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Analysis and Design of a High Step-up Current-Fed
Multiresonant DC-DC Converter With Low
Circulating Energy and Zero-Current
Switching for All Active Switches

Bo Yuan, Student Member, IEEE, Xu Yang, Member, IEEE, Xiangjun Zeng,
Jason Duan, Member, IEEE, Jerry Zhai, and Donghao Li

Abstract—A high-efficiency high step-up current-fed multireso-
nant converter (CFMRC) is proposed for interfacing the sustain-
able power sources, such as PV panels and fuel cells, which are
characterized by low-voltage high-current output and have strict
current ripple requirement. The proposed converter has the fea-
tures of low input current ripple, low circulating energy, achieving
zero-current switching (ZCS) for all active switches, and common
ground driving. In order to further improve the efficiency and
the power density of the CFMRC, coupled inductor and voltage
doubler are applied to the two input inductors and the output
rectifier, respectively. The operation principle of the CFMRC is
introduced. Its dc voltage gain and the ZCS conditions of both
the primary switches and the secondary rectifier are also derived
based on the steady-state analysis. Finally, a design guideline is
given. The theoretical analysis of the CFMRC was verified on a
150-W prototype. An average efficiency of 95.9% was achieved
over the entire maximum power point tracking range (23-38 V),
with a 350-V output at full load.

Index Terms—Coupled inductor, current-fed multiresonant
converter (CFMRC), step-up converter, voltage doubler, zero-
current switching (ZCS).

I. INTRODUCTION

OSSIL fuel related environmental issues and the chal-
lenges to sustainable industrialization stimulate the devel-
opment of distributed generation based on renewable energy
[1]-[14]. Some of the renewable power sources, such as PV
panels and fuel cells, are characterized by low-voltage high-
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current output and have strict current ripple requirement
[1]-[16]. Consequently, a dc—dc converter with high step-up
capability, galvanic isolation, low input current ripple, and high
efficiency is required.

Current-fed converters attract more and more interests in
such kind of applications, with their inherent properties of
high boost capability and small input current ripple. Thus, the
transformer’s turns ratio can be reduced, and the bulk input
filters can be shrunk as compared with the conventional voltage-
fed converters. However, the current-fed pulse width modulated
converters [ 17]-[23] still have the problems of high voltage and
current spikes resulting from the leakage inductance and wind-
ing capacitance of the transformer, and high voltage stress on
the rectifying diodes due to their reverse recovery. Hence, their
operating frequency should be low, and the power conversion
efficiency is also limited. Kinds of active clamping techniques
[15], [24]-[27] have been proposed to recycle the energy stored
in the leakage inductance and to alleviate the surge voltage
on the switches. Nevertheless, the additional clamping circuits
complicate the application, lower the reliability, increase the
cost, and always result in triangular switch currents which
increase the current rms values.

Resonant techniques promise high-efficiency power conver-
sion while operating at high switching frequency with their
instinctive capability of well utilizing the circuit parasitics
and achieving zero-voltage switching (ZVS) or zero-current
switching (ZCS) for the active switches [28]-[32]. Moreover,
the current-fed parallel resonant converters (CFPRCs) [33] also
have high step-up feature, with the introduced LC' parallel
resonating driven by a square wave current source. With such
techniques, not only the parasitics of the transformer can be
utilized, but also the turns ratio can be further reduced. Most
of the efforts for the CFPRCs were focused on achieving ZVS
of the primary switches no matter if the active switches were
controlled with dead time [34]-[36] or overlapping [37]-[39].
However, in low-voltage high-current input applications, ZVS
is not that much important, while ZCS is the key for switch-
ing loss elimination [40]-[42], whereas the existing leakage
inductance of the transformer still causes high voltage spikes
on the switches. References [41] and [42] proposed a resonance
between the leakage inductance and the parallel resonant ca-
pacitor to achieve ZCS turn-off and to reduce the voltage stress
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Fig. 1. Schematics of the proposed converter. (a) Without coupled inductor
and with full-bridge rectifier. (b) With coupled inductor and with voltage
doubler.

for all primary switches. Nevertheless, in order to achieve full
load range ZCS of the primary switches, the leakage inductance
was manipulated according to the heavy load condition, which
would result in a large redundant circulating current flowing
through the antiparallel diodes of the switches and, hence, the
greatly reduced efficiency at light load. Large circulating energy
within the resonant tank also produces high conduction losses
and limits the efficiency improvement of the CFPRCs. Energy
feedback was proposed to reduce the circulating energy [43].
However, the necessary extra transformer and its impact on the
quality factor make this concept inapposite for a design with
high density and voltage regulation requirements. Moreover,
the reverse recovery issue of the rectifying diodes still exists
and results in high voltage spikes on the rectifying diodes. This
limits the application of ultrafast recovery diodes with lower
voltage rating and lower forward voltage drop.

