is considered that to make sure the PFC
converter operates in DCM, the maximum duty cycle must be
lower than some a certain limitation Dp (the calculation pro-
cess is not presented here). Therefore, both Dy, < (2 —a)/2
and D,, .« < Dp must be achieved.

According to these limitations, the relationship between
2ny/n and Dy, is shown in Fig. 6, where it is assumed that
Dp < (2—a)/2. It can be obtained the selection zone of n;
according to the value of Dy, (n is the parameter of the PFC
converter, which is not determined by the auxiliary circuit).

C. Design Considerations of the Equivalent Inductance L,

According to the analysis in Section II, C¢, and C¢, are
discharging in stage 2 and charging in stage 4. During the whole
charging period, the average charging and discharging power of
C¢, can be expressed as follows:

Ve, [t air,? L

Pelavey = — —ip, (t1) —ip, (O)]dt = —"——

Clavg T /t2 [ ZLI;( 1) Zle( )] 4((1 — 1)T
(30)

Ve. b anV,) 2 DT
Peoavg = — / i, /L, ()dt = lanVo) DT
t

T 8L, D

Jtoy
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Fig. 7. Input voltage and current of phase A.

Urp: [400V/div]
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Fig. 8. Voltage across primary side of 7".

The charging period is much shorter than the line period, so
the average discharging and charging power of C¢, in each
charging period can be considered as the instantaneous power
in the whole line period. Therefore, in the whole line period, the
following relationship can be obtained:

/6 7 /6
/ PCOavgth = / PCIavgth-
0 0

(32)

From (32), the relationship between L; and the value a can
be obtained

Ly = 1.64a(a — 1)M*L?/ Ly,
M =nV,/V3V (34)

Where M (M > 1) is the voltage ratio of the PFC converter.
M and L (the inductance of L,, L;, L.) are the parameters of
the PFC converter, which are not determined by the auxiliary
circuit.

According to the analysis in Section II, the voltage and current
stresses expressions of S — Sy are

(33)

Vs =2V, = anV, = V3aMV (35)
VDT  3aMVDT
IS - _Imeax + 2Ileax - +
L L
VDT 3SMVDTL
_ + \/> 1k (36)

L 164M2L2(a—1)



MENG et al.: PASSIVE FLYBACK AUXILIARY CIRCUIT WITH INTEGRATED TRANSFORMER SUITABLE

Vosi: [20V/div]

> vpsa: [200V/div]

Time: [10ps/div]

(2 (®)
Fig. 9. Voltage and current waveforms of S; and S». (a) Driving, voltage,

and current waveforms of S;. (b) Driving, voltage, and current waveforms
of S. 2.

Moreover, the AP value of Ty and the power conversion of
the auxiliary circuit can be expressed
1
1 .

(37

Ly (QIleax
2BJK

)2 0.91V2D2T? Ly

APy =
T BJKIL2

It can be seen from (33), (35), (36), and (37) that: 1) the value
a will increase as the equivalent inductance of the auxiliary
circuit L; increases, and 2) when the value L (or a) increases,
the voltage stress of each switch will increase, the current stress
of each switch will decrease, and the volume of the flyback
integrated transformer 7'y will decrease.

Therefore, in the real conditions, the equivalent inductance
L, will be designed according to the voltage and current stress
of each switch in the PFC converter as well as the volume of the
flyback integrated transformer 7’ .

D. The Conversion Power of the Auxiliary Circuit

From the aforementioned analysis, the conversion power of
the auxiliary circuit can be expressed as

B _ 0.46V°D*TLy,
- A

1 1
L? ( Tz 1) '
(38)
From (1), the average current of L, , L, L. during one charg-
ing period can be obtained

Pf (2IL1;MX )2

Van/bn/cn

2
o D-T. (39)

1.
Lavg-t,/00/1. = 5L, /10 /1. () D =

So, the input power of the PFC converter can be calculated
3ViD2T
-Pi = Ugn IavgfL,, + vbn-[avgfl,;, + vcnIanfLC e ——

(40)
From (38) and (40), the relationship between Py and P; can

be obtained
Py 0.61 Ly 1
— = 1 .
P L < + a— 1)

(41)

It can be seen from (41) that: Py/P; is determined by the
value of Ly /L and a (or Ly ), when the value of Ly / L increases,

Py /P; will increase, and when the value a (or L;) increases,
Py / P; will decrease.
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Fig. 10.  Current waveforms in primary and secondary side of 7' .
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Fig. 11.  Voltage waveforms of C'c, and C¢, . (a) Voltage of C; and C¢,
(dc coupling). (b) Voltage of C, and C¢, (ac coupling).

