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A Plug-Play Active Resonant Soft Switching for
Current-Auto-Balance Interleaved High Step-Up
DC/DC Converter

Liangzong He

Abstract—In high gain voltage conversion applications, the low-
side switches usually suffer large current stress, resulting in domi-
nate switching loss. In this paper, a general soft-switching method
based on an advanced interleaved high-step-up converter, which
features excellent performance but works in hard-switching, is
presented to combat this issue by using a plug-play resonant cir-
cuit. Under this soft-switching method, the main switches reach
zero-voltage switching (ZVS) turn-ON and ZVS turn-OFF, and the
soft-switching condition is derived. Meanwhile, the added auxiliary
switches could be turned OFF under ZVS condition and turned ON
under zero-current switching condition as well. More importantly,
due to its location out of the energy transferring path, the auxil-
iary circuit will never lead gain lost to the converter and maintain
its other existing merits, such as current auto-balancing and diode
inverse-recovery well. A 1-kW prototype is built and tested to verify
the significant efficiency improvement and merits maintenance for
the proposed converter considering active resonant soft switching.

Index Terms—Coupled inductor, current auto-balance, high step
up, soft switching.

1. INTRODUCTION

ITH increasing energy shortage and environmental is-
W sues, renewable energy, such as photovoltaic cells and
fuel cells, generation technology has gained extensive attention.
However, the low output voltage of photovoltaic cells and fuel
cell hardly qualifies them in grid connected. Therefore, high
step-up dc/dc converters are usually employed as the front-end
converters to step up low voltage to high dc-bus voltage [1]-[3].
Much work about how to achieve high gain with high efficiency
at medium and small power applications has been reported
[4]-[20].
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Non-isolated high step-up dc/dc converters adopting
switched-capacitor cell own the advantages of high voltage gain
and extended output voltage [6], [7]. However, the pulsated in-
put current and weak voltage regulation block their application
at the occasion with fluctuant input voltage. A converter with
single switch is combined boost converter and sepic converter
with couple-inductor technology, which can achieve high volt-
age gain as well [8]-[10]. The converter suffers low voltage
stress on switching device and reduced diode reverse-recovery
loss. However, due to single switch operation, input current
unavoidably has large ripple. An active clamped high step-up
boost converter with coupled inductor is proposed [9]. The active
clamped circuit is utilize to realize the recovery of leakage induc-
tance, which suppresses the voltage spike of main switch, and
the main switch realizes the zero-voltage switching (ZVS) turn-
ON. However, an auxiliary switch is required, and two switches
are not common ground, increasing the complexity of the main
circuit and its driving circuit [10], [11].

The combinatorial utilization of a coupled inductor/inductor
and voltage multiplier is the most attractive class of high step-
up de—dc converters [12]-[19]. Extended voltage gain, reduced
voltage stress of switches, and alleviated diode reverse recovery
are obtained. However, soft-switching realization becomes a
high concerning problem to be solved in those converters due
to their high-frequency switching operation. It will result in
heavy press in heat dissipation under hard-switching operation.
Even that ZVS-OFF is realized for the main switch and clamped
switch, the turn-ON operation of those switches is still in hard
switching. A passive snubber circuit, which provides ZVS or
zero-current switching (ZCS) for switches, is presented in [20]—
[22]. In this snubber circuit, additional coupled inductor along
with capacitor-diode combination is required, which increases
component count in some extent. In addition, the input current
ripple is still a large issue. At worst, the input current could be
discontinued, which goes against the fuel cell or PV generation
requirement. Meanwhile, non-ignorable, the limitative output
power is another issue.

The interleaved structure with the combinatorial utilization
of a coupled inductor and voltage multiplier is proposed to
combat above-mentioned issues, which not only could suppress
the ripple of input current and output voltage, but also reduce
the magnetic component size, promote the power rating, and
achieve superior thermal distribution. Although high step-up
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Fig. 1. Loss breakdown in dc—dc converter [26]. Note: “SW” stands for
switching. “TS cond.” represents the conduction loss of switches. “TS turn-
ON” stands for turn-ON loss of switches. “TS turn-OFF” stands for turn-OFF loss
of switches. “BS cond.” stands for total conduction in connection and capacitor
etc. “Driving” stands for driving loss of switches and “Inductor” stands for the
total inductor loss.

gain has been obtained for those converters, the current auto-
balancing between two interleaved branches is not achieved
well, which leads to a high burden for one branch and a large
input current ripple at asymmetry condition [23], [24].

To improve this issue, an advanced converter is presented in
[25], which is the first to reach complete current auto-balancing
in reported literatures due to its special cross coupling and inter-
leaved structure. However, the converter works in hard switching
in essence because the parasitic capacitor is too small to sup-
port ZVS turn-OFF for the main switch and the energy stored in
the parasitic capacitance makes ZCS turn-ON reluctant. There
are rapid voltage rising rate for voltage across the main switch
at turn-OFF process and pulse current riding through the main
switch at its turn-ON process, resulting in some capacitive turn-
ON loss. Generally speaking, the turn-ON loss dominates in con-
version loss if the converter is operated under hard switching,
as shown in Fig. 1. Hence, soft switching for turn-ON becomes
a pressing issue.

