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Investigation and Implementation of a Starting and
Voltage Spike Suppression Scheme for Three-Phase
Isolated Full-Bridge Boost PFC Converter

Tao Meng

Abstract—A starting and voltage spike suppression scheme is
proposed and investigated in a three-phase isolated full-bridge
boost power factor correction (PFC) converter with the passive
flyback auxiliary circuit. In steady state, the auxiliary circuit in the
PFC converter is operating as a passive clamp circuit, by which
the voltage spike across primary side of the power transformer
is suppressed, and the absorbed energy can be transferred to the
load during one charging period by the resonance of the inductors
and capacitors in the auxiliary circuit. In starting state, the output
filter capacitor is charged by the flyback inductor in the auxiliary
circuit, and the PFC converter can achieve normal starting-up.
The operational processes of the PFC converter are analyzed in
both steady and starting states. Furthermore, the design consid-
erations of the key parameters are discussed. Finally, experimen-
tal study has been done on a laboratory-made three-phase PFC
prototype, and the feasibility of the proposed scheme and the va-
lidity of the theoretical analysis are verified by the experimental
results.

Index Terms—Boost, starting, three-phase power factor correc-
tion (PFC), voltage spike suppression.

1. INTRODUCTION

OWER factor correction (PFC) is one of the most effective

methods to reduce harmonics current and increase PF [1]—
[4]. Compared to the two-stage PFC, single-stage PFC integrates
the function of PFC and isolated dc/dc conversion into a single
power converter, and it has the advantages such as simplicity and
low cost. Single-stage PFC is an important developing orienta-
tion in PFC technique. Presently, many low power single-stage
PFC converters have been investigated, however, fewer medium
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and high-power schemes, but very few the three-phase schemes
[4]-[8].

The isolated full-bridge boost topology has the advantages
including electrical isolation, soft switching, and inherent short-
current protection, and it is suitable for the isolated dc/dc con-
verter and single-stage PFC converter in medium or high power
applications. However, the reasons why it has not been widely
used can be mainly attributed to the following two problems: 1)
it cannot achieve starting-up normally, so an additional starting-
up circuit is required to establish an initial output voltage, and
2) due to the existence of the transformer leakage inductance,
there is a large voltage spike across the bridge leg [9]-[11]. To
resolve these two problems, many effective methods have been
proposed and investigated.

For the starting problem, the typical solutions are as follows.
A direct starting scheme is presented in [12], which can only
be used when the converter is starting with no load. A lossy
starting circuit made up of resistor, capacitor, and diode (RCD)
is connected in parallel with the bridge leg of the dc/dc con-
verter in [13], and a lossy starting method which connects a
resistor in series with the output filter capacitor is used in the
three-phase single-stage PFC converter in [14]. In [15], a buck
starting scheme is investigated in the single-phase single-stage
PFC converter. In [10], [14], and [16], the flyback windings
are coupled with the boost inductors of the dc/dc converter or
three-phase single-stage PFC converter, and the flyback starting
schemes are proposed.

For the voltage spike problem, the solutions can be divided
into two categories: the active and the passive approaches. The
typical active solutions are as follows. A method based on the
basic active clamping technique is presented in [17]-[19], and it
has been the most widely investigated. Two new active clamping
techniques are proposed in [20] and [21]. A two-switch clamping
circuit is presented in [22]. Some active auxiliary circuits with
a single-switch are adopted in [18], [23], and [24]. In addition,
many passive solutions have also been proposed. For example,
the LC resonance schemes are studied in [25]-[27], which can
also achieve soft switching of the switches. A RCD snubber
is used in [28], and a passive clamping technique is proposed
in [29]. Some passive snubbers are proposed and investigated
in [9], [30], and [31]. In [32] and [33], a family of multilevel
passive clamp circuits and a passive flyback auxiliary circuit are
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Fig. 1.  Three-phase isolated full-bridge boost PFC converter with the passive
flyback auxiliary circuit.

used in single-phase and three-phase single-stage PFC converter,
respectively.