In this paper, a high-efficiency high step-up current-fed
multiresonant dc—dc converter with low input current ripple is
proposed, as shown in Fig. 1. The proposed converter consists
of a square wave current source generator, a multiresonant
tank, and an output voltage doubler [15], [26]. The current-
fed half-bridge structure is adopted as the square wave current
source generator, with its inherent merits of low input current
ripple, low primary current of the transformer, high step-up
capability, and common ground gate driving. With the expec-
tation of further improving the efficiency and reducing the size
of the converter, coupled inductor techniques [19], [44] were
finally applied to the two input inductors. The multiresonant
tank offers high voltage gain to reduce the turns ratio of
the transformer. Meanwhile, it absorbs both the self-winding
capacitances of the transformer and the junction capacitances
of the rectifying diodes into its resonant capacitor; thus, the
current spikes within the circuit are well suppressed. By op-
erating the two primary switches with overlapped conduction

time, a resonance between the leakage inductance and the
resonant capacitor is introduced during the overlapping interval
to achieve soft commutation of the primary current which
finally flows through the antiparallel diode before the switch
turning off. Thereby, the primary switches are turned off with
ZCS, and the voltage spikes across the switches are reduced.
The adopted single-capacitor output filter clamps the peak
voltage of the resonant capacitor to the output voltage during
the conduction period of the rectifying diodes, whereas during
the nonconduction period, the voltage of the resonant capacitor
could resonate down. In this way, the circulating energy within
the resonant tank and the related conduction losses are reduced,
the overshooting of the primary current is limited, and ZCS
is achieved for the rectifying diodes without any additional
efforts in full load range. For efficiency improvement, a voltage
doubler was finally selected instead of the full-bridge rectifier.
The detailed operation principle of the proposed converter is
introduced in Section II. Section III carries out a comprehensive
steady-state analysis. The dc voltage gain and the ZCS condi-
tions for all active switches are derived. Section IV develops a
design guideline for the proposed converter. Section V demon-
strates the theoretical analysis of the proposed converter on a
150-W prototype. Finally, Section VI concludes this paper.

II. OPERATION PRINCIPLE DESCRIPTION

As shown in Fig. 1(b), the current-fed half-bridge structure
includes two input inductors L;,; and Li,» and two active
switches Q; and Q. Dq; and Dq2 are the antiparallel diodes
of Q; and Q2, respectively. The multiresonant tank consists
of a resonant capacitor C),, a first resonant inductor L,,, and a
second resonant inductor L, which participates in the resonance
together with L,, and C), only during the commutation period of
the primary current i,,. L,, is performed by the transformer’s
magnetizing inductance which is much larger than L,. The
transformer’s leakage inductance and self-winding capacitance
are incorporated into L, and C), respectively. The junction
capacitances of the secondary rectifying diodes D; and D,
are also absorbed into C),. The output capacitors C; and Cy
are much larger than C, and can smooth the rectified resonant
capacitor voltage vcy,.

In order to clarify the illustration and analysis of the proposed
converter, several assumptions are first made. Li,1, Lino, C1,
and C are sufficiently large so that the input current /3, and
the output voltage V,, are constant during one switching cycle.
The active switches Q; and Q2 and the diodes, including Dq;
and D2, are ideal. The parasitics of all passive components are
not considered here.

Fig. 2(a)—(f) shows the first six operation modes of the
proposed converter during half switching cycle, and the other
six operation modes for the remaining half switching cycle are
symmetrical to the first six operation modes. Fig. 2(g) shows
the corresponding theoretical waveforms.