These can be grouped into two operation approaches to re-
alize soft switching for high step-up converters with coupled-
inductor technology [27]-[31]. One method is quasi-resonant
operation where the leakage inductance and parasitic capaci-
tance are employed as resonant LC tank [28], [29]. However,
there is current with large peak value flowing back to the in-
put source, hindering efficiency improvement. Another method
obtains the reverse current in primary side of coupled inductor
through reflection current of secondary side. Although there is
still flow-back current, the current peak has been reduced sig-
nificantly. Unfortunately, the strict control sequence makes it
impractical.

This paper presents an active resonant soft-switching method
to overcome the above-mentioned issue for an advanced high
step-up interleaved converter. The proposed converter reaches
high voltage gain at medium power rating, meanwhile, the input
current ripple and the voltage stress of main switches are both
small. The active switches can achieve both ZVS turn-ON and
ZVS turn-OFF, the reverse-recovery loss of output diode is cut
down. Due to the cross coupling of the coupled inductor, the
converter has ability to automatically balance two branch cur-
rents, even in the case that the duty cycle of switches or coupled
inductors is asymmetric. The descriptions of topology and its
operation principle are provided in Section II. The performance
analysis is discussed in Section III. Then, in Section IV, a gen-
eral soft-switching method is derived to extend its application
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Fig. 2. Proposed converter.

in high step-up converters. In Section V, a prototype is built
and tested to validate the theory in Sections II and III. Finally,
Section VI concludes this paper.

II. OPERATION PRINCIPLE

The proposed converter is shown in Fig. 2 where a conven-
tional interleaved boost converter is located in the dashed block
1, an auxiliary circuit used to realize soft switching is located in
the dashed block 2, a coupled inductor and a voltage multiplier
are located in the block 3. There are two coupled inductors each
with three windings in the proposed converter. The coupling
references are marked by “o” and “e.” The primary windings
of two coupled inductors with n; turns are employed as the fil-
ter inductors. The secondary windings of two coupled inductors
with ny turns are used to multiply voltage. The third windings of
two coupled inductors with ng turns embedded into other branch
are used to automatically balance the current and multiply volt-
age. The clamped-diodes D¢, Deo and clamped-capacitors
Cc1, Ceo are used to recover the energy of leakage inductance
and reduce the voltage spike of main switch. The feedforward
diodes Dy, Dy9 and switched-capacitors C'y1, C'yo are used to
improve voltage gain. The two auxiliary circuits are composed
of absorption capacitors Cq, Clgo, resonant inductors L1, Lo,
resonant capacitors C.1, C,», and auxiliary switches S, 1, Sy2,
respectively. Two branches are coupled together though the cou-
pled inductors and switched capacitors.

The equivalent circuit of the proposed converter based on the
coupled inductor analysis is shown in Fig. 3(a) where two cou-
pled inductors are represented by their equivalent transformer
models. The equivalent transformer models include ideal trans-
formers, magnetizing inductances L,,1, L;,2, and leakage in-
ductances Ly, Lo referred to the primary, respectively. L;p
and L p are the primary windings of ideal transformers, whereas
Lis1, Lo, Lagi1,and Logo are the secondary windings of ideal
transformers. To simplify analysis, the turns ratio of two coupled
inductors are set as N = no/ny = n3/ny.

Considering soft-switching analysis, the equivalent circuit in
Fig. 3(a) could be simplified further as Fig. 3(b).
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Fig. 3. Equivalent circuit of the proposed converter. (a) Coupled inductor

based. (b) Soft switching based.

Under steady state, the proposed converter has 22 operation
modes during whole switching period. Due to the symmetry of
the topology, only 11 modes in half period are analyzed in this
paper. The key waveforms are shown in Fig. 4. The operation
modes are described in details as follows.

1) Mode I [ty—t;]: In the mode, main switches S; and So

are turned ON, and diodes Do 1, Do2, D1, Dca, Dy,
and Dy, are reverse-biased, as shown in Fig. 5(a). Mag-
netizing inductance L,,1, L,,» and leakage inductance
Ly, Liy are charged linearly. The current rising rate
of the leakage inductance is given by

dir K Ui

— 1

dt Lo+ Ly &

dip _ Ui ' @)
dt LKb + Lm?

2) Mode 2 [t1—t2]: As shown in Fig. 5(b), the mode starts at

11, when main switch S is turned OFF. Absorption capac-
itors C'g is charged by magnetizing inductance L, and
leakage inductance L ,. The drain-to-source voltage of
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Key waveforms of the proposed converter.

main switch Ug_g4, increases linearly, whereas the re-
verse voltage across diode D¢ decreases. Thus, main
switch S; can achieve ZVS turn-OFF. This mode ends un-
til the reverse voltage across diode D, decreases down
to zero. Uy, is given by

) t—t
us1_as(t) = M

3
o 3)