It can be seen that the above two problems of the isolated full-
bridge boost topology have been resolved basically. However,
after adoption of each of the existing solutions, some additional
devices or control circuits will be introduced. Generally, each
of the existing solutions can resolve only one of the above two
problems, as a result, if both of the above two problems are
resolved efficiently, the complexity of the whole PFC system
will increase largely, and the advantages of single-stage PFC
will be lost.

In this paper, to resolve the above two problems more effi-
ciently, a starting and voltage spike suppression scheme based
on a common passive circuit is proposed and investigated in
the three-phase isolated full-bridge boost PFC converter. The
proposed scheme in this paper is based on the passive flyback
auxiliary circuit in [33], however, the purposes of the same aux-
iliary circuit are different. In [33], the auxiliary circuit is only
used to suppress the voltage spike of the three-phase isolated
full-bridge boost PFC converter, which is only aiming at steady
state of the PFC converter. While, in this paper, the auxiliary cir-
cuitis used to resolve both starting and voltage spike problems of
the three-phase isolated full-bridge boost PFC converter, which
is aiming at both starting and steady states of the PFC converter.
Therefore, the operational principle and design method of the
auxiliary circuit in this paper are also different from that in [33].
In this paper, the flyback inductor in the auxiliary circuit is only
used in starting state, by which the output filter capacitor can be
charged, and the PFC converter can achieve normal starting-up,
and in steady state, the auxiliary circuit is operating as a passive
clamp circuit, by which the voltage spike of the PFC converter
can be suppressed efficiently. The rest of this paper is organized
as follows. In Section II, the operational principles of the PFC
converter in both steady and starting states are presented. In
Section III, the conversion power of the PFC converter is an-
alyzed for the design considerations of the proposed scheme
in Section IV. The proposed method and theoretical analysis
are verified by the experimental results in Section V. Finally,
conclusions are given in Section VI.

II. PFC CONVERTER AND ITS OPERATIONAL PRINCIPLES

Fig. 1 shows the three-phase isolated full-bridge boost
PFC converter with the passive flyback auxiliary circuit pro-
posedin[33]. L,, Ly, L. (L, = L, = L. = L)aretheboost
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inductors, D1~ Dy and Cy ~ C, (C; = Cy = C5 = Cy) are
the parasitic components of switches S;~ S, and L and n
are the equivalent leakage inductance and turns ratio of the
transformer T, respectively. The auxiliary circuit is composed
of C(jl, Ceoo (CC] = C(jg), DL17 Dys, D¢, Dy, and the ﬂy—
back integrated transformer T, where Ly, Lo (L; = L) are
the equivalent inductance in primary side, Ly is the inductance
in secondary side, and n; is the turns ratio.

To achieve normal starting-up and voltage spike suppression
for the three-phase isolated full-bridge boost PFC converter, the
auxiliary circuit is operating as a passive clamp circuit in steady
state, and the flyback inductor L¢ and diode Dy are only used in
starting state, from which the input energy of the PFC converter
can be transferred to the load in starting state. Because Ly and
Dy are only used in starting state (transient state), the current
density in the winding of L can be much higher than that of
Ly and Lo (that is to say, the volume and weight of winding for
L¢ will be much lower than that for L; and L), and the heat
dissipation problem of Dy is not considered here. Therefore,
compared to the configuration in [33], the volume and cost of
L¢ and D¢ will be much lower.

The following is operational process of the PFC converter
during one charging period in steady and starting states, respec-
tively, and the analysis is during the time phase of 0 < wt <
/6, in which the relation of three-phase voltage is vy, < 0 <
Van < Uen, Where v,, = Vsinwt, vy, = Vsin(wt — 27/3),
and v, = Vsin(wt + 27/3). To simplify the analysis, the fol-
lowing assumption are made:

1) all devices are ideal;

2) during one charging period of the boost inductors (7°), the
change of v,y,, Uhn, Ven are negligible because 7" is much
shorter than the line period;

3) the capacitors Cc1, Cca, and C are large enough, so their
voltages can be considered as constant values during each
charging period.