Before ty, Q1 is on, Qo is off, Li,; is charged by the input
voltage Vi, and Li,o transfers its stored energy to the load
through Ds. vc, is clamped to —V,/2, and L, is linearly
discharged. The current flowing through Do (ip2) is equal
to the transformer’s secondary current ¢s.. minus the current
flowing through L, (i1;).
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Fig. 2. Operating modes and waveforms of the proposed converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Theoretical

waveforms.

Mode 1 [to—t1; Fig. 2(a)]: At tg, i1, is equal to i, and ip2
drops to zero. From t; on, Q; keeps on, Q2 keeps off,
all rectifying diodes are off, the current flowing through
Lino (irin2) feeds the resonant tank formed by L, and C,,,
and L, is absorbed into L; 5. Mode 1 ends at t; when Q5
is switched on. In mode 1, Li,; is charged by Vi, and v¢,
resonates up.

Mode 2 [t1—t2; Fig. 2(b)]: From ¢1 on, both Q; and Q5 conduct
the current, terminals A and B are shorted, and all of the
rectifying diodes keep on blocking. L, participates the
resonance of L, and C, for the commutation of 7;,,5. AS i,y
oscillating from negative to positive is driven by the initial
negative v, at t1, current flowing through Qs (ig2) in-
creases, while current flowing through Q; (i¢1) decreases.
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When i, reaches zero at to, mode 2 ends. It is critical
to select a proper L,. based on the overlap time to ensure
that 7g; would drop to zero but with little overshooting,
and then, Q; could be turned off in the ZCS condition
with minimized circulating energy. During this period,
Lin1 and Ly, are both charged by V4, and vy, keeps on
resonating up.

Mode 3 [ta—t3; Fig. 2(c)]: This mode is similar to mode 2,
while ig; goes negative. Mode 3 ends at t3 when Q
gets off. In this interval, ip,,; and iz, come to their peaks,
respectively, and v, rises across zero but is lower than
V., /2.

Mode 4 [t3—ty; Fig. 2(d)]: This mode is similar to mode 3
except that the negative i flows through D after Q; is
off. When ¢ reaches zero again at ¢4, mode 4 ends. This
period is expected to be minimized by properly controlling
the turn-off point of Q; to eliminate the conduction loss on
Dqi.

Mode 5 [ty—ts; Fig. 2(e)]: From ¢4 on, Dq; blocks off,
while Qs keeps on. L, is absorbed into L;,;, and the
current flowing through Lin; (ipin1) feeds the resonant
tank formed by L,, and C),, while Lsy2 is still charged by
Vin. Mode 5 ends at ¢5 when vey, touches V, /2.

Mode 6 [t5—tg; Fig. 2(f)]: From t5 on, Q; is off, Qs is on, D
is forced on, and vcy, is clamped to V,, /2. Li,q transfers
its stored energy to the load, while L;,o is charged by
Vin. L, is charged by V, /2. The current flowing through
D1 (ip1) is equal to igee minus iz,,. Mode 6 ends at t¢ when
irp 1s equal to ig. and ip; drops to zero. Because vcy,
is clamped to V,, /2 during this energy transferring period
which takes up most part of the half switching cycle, the
circulating energy within L, and C), is minimized, and the
related conduction losses are accordingly reduced. As igec
is almost constant during this period, the decreasing slew
rate of ¢py is dominated by the well-controlled ¢r,; hence,
ZCS can be ideally achieved for D1, and the reverse recov-
ery issue is well eliminated without any additional efforts.
The same situation is also applied to Dy. Subsequently,
the general ultrafast silicon diodes with low forward volt-
age drop could be adopted by the rectifying diodes for
better conduction performance, lower cost, and higher
reliability.

III. STEADY-STATE ANALYSIS

As illustrated in Section II, there are two kinds of resonances
in the proposed current-fed multiresonant converter (CFMRC).
L, and C}, dominate the first kind of resonance during the com-
mutation of i,; from ¢; to ¢4 (modes 2—4). During this period,
L, is parallel with L, and participates the resonance with C),.
However, L, is performed by the transformer’s magnetizing
inductance, while L, would just be the leakage inductance. L,
is much (more than 40 times in the experiment in Section V)
larger than L,; thereby, L, has little affection and can be
ignored in this first kind of resonance. For the second kind
of resonances during tp—t; (modes 1) and t4,—t5 (modes 5),
L, is absorbed into Lj,1, or Li,2 and has no effect, while L,
resonates with C), to offer a high impedance to the current
source to generate the required high voltage.