Mode 3 [to—t3]: As shown in Fig. 5(c), the mode starts
at fo, when clamp diode D¢ starts to conduct. Clamped
capacitor C¢ is charged by the current of magnetizing
inductance L,,; and leakage inductance L. The drain-
to-source voltage of main switch Ug;_g4 is clamped by
capacitor Ccq

us1_ds(t) = usi_as(t2) + “)
Mode 4 [t3—-1,]: Att3, feedforward diode D9 and output
diode D, start to conduct. The current of output diode
D, increases gradually, whereas the current of clamped
diode D¢ decreases. Both of their charging rates are
controlled by leakage inductance Ly . Thus, the reverse-
recovery problem of diodes is alleviated. Meanwhile,
switched capacitor Cyy is charged by C¢1, Lig2, and
Lys1.And Cy1, Lis1, Laga, L1, Lia, and Uy, in series
charges the output capacitor C, for high gain. The current
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Fig. 5. Operation modes of the proposed converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (¢) Mode 5. (f) Mode 6. (g) Mode 7. (h) Mode 8. (i) Mode

9. (j) Mode 10. (k) Mode 11.

expression could be given as

dirip _ dirop _ NUcc1 +Ucc1 +Ucs1 —Uo
dt dt N(Lgq + Lks)

Q)

) NUcc1 +Ucc1 +Ucyr — Uo

t) = t—t

io1(?) 2N?(Lia + Liy) (t=ts)
(6)

) NUcci1 +Ucc1 +Ucy1 — Uo

ZDfQ(t) = 2N2(LKCL +LKI)) (t - t3)
@)

ipc1(t) =irm1(t) — (N +1)ipoi(t) — Nipsa(t)
®)

159 = Z.ng(t) + NiDOl(t) + (N + l)inz (t)
()

5) Mode 5 [ti—t5]: As shown in Fig. 5(e). This mode starts
at f,, when the current of clamp diode D¢ decreases
down to zero and D¢ will be reverse biased. The mode
lasts until auxiliary switch .S, is turned ON. The current
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expression could be calculated as

dipyp  diggp Uo —Ucp1 | (1+ N)(Uccr — Ucy2)

dt  dt  Lga+ Lk N(Lgq + Liy)
(10)
ipo1(t) =1ipo1(ts)
n N(UO — Ucf1) + (1 —|—N)(U001 — U(}fg) ) (t B t4)
N(Lgq + Liy)
(11)
. . 1-N
info =1ipga(ts) + N
NWo ~Uop) + Weer ~Uop) A+ N) 4y (1)

N(Lgq + Lgy)

6) Mode 6 [t;—t5]: At t5, auxiliary switch S, is turned
ON. The resonant unit with L,; and C,; in series will
be excited by the constant voltage of V¢, clamped by
branch circuit 1. The drain-source current of S,.;, which
is controlled by resonant inductors L, 1, increases in res-
onance. Thus, S, is turned ON under ZCS condition.
Meanwhile, the current of diodes Dy, and D, decreases
in resonance as well. Resonant period 7, could be ob-
tained as

To1 =27 V L.y -Gy

(13)

7) Mode 7 [ts—t7]: At ts, when the resonant current rises up
to be larger than branch current iy, diodes D5 and D,
will be reverse-biased. Meanwhile, absorption capacitors
Cyg1, resonant inductors L,;, and resonant capacitors
C,1 will compose a new resonant loop. Ug1_gs begins to
decreases in resonance. Resonance period 7,9, different
with mode 6, is obtained as

Csl'crl
Tyo = 2y Ly - =111
: ! G€1+Crl

8) Mode 8 [t;—t3]: At t7, Ugi_qs has decreased down to
zero, and body diode of §; starts to conduct. Another
new resonant loop, composed of resonant inductors L,
and resonant capacitors C,; will be established up. The
resonance period frequency is same as that in mode 6.

9) Mode 9 [ts—t9]: As shown in Fig. 5(i). At tg, main switch
S is turned ON under ZVS condition, because its body
diode has conducted before.

10) Mode 10 [ty—t1(]: As shown in Fig. 5(j). At #9, the drain-
source current of S, reverses its direction. The body
diode of S, starts to conduct.

11) Mode 11 [tip—t11]: As shown in Fig. 5(k). At #19, aux-
iliary switch S, is turned OFF under ZVS condition,
because it body diode has conducted before.

A similar operation occurs in the other eleven modes of one

switching period.

(14)
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III. PERFORMANCE ANALYSIS AND DESIGN
A. Voltage Gain
The duty cycle of the control signal is defined as
T
D= 15
T 15)

where T and T are the switching period of main switch and
conduction time of main switch S; (S3) in one switching period,
respectively. D denotes the duty cycle of main switch S; (S5).
And it is obvious that the duty cycle should satisfy 0.5 < D <
1 to maintain high gain because no voltage will be outputted
during the turn-OFF of both main switches.

To simplify the circuit performance analysis, leakage
inductance L; is neglected, and assume that L,,; = L2,
Cc1 = Cgy, and Cf; = Cyo because of the symmetry of the
topology. Also, the voltage ripple across clamped-capacitor and
switched-capacitor is neglected since the clamped-capacitor
and switched-capacitor are taken as constant voltage sources
over the whole switching period. It is worth mentioning that
the auxiliary resonant circuit will not bring effect to the voltage
gain of the proposed converter because it never locates at
power transferring path, which would be verified by following
formulas and experimental results in Section V.