A. Operational Process in Steady State

In steady state, the PFC converter operates in discontinuous
current mode (DCM). The auxiliary circuit is operating as a
passive clamp circuit, Ly and Dy are not used, and T} is equal
to a coupled-inductor (L;, Ls). During one charging period,
there are six basic stages in steady state, and the theoretical
waveforms and the equivalent circuit of each stage are shown in
Figs. 2 and 3, respectively.

Stage 1 (before t;): Sy, Sg are turning ON, and Sy, Sy are
turning OFF. Before %, the current in both primary and sec-
ondary sides of T is zero, and the voltage across primary
side of T :VCl = Vc4 = TLVO, VCQ = ch = O, VCcl =
Voea = nV, /2. In this stage, the output current is only pro-
vided by capacitor C.

Stage 2 (to ~ t1): Attg, Sy turns ON, and Sy turns OFF with
zero voltage and zero current. The current of L,, Ly, L. in-
creases from zero with the charging of v,y,, Vbn, Ven, and the
current of L;, Lo increases from zero with the charging of
Cc1, Ceoo. The capacitors Cy and Ceo are large enough, so
the decreasing of their voltages can be ignored in this stage. At
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Fig. 2. Theoretical waveforms in steady state.

t1, the current of each inductor reaches the maximum value of
the whole charging period

. Van/bn/cn

iLa/Lb/Le(t1) = —mfbuien pp ()
. Vee nV,
ipyL2(t) = Ti DT = 5L, DT. )

where D = (t; — t()/T is the duty cycle of the PFC converter
in steady state, V. is the voltage of Cer1, Co in steady state,
and V, is the output voltage in steady state.

In this stage, Vo1 = Voo = Vg = Veou = 0, Vo =
Voea = nV, /2, and the output current is only provided by
capacitor C'.

Stage 3 (t; ~ t9): Atty, So turns OFF, and S, turns ON with
zero voltage. Cy, C5 are charged by L,, Ly, L., and their volt-
ages increase from zero immediately. At ¢y, Voo = Vg
Veer = Veea = nV, /2, and the charging of Ly, Ly is over. In
this stage, the output current is only provided by capacitor C.

Stage 4 (o ~ t3): At ty, D¢ is turned ON, L; is connected
in series with Lo, and Cy, Cs are charged by L,, Ly, L. and
Ly, Ly. Atts, Vo = Veoy = 0,and Vg = Vg = nV,. In
this stage, the output current is only provided by capacitor C.

The values of C5, C5 are very small, so the duration of
stages 3 and 4 are very small, and the current changing in each
inductor can be ignored during these two stages.

Stage 5 (t3 ~ t4)2 After t3, Co1, Coo and Cy, C3 are
chargedby L., Ly, L. and L, Ly. The current of L) increases
from zero, and the input energy is transferred to the load through
T. In this stage, the following relationships can be obtained:

dAVes 0 (t . .
(20, + 001/2)%2“(” = 2ica/c3(t) +ice(t)

iLik () + 2ica)c3(t) +ice(t) = 2ip1 L2 — iy

ledi%;(t) = AV cs(t)

3

where icy/c3 and ic. are the charging current of Cy, C3 and
Cc1, Cea2, and AV(y 3 is the voltage increasing of Cy, C3
after t3.

The values of C5, C3 are much smaller than that of
Cc1, Cea,sothey can be ignored when comparedto Coy, Cos.
During a short time after 3, 4,1 /1,2 and ip}, can be considered
as a constant value, so the following equation can be obtained

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 2, FEBRUARY 2018

=

all

=

all

=

an

=

[9)

G

—

n:l

Cy

Fig. 3. Equivalent circuit of each stage in steady state. (a) Stage 1.
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from (3):

L Cep dAVg c3(t)

=0.
2 dt

AViaes(t) + 4

Equation (4) has the initial data: AVig,cs(ts) =0,
iLk(t3) = 0, and icg)c3(ts) +ice(ts) = 2in1/n2 — iLb. SO
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Fig. 4. Theoretical waveforms in starting state.

it can be obtained that

) ) le . \/
AVigyes(t) = (20 1 \/
CZ/CJ( ) ( L1/L2 Lb CCl leCcl

At ty, ip(ts) = 2i1/12 — L, From (5), it can be seen
that if the values of C¢1, Cco are large enough, the voltage
increasing of Cy, C'5 can be ignored in this stage.