V. EXPERIMENTAL VERIFICATIONS

To verify the proposed method and theoretical analysis, the
experimental study has been done on a laboratory-made pro-
totype of the three-phase isolated full-bridge boost PFC con-
verter. The main utilized components and the key parame-
ters of the PFC prototype are the same as that in [22] and
[23]: L, = Ly = L. =76 uH, S; — S4: BSM75GB120DN2
(the switching frequency here is 20 kHz), n = 2, Ljx = 6 uH,
C = 1000 pF. The experimental conditions and parameters of
the auxiliary circuit are the input voltage (Van,Upn,Ven) iS
110 Vips £ 10%, V, = 220 Vg, Cc, = C¢, = 5.4 pF, mag-
netic core of T’y is EI35 (ferroxcube), the equivalent inductances
Ly = Ly = 1080 pH, the self-inductances L1 = Los = 540
(H, the value A ~ 0.98, and the turns ratio ny = 0.75.

Fig. 7 shows the input waveforms of phase A, where 7, is
the input current of phase A when a simple LC low-pass filter
is introduced, and the testing power factor value is about 0.99.
It can be seen that the PFC converter operates in DCM and the
PFC function has been realized efficiently.

Fig. 8 shows the voltage waveform across primary side of
transformer 7. Fig. 9 shows the driving, current and voltage
waveforms of S and Ss. It can be seen that the voltage spike
of this PFC converter with the proposed auxiliary circuit has
been suppressed much more effectively than those of the PFC
converters with the snubbers in [22]-[25].

It can also be seen from Fig. 9 that S; turns off with zero
voltage and zero current, and S» turns on with zero voltage. The
switching states of S5 and S, are the same as those of .S and
Ss, so the related experimental results are not presented here.

Fig. 10 shows the current waveforms in primary and sec-
ondary sides of the flyback integrated transformer 7', from
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Fig. 12.  Efficiency curve of the PFC converter.

which it can be seen that the integrated transformer 7', operates
in DCM. Combined with the current waveforms in Figs. 7 and
9, it can be seen that the current in primary side of T is much
lower than the input current of the PFC converter, so the additive
current of S; — S, that caused by the auxiliary circuit is rela-
tively small, which is much lower than that of the three-phase
PFC converters with the snubbers in [22] and [23].

Fig. 11 shows the voltage waveforms of C'c, and C¢, in the
auxiliary circuit. We can see that the voltage of C, and C¢, is
balanced. From Fig. 10, we can also see that the current varying
of L; and L is synchronous approximately. Therefore, the anal-
ysis about the mechanism of the flyback integrated transformer
T is verified by the experimental results in Figs. 10 and 11.

The efficiency curves according to the output power of the
PFC converter are shown in Fig. 12. We can see that this PFC
prototype shows good performance in conversion efficiency. It
can be seen that the efficiency of the three-phase PFC converter
with the proposed auxiliary circuit is slightly higher than that
of the three-phase PFC converter with the snubber in [23]. It is
because the energy transferred by the proposed auxiliary circuit
is much lower than the energy transferred by the snubber. This
part of energy can lead to the conduction losses increasing of
the PFC converter.

VI. CONCLUSION

In this paper, a passive flyback auxiliary circuit is proposed
and investigated based on a three-phase isolated full-bridge
boost PFC converter. After adoption of this auxiliary circuit,
the voltage in primary side of the PFC converter can be clamped
to a fixed value, and the absorbed energy can be transferred to
the load of the PFC converter during one charging period by the
auxiliary circuit itself automatically. In this auxiliary circuit, a
flyback integrated transformer is adopted, and the mechanism of
the flyback integrated transformer is analyzed in detail, which
shows that with the help of the integrated transformer, syn-
chronous resonances in the auxiliary circuit can be achieved,
which avoids the unbalance of the voltage and current in the
auxiliary circuit. The theoretical analysis and experimental re-
sults show that compared with the passive snubbers, voltage
spike of the three-phase PFC converter is suppressed more ef-
fectively with the adoption of the proposed auxiliary circuit, the
current stress of switches in the PFC converter is much lower,
and the proposed auxiliary circuit is very suitable to used in the
three-phase isolated full-bridge boost PFC converter.
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