When main switch S is turned ON, the charging voltage of
magnetizing inductance L,,; is given by

UL m1_char — Uin . (16)

When main switch S is turned OFF, considering symmetry,
the discharging voltage of magnetizing inductance L, ; is given
by

U, = (N + 1)ULmi_dischar + (N +1D)Uin +Ucpn - (17)
Ucyo = NUpmi_dischar + NUin + Ucc (18)
Uin + ULm1_dischar — Ucc1 =0 (19)
Ucri = Ucyo. (20)

With combination formulas (17)-(20) and by applying the
voltage—second balance principle to the magnetizing inductance
L,,1, the voltage gain and voltage across clamped-capacitor and
switched-capacitor are obtained as, respectively

U, 2(1+N)

M = = 21

U; 1-D b

Uwr = Ucwy = Upy = —in (22)
Ccl — UCe2 — CC—I_D
1+ N

Ucpr =Ucyp2 =Ucy = ﬁUm- (23)

From formula (21), it is obvious that voltage gain M depends
on duty cycle D and turns ratio N. The relationship curve of
voltage gain versus duty cycle with different turns ratio is shown
in Fig. 6. At certain turns ratio N, as duty cycle D increases,
voltage gain M will increase. Also, the gain rises with the turns
ratio increasing. It can avoid the use of extreme duty cycle in
high gain applications, reducing current ripple and switching
loss.
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Fig. 6. Relationship curve of voltage gain versus duty cycle with different N.

Known from above-mentioned analysis, the auxiliary reso-
nant circuit very leads little gain loss to the converter.

Considering the effect of the leakage inductance, the output
voltage gain is given by

2(N +1) 1
M = . .
1+ 8Nk, /(1 — D)

- D (24)
where k,, = L1 - fs/Ro. fs is the switching frequency and
L1 1s the summation of the leakage inductances, including the
primary leakage inductance and reflected leakage inductance of
the second and third windings. The detailed analysis could be
referred in [25], which is ignored here.

B. Voltage and Current Across Power Devices

Considering the symmetrical parameters in two branches, the
voltage/current stress across main switches S; and So, auxiliary
switches S,1 and S, and clamped diodes D¢ and D¢ are
all equal, the same as the voltage/current stress across clamped
capacitors C¢; and Cgo, and coupled inductors Ly and L.

It is obvious that the main switches, auxiliary switches,
clamped diodes, and clamped capacitors suffer the same voltage
stress

_ Uin o Ua
© 1-D 2(1+N)

US = Usr = UD = UC(:- (25)

The voltage stress across output diodes Dy and D5 can be
derived as
142N
1-D

1+2N
= U,.
2(1+N)°

Upo =U, —Uc, = (26)

As shown in (24) and (25), the voltage stress across main
switches and output diode are both determined by the turns ratio
at desired output voltage. The plot of normalized switch/output
diode voltage stress versus turns ratio is shown in Fig. 7. As the
turns ratio increases, the voltage stress of main switches with
the maximum voltage stress of halved output voltage decreases
gradually. Therefore, the low rated voltage MOSFET with small
ON-resistance could be utilized in high voltage gain application,
which reduces conduction loss significantly. Meanwhile, as the
turns ratio increases, the voltage stress across output diodes
increases gradually. But the voltage stress across output diodes
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is always lower than output voltage and the minimum voltage
stress halves output voltage.

The voltage stress Up ; across the feedforward diodes Dy
and D9 equals to voltage stress of output diodes, which can be
derived as

142N

Upy=Ups1 =Upp2 =U, —Ug, = ﬁUm

1+ 2N
EES

21+ N) @7)

According to the ampere—second balance principle, the aver-
age current of output capacitor will be zero in whole switching
period. Thus, the average current of output diode D, equals to
output current /,.

To simplify the analysis, assume that the charging/discharging
current in the loops approaches linear mode. Consequently, the
peak value of the output diode current could be derived as

, I,
ZDal.pcak = 1 _ D

. (28)

Similarly, the peak value of feedforward diodes is given as

I

Z.D/I.peak = 1 _ D' (29)
The peak value of main switch S; can be expressed as
. MI, , .
151 _peak = + NZD/l.pcak + NZDO’Z-pcak : (30)

2

By substituting (20) into (21), the peak value of the main
switch can be given out

) M N
tS1_peak = <2 + D(l—D)) 1,.

The current stress of auxiliary switch is determined by reso-
nant loop

(€29

. o UCcl
1871 _peak = .

Zol

(32)
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Moreover, the RMS current of main switches, auxiliary
switches, capacitors, and coupled inductors can be derived by
(33) shown at the bottom of this page

[(1+N)D+ N]1,

Is, = 34
S? lorms 2D (1 — D) ( )
V3
ICfl-rms - ?Io V 2 (1 - D) (35)
MI,
ILml-rms = 5 (36)

Furthermore, the diodes suffers the same average current,
which can be derived by
1,
> (1-D). 37)

IDol.ave = IDcl.uM = IDfl,m,(,; =

C. Design of Coupled Inductor and Capacitors

The coupled-inductor design should make sure the converter
work in continuous current mode. The peak current of magne-
tizing inductance at boundary current mode (BCM) could be
given by
UinD
Linfs

Correspondingly, at BCM mode, the average current of mag-
netizing inductance is obtained as

(38)

Z.Lm _peak —

. ity ek _ (N+1)I, | NI, _ (N+D)I,
fom —ave 2 20—D) ' 2D  2D(1-D)
(39)

Thus, considering formulas (21), (31), and (32), the boundary
magnetizing inductance could be derived out

R,3D*(1 — D)
2fs(N+1)(N + D)
where R, is the load at the boundary condition. Usually, 20%
of full load is taken for the BCM.