Stage 6 (t4 ~ tg): In this stage, the current of L,, L,, L. and
Ly, Ly flows through S;, S, and T to the load, and it can be
calculated that

nV,
2L,

nV,
—DT —
2L,

ir1 /L2 (t) = (t—t3). (7N
At ts, i, reduces to zero, and iy, 1,2, L, (OTiLc) reduce to
zero at tg, ty, respectively. During the time ¢; to tg, the current
in both primary and secondary sides of T is zero.
After tg, the PFC converter operates in another charging pe-
riod, and the switching state between S; and S3, and So and S,
are exchanged.

B. Operational Process in Starting State

In starting state, the PFC converter and the auxiliary circuit
operate in DCM, the input energy is transferred to the load
through L and Dy, and the switching frequency of each switch
is the same as that in steady state. During one charging period,
there are two basic stages in starting state, and the theoretical
waveforms of each stage are shown in Fig. 4.

Stage I (tpo ~ tp1): The equivalent circuit of this stage is the
same as that in Fig. 3(b). In this stage, the bridge leg switches are
shorted (it is assumed that Sy, Sy are turning ON), the current of
L,, Ly, L. and L, Ly increases from zero with the charging
of Van, Upn, Ven and Cg1, Coo, respectively, and the output
current is only provided by capacitor C. At ¢y, the current of
each inductor reaches the maximum value of the whole charging
period

. v bn/cn
iLa/Lb/Le(tr1) = %

‘/(CF

DyT (8)

anV

iv1L2(tr1) = DrT = DFT )]
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Fig. 5. Equivalent circuit of stage 2 in starting state.

where Dy = (tp1 — tpo)/T is the duty cycle of the PFC con-
verter in starting state, and Voor (2Vecr = anV, ) is the voltage
of Cc1, Ceo in starting state.

Stage 2 (tp1 ~ T): The equivalent circuit of this stage is
shown in Fig. 5. At tpy, S1, So are turned OFF. In this stage,
Cc1, Ceo is charged by L,, Ly, L., and the increasing energy
of Cc1, Ceo is equal to the decreasing energy of Co1, Ceo
in stage 1. In the auxiliary circuit, the energy of L;, Ly is
transferred to the load through L;. The current expression of Ly
in this stage is
anV,DrTny Vi

——(t—tp1)

1
I 7 (10)

iLe(t) =

where Vi (Vo < V) is the output voltage in starting state.

At tps, i, reduces to zero, and ir, iy (Or ir.) reduce to
zero at tps, tpy, respectively. After tp4, the current in both
primary and secondary sides of T is zero.

III. ANALYSIS OF THE CONVERSION POWER

A. Power Requirement in Starting State

From the analysis in Section II, it can be seen that input
energy of the PFC converter is transferred to the load through
the auxiliary circuit entirely in starting state. Therefore, as to
design of the proposed scheme, the output power of the PFC
converter in starting state should be analyzed according to that
in steady state.

In steady and starting states, the output power of the PFC
converter can be expressed, respectively

vz Vi
Py=—% Pyp=2F 11
7 FE Ry Y

where R, Ry (Rr = AR, A > 1) are the load of the PFC con-
verter in steady and starting states, respectively.

It can be seen that A = oo means that the PFC converter
achieves starting-up with no load, and A = 1 means that the
PFC converter achieves starting-up with the same load as that
in steady state.

The PFC converter operates in boost mode in steady state, so
it must be achieved that

nV,
V3V

where M is the voltage ratio of the PFC converter in steady state.

M =

>1 (12)
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Fig. 7. Equivalent model of the PFC converter. (a) The equivalent circuit. (b)
Current of L4 during one charging period.