Finally, a toroidal sendust cores with 37 turns in the primary
winding and 37 turns in the second winding is utilized for the
proposed converter in the prototype.

Lm = (40)
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tively. Generally speaking, a large capacitor helps to reduce the
voltage ripple, however, the bulky size and expensive cost may
be inevitable. Hence, the tradeoff should be considered when
selecting a capacitor.

In order to achieve ZVS for main switches §; and S5, the
turn-OFF interval of the main switch should be shorter than the
half of resonant period, which is determined by the leakage
inductance and clamped capacitor. The corresponding equation
could be yielded as

2
C ) > (]- - Dmax)
T 7T2Lr1fs2

where Dy, .y is the maximum value of duty cycle.The voltage
rising ratio should be less than turn-OFF ratio of the MOSFETS
to guarantee ZVS under rated output power, hence, the value of
absorption capacitance yields

(42)

C.i = ILkat MI().ratedtoff
sl —
2Uc 1 4Uc 1

where 7,5 denotes the turn-OFF time of utilized MOSFETS.

(43)

D. Efficiency Analysis

To verify the converter performance, the loss mechanism for
the proposed converter is analyzed. Before that, some assump-
tions are made: switching loss is ignored because of ZVS turn-
ON/OFF, C) is negligible considering ZVS turn-ON of MOSFET,
the influence from the current ripple of L,, is negligible, loss in
auxiliary circuit is negligible, two branches have the symmetric
parameters. Meanwhile, it is assumed that Vi p denotes the for-
ward voltage of diode, rg represents the conduction resistance
of MOSFET, 7, denotes the equivalent series resistance (ESR)
of coupled inductor, and ¢ denotes the ESR of capacitor.

The power loss of the proposed converter include loss related
to switches, diodes, magnetic, and capacitor components. Next,
calculate loss distributed in different components.

The conduction loss of \S; is calculated as follows:

MIO ? Urin]-fDT‘g ’
{1 [(42) (122

Depending on switching frequency f and their voltage ripple, U (1 — DYT, M, [Un (1 — DT, ]2
the value of capacitors C'y1, Cf2, Cc1, Cez, and C,, is designed. +(1-D)q— oL, — - 6L 2 :
The corresponding equations are given by M M
L,(-D) L,(-D) MI, Uy(1-D)T,]?
Cfl—QfAU(f Cf?foAU(p _|_[ 20_ (2L ) :| }}TS. (44)
L,(1- 1,(1-D) M
CC(,l > W CC(? > W (41) ] ) .
co> Considering forward voltage Vp p, the conduction loss of
0 = 2f‘sAUo diode D, yields
where AVCfl, AVCfg, AVeer, AVeeo, and AV, are the volt- (1-=D)Vrpl,
age ripple of capacitors Cs1, Cy2, C.1, Ceo, and C,, respec- Pcond,n,, = s (45)
MI,\2 U (1-D)T. )
(2D —1) {(2) +2< 2L ) }
ISl-rms = (33)

_ [Um(l D)

Uin (1-D)Ts M I,
+(1—D){ ( 2L131

] MI,
6Ly > + 2

2
Uin (1—D)T5
2Ly
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Similarly, the conduction loss of diode D¢ and Dy, yields,
respectively

(1-D)Vppl,
2
(1-D)Vppl,

—

Considering the ESR of capacitor r¢, the conduction loss of
switched capacitor C'y; yields

Pcona,p,, = (46)

PCond,Dfl = (47)

4.y
g[o Te.

The loss of coupled inductor comes from winding loss and
core loss. As to winding loss Pz, 1, it depends on the parasitic
resistance

Posy=(1-D) (48)

(49)

Referred the analysis method, the core loss density Pc is
calculated as

Po=k-f&- By (50)

where the unit of Py is W/m?, o, 3, and k are Steinmetz pa-
rameter, which are determined by core material and provided
by manufacturer. For ferrite core material, typical value of o
ranges from 1 to 2.

According to Faraday’s law, it yields

dp(t) dB(t)

v =N =g = N Ay
where A, represents the sectional area of different core materials
and N, denotes the turns number of the winding.

Combing the above-stated formulas and voltage waveform of
the excitation inductor, the maximum magnetic flux density of
coupled inductor AB could be obtained as

Vi 619}

DT, 1 DTy
AB = Uppdt =
N, - A, /0 k N, - A, /0
UillDTQ
Upndt = ——. 52
N A (52)

The core loss of coupled inductor satisfies Peore = Po'Ve
where V.. denotes the volume of coupled inductor. Hence, con-
sidering B,,, = AB, the total core loss can be expressed as
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Fig. 8. Equivalent circuits at resonant modes. (a) Mode 6. (b) Mode 7.
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2
} -7"5-

To sum up, the power loss of the proposed converter in one
switching period yields

The resonance loss is calculated as

{[(1+N)D+N]Io T
R'es =

T,

4
2D(1 - D) od

PLoss - 2(PCondA,Sl + PCond,Dul + PCond.,D(.l + PCond.,D/l
+PCf1+PLml+PCorc+Prcs)~ (55)

Finally, the efficiency of the proposed converter can be
obtained as (56) shown at the bottom of this page, where P,
represents the output power and P, = U, I,.