Similarly, the PFC converter can realize normal starting-up
only if the following relationship is achieved:

nVop
Myp = >1 13
SRV (13
where 1 < My < M.
From (11)—(13), it can be obtained that

Mp\*1
Pr=|—) =P, 14
i (M) Py (14

From (14), the relationships between F,r, My and A can be
obtained as shown in Fig. 6. It can be seen that:
1) P,r will increase as A decreases or My increases;
2) when Myp = 1, the minimum value of P,p is P, /AM2;
3) if A = o0, and then F,r = 0 (the charging energy of C
is not considered here).

B. Input Power Estimation in Steady and Starting State

To simplify the calculation, the equivalent circuit in Fig. 7(a)
is adopted to estimate the input power of the PFC converter
approximately. Where V., is the equivalent dc input voltage, L,
is the equivalent boost inductor, and the current of L., during
one charging period is shown in Fig. 7(b).When the switch S
is turning ON, it is equal to the bridge leg switches are shorted
(S1, S or S3, Sy are turning ON), and when S is turning OFF,
it is equal to the bridge diagonal-leg switches are turning ON
(S1, Sq or So, Sy are turning ON). Vy is the equivalent bridge
leg voltage (in steady state, Vi = nV/,, and in starting state,
W = anl}).

In steady state, during the time phase of 0 < wt < 7/6, output
current of the input rectifier in Fig. 1 is equal to —1,},, therefore
it should be achieved at ¢;

Ve pp = 8 / " i (t)ldwt.  (15)
0

Leg T

Z.Leq(tl) =
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At ty, the sum energy of L,, I, L. in Fig. 1 can be
calculated

1. . . 3V2D?T?
Wi = 5L () + b () + e ()] = . (16)
Therefore, it should be achieved at ¢;
1 .
Wi = Wieq = 5Leqzieq(zel). 17)
From (15) to (17), it can be obtained that
2
T s

In starting state, the same expressions of V., and L, can also
be obtained through the similar calculated process, so it is not
presented again.

From Fig. 7, the following relationships can be obtained:

. Vy =V, nV,—=V.
iLeq (tl) =~ 4Ty = o —Veq Ty

eq

Vy =V, V.V (]9)
iLeq(tFl) - %TZF = mifqunZF
It can be calculated from (15), (18), and (19) that
DT D-T
o PT g TDeT o
2V3M — 7 2v/3aM — 7

Therefore, the average input power of the PFC converter can
be calculated in steady and starting states

P =nV iteq(t1) Ty _ 3VBMV2D2T
(2 [

2T 7 2L(2V3M —7)
s , (2D
. iveq(tp1) Top _ 3V3MV2DET
Pir = anVo =25 7= 2L(2¢§M—WF/G)

IV. DESIGN CONSIDERATIONS

In steady state, T is equal to a coupled-inductor (L, Ls),
and in starting state, T; is operating as a flyback integrated-
transformer. With the help of Ty, the voltage and current in
the auxiliary circuit will be balance in both steady and starting
states, that is to say, it will be achieved that Vo.; = Vo and
i1 = %r2. These mechanisms have been analyzed in details in
[32] and [33], so they are not discussed here again.

To realize the proposed scheme, the key parameters such as
the equivalent inductance L, the turn ratio n¢, and the max-
imum duty cycle D,,.x and Dy, are important. So design
considerations of these key parameters are discussed as follows
(L, M, and n are the parameters of the PFC converter itself,
which are not determined by the auxiliary circuit, so they are
not discussed here).

A. Equivalent Inductance Ly and Capacitance C¢q

In starting state, the input energy is transferred to the load
from the auxiliary circuit entirely, so the output power of the
PFC converter in starting state is equal to the average discharging
power of Cq and C¢s. It can be calculated from (9) and (12)
that
302 M?V2DiT

=2 TR 22)

1 2
Pyr = =Li[i tr1)]? =
F 9 1[ZL1/L2( Flﬂ T AL,
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If the power losses are ignored in the PFC converter, it can be
obtained that P,r = P,r. Therefore, the equivalent inductance
Ly can be calculated from (21) and (22):

T
ILi=Moa|Mou—-——|L.
' ( Nﬁ)

From the analysis in Section II, the voltage of Co; (or Cora)
in steady and starting state are nV;, /2 and anV;, /2, respectively,
their discharging current in steady and starting state is i1, (or
i12), and their charging current in steady and starting state are
ir1 — i1, and iy, respectively.