IV. SOFT SWITCHING

A. Soft-Switching Condition

For active switches, with the help of the auxiliary resonant
circuit, main switches S; and Sy can achieve ZVS turn-ON and
ZVS turns-OFF. The equivalent circuits at resonant modes are

Poore = 2P¢ - V. =2k - f¢ m Ve shown in Fig. 8 where points A and point B connect in short
at ON-state of S;. Due to relatively short interval for resonant
=k-fo. { Uin DT, } V. (53) period and large inductance for coupled inductor, /i1 could be
’ Ny - A taken as a constant current source. For diodes, the current rising
P, F,

n - U (1—-D)T, U (1-D)T, M1, (56)

Fo + Pross +Cm0—n< ) <<m>»%+u—m<<lg'>r

o (Ui, (1-D)Ty)* Usn (1-D)T, \2 [(1+N)D+N*1,°T,, S
o 3L +2( o 2L )7)) + D2(1-D)’T,

— D)Vrpl, 40 D)I re +111 Tiw 4 9. fa{xl/vppg

i
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rate of clamp diodes, output diodes, and feedforward diodes is
controlled by leakage inductance. Therefore, there is alleviated
reverse-recovery problem for them.

When main switch S is turned OFF at mode 2, it realizes the
ZVS operation due to the absorption capacitor. In mode 6, S,
could be turned on under the ZCS condition. Resonance unit of
L, and C,; in series will resonate with different sub-circuits
during modes 6 to 8, as shown in Fig. 5(f)—(h). Corresponding
equivalent resonant circuits are shown in Fig. 8(a)—(c). Then,
when the absorption capacitor is discharged by the resonant
inductor completely, the ZVS turn-ON condition will be created
for main switch S; because its anti-parallel body diode has
conducted. Next, when resonant capacitor C,; is discharged
with reverse current direction, the condition of ZVS turn-OFF
for auxiliary S, has produced.

Based on above-mentioned analysis, in order to realize soft
switching, there are some constraint conditions to be considered.
First, main switch S; should be turned ON after its body diode
conducts, as shown in Fig. 4(g). Due to relative transient interval
for mode 7, it yields

1
th =tg —t5 < §T01 (57

where ¢; is the interval time between rising edge of gate signal
for S,1 and that for S;. Namely, ¢; denotes the leading turn-ON
time between .S, and S;. Ty represents the resonant period.

Second, S, should be turned OFF timely to make sure the
interval of turn-ON t,,_g,1 is shorter than the whole resonant
period but more than the half of resonant period, as shown in
Fig. 5(f) and (g), respectively. The responding equations are
given by

1
§Tol < th - t5 = ton-Srl < Tol- (58)

Finally, the absorption capacitor should be discharged com-
pletely by the resonant inductor to guarantee conduction for
anti-parallel body diode of main switch S;

1 . . 1
— L1 (ine (t6) —inka(te))? > =Cs1Ucsi® (t6).

59
5 > (59)
Noticing that

UCsl(tG) = UC(:l

irka(te) = irka(t7) = iLm1 — N(ipg2 +ipo1)  (60)

_ (M N
= (3 —p)l-

And the currents of resonant inductor iy,,.; at t; and #; can be
obtain as

iLrl (tﬁ) = U(#YU) sinw01 (t(; — t5)
inr1(tr) = ipr(ts) cos(woea(ty —tg)) (61)
— Yot sin(wya (ts — t5))
where wo1=1/VL,1-Cr1, Zot=+/L:1/Cr1, wor=1/

VLr1-Cr1-Cs1/(Cri+Cs1)s Zoa=+/Lr1:Cs1/Cr1(Cr1+Cs1).
Considering the relatively short interval for mode 7, it is
ignored in the resonant process. And iy, is established mainly
during mode 6 (#5—#5). At 7, end of mode 7, if the current of
resonant inductor iy,; reaches its maximum value and is more
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Fig. 9. ZVS load boundary according to resonant inductance.

than the current of leakage inductance i 1., , the critical condition
of ZVS turn-ON would be produced for the main switch. Hence,
it should satisfy the following expression at least:

Ucst(t . Ucsi(t
irr1(t7) =g (te) = 70'Zli 6) smg = 70"215 6).

With combination of formulas (59)-(62), it yields

Uo(l _D) /Crl . /Csl — U /Crl o /Csl
2(1 +N) Lrl Lrl o Lrl Lrl
>

> 1. (63)

(62)

It is revealed that the smaller value of resonant inductor guar-
antees ZVS turn-ON for the main switch under the given param-
eters and load current.

To sum up, if the soft-switching operation is implemented,
formulas (57), (58), and (63) should be satisfied.