In this auxiliary circuit, the voltage of Co; (or C¢2) is con-
sidered as a constant value during the charging and discharging
process. As a result, there must be a minimum value for C¢q
(or C¢2) to limit the voltage ripple itself. The design of C'c; (or
Cc9) is equivalent to that of the other conventional capacitor in
the power converter such as the output filter capacitor C' in this
PFC converter, therefore, the conventional design principle is
not discussed here.

(23)

B. Turn Ratio of the Flyback Transformer ng
In steady state, the flyback inductor Ly is not used, so it must
be achieved that
nV,
2

In starting state, the energy of L; and L» is transferred to L¢
entirely, so it must be achieved that

anV,

2
Voo = 22 <nyV, = —L > 1, (24)
n

Veer = >nyVor. (25)
From (12), (13), (24), and (25), the limitation of ny can be
obtained
2ny alM
<= <=

1< (26)

n MF'

C. Maximum Duty Cycle in Steady and Starting States

In steady state, T is operating as a coupled-inductor. In or-
der to avoid the magnetic saturation, the current of L;, Lo must
reduce to zero during each charging period. Therefore, the lim-
itation of D,,,, can be obtained from (7):

nV, nV,
DT <
214 - 2L

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 value Dp is not determined by
the auxiliary circuit, so its calculation process is not discussed
here). Therefore, both D, < 0.5 and D, < Dp must be
achieved.

From (14) and (21), the relationship between Dy, ax, Mr, A
and Dy, can be obtained (the power losses are ignored in
the PFC converter, so it is considered that P. = P, and Pr =
P, oF)

(1= D)T = Dyax <05, (27)

2 _ Mp®2V3M —7/a
AM? 2/3M — 7

DFmax Dmax2- (28)
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From (14) and (28), it can be seen that the relationships be-
tween D% . . My, A and D2 are similar to the relationships
between P,r, My, A and P, as shown in Fig. 6, so the related
curves are not given here again. It can be seen that Dy, ., Will
increase as My, o or Dy, increase and Dg,, .« Will decrease
as A increases.

From (13) and (28), the first limitation of Dpy,,, can be

obtained
1 2v/3M —
DFmax Z \/g 7T/Oél)max- (29)
MVA\ 2V3M — =

In starting state, it can be obtained that Pp = P,p =
V2 /AR. And then it can be calculated from (21) that

3vV3MarRT
Vor =
(4v3Ma — 27)L

From (13) and (30), the second limitation of Dy, can be
obtained

VDp. (30)

€19

DFmax Z l (4\/§Ma - QW)L
3MarRT

In starting state, the auxiliary circuit operates in DCM, there-
fore, it must be achieved from (10) that

anVUDFTnf < E
Ly - Lf

Therefore, from (12), (13), and (32), the third limitation of
Dr.ax can be obtained

(1— Dp)T. (32)

QTLf MF

_— 33
anM + 2ny Mp (33)

D Fmax >

From the analysis in Section I1, it can be seen that the charging

processesof L, Ly,, L.and Ly, Lo instarting state are the same

as that in steady state, so to avoid overcurrent of L,, Ly,, L. and

Ly, Lo in starting state, it must be achieved from (1), (2), (8),
and (9) that

Van/bn/cn Van/bn/cn
{ I3 DFmaXT S T DmaxT (34)

anV, nV,
5T DpT < mDT
From (34), the fourth limitations of Dg,, ., are obtained

DFmax S Dmax DFmax S Dmax/a- (35)

D. Design Summary

From (23), (26), (29), (31), (33), and (35), it can be seen
that the key parameters of the auxiliary circuit including the
equivalent inductance L, turn ratio of the flyback transformer
ny and the maximum duty cycle in starting state Dy, are
mainly determined by the value av. Therefore, «v is an important
value for design of the auxiliary circuit.

The PFC converter operates in DCM during both steady and
starting states. Therefore, it can be obtained from Fig. 7(b) that

Ty < (1—D)T Ty < (1— Dp)T. (36)
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From (20) and (36), the DCM limitations of the PFC converter
in steady and starting states can be calculated

77 T
2/3M 2/3aM’

The DCM condition of the PFC converter in steady state is
not considered here. If the PFC converter operates in DCM in
steady state, the sufficient condition to make sure that the PFC
converter operates in DCM in starting state can be obtained from
(35) and (37) that

Dmax S 1- DFInax S 1 (37)

a>1. (38)
From (22) and (23), it can be obtained that
3V2D%AT T
Py = £ 1+ ) . 39
oF AL < 2\/§Ma g ( )

From the analysis in Section II, the voltage stress of S;~ Sy
in steady and starting states, and the current stress of Sy~ S, in
steady state can be obtained as follows:

Vs =2V =nV, Vsr =2Voer = anV, (40)
VDT 6V DT

Is = —Iihmax + 20 t)) = + .

s Lt L1/L2(t1) T a(v3Ma— )L

(41)

From [33], it can be seen that n? = L1y /L, where Ly; =
Ly /2 is the self-inductance in primary side of T. Therefore,
the AP value of T can be calculated

Lul2ipe () 3v3MV2DAT?
BJK BJKa(2v/3Ma — )L
(42)

APry =

where B is the maximum magnetic induction intensity, J is the
current density, and K is the utilization of the window area.

From (39) to (42), it can be seen that the values P,r, Vg, Ig
and A Pry are also determined by the value «, when « increases,
P,r, Is, APr¢ will decrease, but Vsp will increase. Therefore,
in the practical case, the value « should be determined according
to the requirements or limitations of the values P,r, Vsr, Ig and
APrs.

V. EXPERIMENTAL VERIFICATIONS

To verify the proposed method and theoretical anal-
ysis, the experimental study has been done on a
laboratory-made prototype of the three-phase isolated
full-bridge boost PFC converter. The main utilized com-
ponents and the key parameters of the PFC prototype are
Van/bn/en = 110 Vrms +10%, V, = 200 Vdc, L, = Ly, =
L. = 76 pH, S;—S4: BSM75GB120DN2 (the switching
frequency is 20 kHz), n = 2, Ly = 6 pH,C' = 1000 uF.

From (38) and (40), it can be seen that the voltage stress
of S;~ S, in starting state may be higher than that in
steady state. If the overvoltage in starting state is limited
within 20%, and then the design limitation of the value o
is determined here: 1 < o < 1.2. Accordingly, the key pa-
rameters of the auxiliary circuit are determined as follows,
where A = 1 and My ~ 1 (or My is only a litter larger
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Fig. 9. Input waveforms of phase A in starting state.

than 1) are selected here: Coy = Coo = 5.4 uF, L1 = Ly =
720 pH,ng = 1.25 and Dppax = 28% (Dmax = 40%).

The basic control principle of this PFC prototype is shown in
Fig. 8. A traditional output voltage controller is adopted, from
which a PWM signal is generated. X; ~ Xjandxy ~ x4 (1 =
xo = X1 X9, 23 = 24 = X3-Xy) are the switching sig-
nals of S;~ S; when the PFC converter operating in steady
and starting states respectively, which are generated from the
phase-shift distributor with the PWM signal input. The logic
waveforms of X; ~ X, and xy ~ x4, are the same as that of
S1~ Sy in steady and starting states as shown in Figs. 2 and 4,
respectively, so they are not given here again. In starting state,
the output voltage V,r is increasing from zero, and x; ~ x4
are selected by the data selector for the driving circuits of
Si1~ S4. When the output voltage is increased to a suitable
value (Vo = Vop—rer), X1 ~ X, are selected by the data se-
lector for the driving circuits of Sy~ S, and the PFC converter
is transferred to steady state.