From (45), it is obvious that the ZVS turn-ON condition for
main switch S; is dependent on resonance inductance rather
than load. The boundary cure between ZVS and non-ZVS range
against L, is shown in Fig. 9. Considering the parameters based
on design in Sections III-B and C, if it is guaranteed to realize
ZVS turn-ON condition for the main switch from light load to
full load, the boundary of resonant inductance L, ,ax _zv s 1S
2 1H, as the red arrow shown in the curve. On the other hand, the
ZNV'S will be lost below the resonant inductance value of 2 ;H.
Thus, it seems that a small resonant inductance is preferable
to a wide ZVS range. However, small resonant inductance will
make much current stress for auxiliary switch, bringing about
unnecessary switching loss in auxiliary circuit. Therefore, L,
should be designed reasonably.

B. General Soft-Switching Method for
High-Step-Up Converter

To provide a general soft-switching method for high step-
up converter, one branch of the proposed topology is given
equivalence further to denote the general high step-up converter,
as shown in Fig. 10. Correspondingly, considering some modes
have short internal, the key waveforms of the proposed converter,
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as shown in Fig. 11, could be simplified for better understanding
the general soft-switching principle.

The input current source /;;,; and the controlled current source
1, yields based on Fig. 10 and 11

L1 +05-D - T - i — it t € (ty, tg)
I . j 1+ 0.5 Vin tE(tl,t4)
inl =%Lk1 = =
! Lkl in1—05-D-T-h+%~tﬁE(t/o,ﬁ/g)
j a1 —05-D- Vi tE(tg,t/)
(64)
iDo1 +ipe1,t € (t1,t4)
S iDo1,t € (ta,t
Lt = fliporiper) = 4 2ot € () (65)

ipfi,t € (', t's)
0, else

where I;,; denotes the average current and it equals to 0.5M I,.
For the controlled current source /,1, it is determined by ¢p,1,
ipri1, and ip.;. Notice that there is only current of ip,; at
the beginning of resonant period and zero current at the end
of resonant period. Here, parasitic capacitance of S; could be
employed as a part or whole C;, which not only takes part in
the ZVS-OFF process but also helps feed energy to resonance
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PROTOTYPE PARAMETERS AND COMPONENTS

Parameters Value/Description
Input voltage (Uin) 15~30 VvV
Output voltage (U,) 270V
Maximum output power(P,) 1000 W
Switching frequency of main switch (f) 50 kHz
Duty cycle of main switch (D) 0.55~0.80 (D=0.7 at
Un=21V)

IXFP76N15T2 (s =0.02 Q)
KDM's iron Silico aluminum
powder ring core KS226-060A( 71
=0.025Q, V. =44.5 cm®, 4= 2.29
cm?, L, = 100 uH, N= 1, N, =27,

MOSFET
Coupled-inductor

Resonant inductor (L,1/ L,2)

Resonant capacitor(Cy; /Cr2) Li=3.5 pH)

Absorption capacitor(Cs; /Csz) 2 uH
180 nF
30 nF

Clamped/switched .
. 5x1 pF film capacitor (rc=
capacitor(Cc;,Ce2, Cr1, Cp)

Output capacitor(Co) 0.015Q)

2x47 uF electrolytic cap.//3x%

1 pF film cap. (rc= 0.01 Q)

Clamped/feedback/ output MURI1560T(Vrp=1.0 V)

diode(Dc1, D2 D1, Dy, Dor, Do) 1.5 ps
Interval time between the gate signal of S,

and that of S, (7))

Turn-on time of auxiliary switch (7};) 1us

network. If ¢z, reaches over /;;,; during the resonant process,
ZNVS-0N will be achieved. Namely, the resonant circuit acts as
an “electronics load” to absorb I;,; and provides a negative
current in S7, which guarantee ZVS-ON in essence. Hence, the
soft-switching method could be extended to other high step-up
converters conveniently.

V. EXPERIMENTAL RESULTS

To verify the performance of the proposed converter, a
1000-W prototype is implemented in the laboratory. The
KDM’s iron Silico aluminum powder ring core KS226-060A
are used as the cores of coupled inductors. Specifications of the
prototype are listed in Table I where the resonant parameters
are based on soft-switching analysis in Section IV and other
parameter are according to performance analysis in Section III.
In general, they keep in according with the parameters of the
reported converter in [25], except parameter in auxiliary circuit.
Fig. 12 provides a photograph of prototype in test platform.

The typical operation waveforms are shown in Fig. 13. The
driving signal waveforms of main switch S and auxiliary switch
Sy1 are shown in Fig. 13(a). The voltage stress across main
switch S; and clamp capacitor C; are shown in Fig. 13(b).
It is obvious that the voltage stress on S; is clamped to be
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about 80 V by clamped capacitor C..;, much lower than output
voltage. The input current #;;, and two branch currents iy, i, and
i1 iy are shown in Fig. 13(c). The input current suffers small
ripple due to the interleaved branch currents. Fig. 13(d) shows
the voltage stress on S; and switched-capacitor C'y; where the
voltage across switched-capacitor halves output voltage. The
waveforms of input and output voltages are shown in Fig. 13(e)
where the input and output voltages approach 21 and 270 V,
respectively. Obviously, a high voltage gain of 12.86 reaches
a little less than the theoretical value of 13.33. This difference
comes from the voltage drop resulting from circuit resistance
and leakage inductance.
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Fig. 14 reveals the soft-switching waveforms. The current and
voltage waveforms of the main switch are shown in Fig. 14(a).
And its zoom-in waveforms are shown in Fig. 14(b). During
the turn-OFF process, the drain-source voltage of S increases
slowly before the current through S; slows down to zero rapidly,
ZN'S operation is realized for S;. When S is turned ON, anti-
parallel diode of S; conducts with negative current through S,
and S is turned-ON under ZVS condition. Fig. 14(c) shows the
current and voltage waveforms of the auxiliary switch. Before
the auxiliary switch is turned ON, its anti-body diode has con-
ducted. Thus, the auxiliary switch can achieve ZVS turn-OFF as
well. Meanwhile, it is obvious that the ZCS turn-ON is achieved
due to the resonant inductor.