A. Experimental Results in Starting State

Fig. 9 shows the input waveforms of phase A in starting state
when the flyback inductor L; in the auxiliary circuit is used.
It can be seen that the PFC converter operates in DCM and
the PFC function can also be realized in starting state. During
this transient state, the PF value is not important to the PFC
converter, which is not given here.

Fig. 10 shows the voltage and current waveforms of the aux-
iliary circuit in starting state. From Fig. 10(a), it can be seen
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Input waveforms of phase A in steady state. (a) Input voltage and

|
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Voltage and current waveforms of S; and S in steady state.
(a) Driving, current, and voltage of S;. (b) Driving, current, and voltage
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Fig. 14.  Voltage and current waveforms of the auxiliary circuit in steady state.

that the flyback integrated transformer Ty operates in DCM and
the energy is transferred through the auxiliary circuit in start-
ing state. Compare the voltage waveforms of Co; and Ceo in
Fig. 10(b) to those in Fig. 14, it can be seen that the over-voltage
of Cc1 and Co in starting state is within 20%, which is satisfy
with the design requirement of the value a.

Fig. 11 shows the input current of phase A and the output
voltage of the PFC converter during its starting process, where
1, 18 the input current of phase A when a simple LC low-pass
filter is introduced. It can be seen that there are no over-current
appearing in the whole starting process, and the PFC converter
has achieved starting-up normally.

B. Experimental Results in Steady State

Fig. 12 shows the input waveforms of phase A when the PFC
converter operating in steady state, and the testing PF value is
about 0.99. Compared to the experimental results in Fig. 7 of
[33], it can be seen that after implementation of the proposed
scheme, the PFC converter also operates in DCM, and the PFC
function are almost the same.

Fig. 13 shows the driving, current, and voltage waveforms of
S; and S» in steady state. It can be seen that S; turns OFF with
zero voltage and zero current, Sy turns ON with zero voltage,
and the voltage spike of the PFC converter has been suppressed
effectively. Compared to the experimental results in Fig. 9 of
[33], it can be seen that after implementation of the proposed
scheme, the related features of the PFC converter such as soft-
switching and voltage spike suppression are almost the same.

Fig. 14 shows the voltage and current waveforms of the aux-
iliary circuit in steady state. It can be seen that the flyback
integrated-transformer Ty is operating as a coupled-inductor
(L1, Lo) insteady state, and the current of two equivalent induc-
tors has reduced to zero in each charging period. From Figs. 10
and 14, it can also been seen that the voltage between C; and
Ce9 and the current between L, and Ly are balance in both
starting and steady states.

Fig. 15 shows the efficiency curve according to output power
of the PFC prototype. It can be seen from the operational analysis
that the energy of the auxiliary circuit is not determined by
the current (—iy,;,) of the PFC converter but the voltage (nV})
of the PFC converter, so if the converter was used in much
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Fig. 15. Efficiency curve of the PFC prototype in steady state.

larger application, its efficiency will be improved furthermore.
Compared to the experimental result in Fig. 12 of [33], it can
be seen that after implementation of the proposed scheme, the
conversion efficiency of the PFC converter is almost the same.

VI. CONCLUSION

In this paper, aiming at the three-phase isolated full-bridge
boost PFC converter, a starting and voltage spike suppression
scheme based on a common passive circuit is proposed and in-
vestigated. The investigation is based on a three-phase isolated
full-bridge boost PFC converter with the passive flyback auxil-
iary circuit. The auxiliary circuit is operating as a passive clamp
circuit in steady state, and the voltage spike in the PFC con-
verter can be suppressed. In starting state, the flyback inductor
in the auxiliary circuit is used, by which the output filter capac-
itor is charged, and the output voltage of the PFC converter can
be established. The operational processes of the PFC converter
are analyzed in both steady and starting states as well as its
conversion power based on which the design considerations of
the key parameters are discussed, and the proposed scheme is
implemented in a laboratory-made three-phase PFC prototype.
The theoretical analysis and experimental results show that after
implementation of the proposed scheme, the voltage spike in the
PFC converter is suppressed efficiently, and the PFC converter
can achieve normal starting-up.
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