One of the merits for the proposed is alleviated diode reverse-
recovery converter and its waveforms are shown in Fig. 15. The
voltage and current of output diode Do are shown in Fig. 15(a).
And its zoom-in waveforms is shown in Fig. 15(b).The voltage
stress of output diode is about quarter of output voltage. The
current falling rate of output diode is controlled effectively to
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approximately 16 A/us, which alleviates reverse-recovery prob-
lem successfully. Insufficiently, there is parasitic capacitance for
output diode D,; and non-ignorable stray inductance in circuit.
Thus, ringing is easy to be triggered.

Considering the main asymmetrical factor, the branch cur-
rents at asymmetrical duty cycle is taken insight. When the
duty cycle of S; and S, is asymmetrical, the waveforms of two
branch currents i1, x, and iy i, and secondary current of cou-
pled inductors i7;¢; and ¢526; are shown in Fig. 16(a) and
(b), respectively. Known from the experimental results, there is
little unbalance difference. Hence, the soft-switching operation
maintains the auto-balance characteristics well.

Fig. 17(a) and (b) are the experimental waveforms of out-
put voltage and output current under load step-change. From
Fig. 17(a), it can be seen that output voltage can enter steady
state in 2.5 ms when the output power step from 270 to 540 W.
Similarly, from Fig. 17(b), it can be seen that the output voltage
can enter steady state in no more than 5 ms when the output
power steps from 540 to 270 W. It is concluded that the dy-
namic performance would never be effected by the auxiliary
soft-switching circuit.

Under different output power with changing load and fixed
output voltage, the measured efficiency comparison between
converter without soft switching in [25] and the proposed con-
verter with soft switching is shown in Fig. 18, the peak ef-
ficiency of the proposed converter could reach up to 97.2%
at P, of 500 W. Referring to efficiency calculation method in
Section III-D, efficiency at P, of 500 and 1000 W reaches up to
97.26% and 95.04%, respectively, as shown in Fig. 19, which
agree with the theory efficiency even a little deviation. Under
high current flow, a tiny measured deviation of parasitic resis-
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tance in the components may lead large loss error. Meanwhile,
Fig. 19(a) and (b) show the loss breakdown as well. Obviously,
the dominate loss of the proposed converter is the wire loss of
coupled inductor. Actually, when the switching loss is neglect,
the winding conduction loss gets dominant in high voltage gains
and high output powers, which is due to its corresponding high
current flow. Therefore, it is important to employ better-graded
wires for coupled inductors to further enhance the conversion
efficiency and the copper belt is utilized as the winding wire.

Compared with the hard-switching operation in [25], the ef-
ficiency has promoted significantly at heavy load range, but
little improvement even drop at light load because the switch-
ing loss has small weight in total loss at light load. Namely,
the loss of auxiliary circuit itself exceeds the reduced switching
loss of main switch at light load. However, the switching loss
have rising weight with the current increasing, thus, the soft-
switching operation could significantly enhance the efficiency
under heavy load. To obtain high efficiency at light load, the
auxiliary switches could be kept OFF-state, which is reason to
be called plug-play soft technology. Fortunately, the light-load
operation is relatively infrequent. Moreover, the heat stress will
be lower even with low efficiency under light-load condition
because the absolute total loss is relatively small.

VI. CONCLUSION

This paper has developed a plug-play active soft-switching
method for the current-auto-balance interleaved high step-up
dc/dc converter. With the employment of active soft-switching
method, ZVS turn-ON and ZVS turn-OFF are both realized for
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the main switches. Besides, the auxiliary switches obtain ZCS
turn-ON and ZVS turn-OFF operation as well. Hence, the soft-
switching method not only contributes to reduce switching loss
of main switches but also brings small extra loss from the aux-
iliary circuit. Meanwhile, the operation modes of the primary
converter will never be invaded, accordingly, several topology
features, such as extremely high voltage gain but low voltage
stress on power devices, complete current-auto-balance, allevi-
ated diode reverse-recovery problem, reduced input current rip-
ple, and output voltage ripple are well maintained. Based on the
theory analysis and measurement for efficiency, the proposed
converter is validated an efficiency enhancement at relatively
heavy load compared with the converter with hard-switching
operation. Thus, the soft-switching operation could be plugged-
played according to the load. Finally, the soft-switching essence
of high step-up converters is revealed and this paper provides
a general soft-switching method for the kind of high step-up
converters.
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