Lrec

lcs lp lep
+
RL |::| V[}
@ vl o7 -

D, _— C2

Y

Fig. 3. Simplified circuit model of the proposed converter.

Obviously, L, only affects the commutation of ¢,,;. Fast and
soft commutation of 4, is ensured by the proper design of L,..
In this condition, the input voltage source and the current-fed
half-bridge together with L, can be modeled as a symmetrical
square wave current source (Fig. 3) to simplify the steady-state
analysis. In Fig. 3, the square wave current source is transferred
to the secondary side of the transformer and has a magnitude of
I;n /2N, where N represents the turns ratio of the transformer.
Such simplification would be accurate enough especially for the
derivation of the dc voltage gain characteristics of the proposed
converter as no power is transferred to the load during the com-
mutation period of i,,;. However, L, and the commutation of
ipri are critical in achieving ZCS for the two primary switches,
which will be deeply investigated later.

A. Analytical Solution of the Simplified Circuit Model

For the simplified circuit model shown in Fig. 3, four opera-
tion states are identified, and the key waveforms are shown in
Fig. 4.

In the first state, both of the rectifying diodes block the
load current, and the square wave current source icg feeds
the resonant tank formed by C), and L,. The waveform of ir,,
presents part of sinusoidal, and it could be expressed as

Too<n )

iLp(t) = ILp_pk sin (wpt — ), 5

where Iy, . is the peak value of ir,, ¢ represent its phase
angle, and

oy = )

VEL,.Cp

In the second state, D conducts the load current, i g feeds
the load, the resonant tank voltage vy is clamped to V,, /2, and
L, is linearly charged by V,,/2. For the purpose of making the
following analysis brief and clear, a conducting angle 6 is de-
fined to represent this conducting interval, and then, the afore-
mentioned resonant interval could be represented by m — 6.
The remaining two states are symmetrical to the previous two
states. In order to simplify the derivation of the analytical
solution for the simplified circuit model shown in Fig. 3,
the following formula deduction begins from the conducting
interval.
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During the conducting interval [7 — 6 to 7]

z'1rcc(t) == iCS(t) - in (t) (3)
Iin
ics(t) = N “)
_ B Vyec (1) om0
1Lp (t) - ILp_bot + Lp <t w ) (5)
Urec (t) = Vo/2 (6)

where ¢ is the output current of the resonant tank, Iz, pot is
the bottom value of iy, during the conducting interval, and w
represents the angular switching frequency.

This conducting interval ends at the time of 7/w when iy, is
equal to g and 7, drops to zero

. ™
irec (=) = 0. ()
From (3)—~(7), I 1ot and %,¢. are obtained as
I oV,
ILp_bot - ﬁ - 2wLp (8)
. V, T
eelt) = 57 (t - E) ' ©)

The load current I, is equal to the average current flowing
through the rectifier (Iyec_qv)

(10)

E\:l‘ —
\EH

irec(t) dt.

Io = Irec_av =

d

8 [deg.]

Fig. 5.

Conducting angle 6 as a function of " and Q..

By substituting (9) into (10)

V,6?
Io = Irec av = . 11
- drwL, (in
On the other hand

Vo
1, = 12
°= R, (12)

where R, represents the load resistance.
From (11) and (12), # is obtained as
mF
0=2 — (13)
\ Qc
where

F=" (14)

Wp

Ry,

== 1
Q=7 (15)
L

Z, =] L. 16
P c, (16)

Formula (13) could be further shown by Fig. 5. It is clear that
0 increases with the increasing of the load, and it can be well
controlled by modulating the switching frequency.

During the resonant interval [0 to m — ]

irec(t) = 0.

irp 1s expressed as equation (1), and the current flowing
through C), is

a7)

icp(t) =ics(t) —iry(t). (18)
The resonant tank voltage vyec 18
1 .
treclt) = vy (®) = o [ icu(t) . (19)
j2
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The boundary conditions of the resonant interval are
I in

irp(0) = 9N (20

vrec(o) = UCp(O) = - 0/2 (21)
-0

iL (”w ) = Iy ot 22)

Urec <7T9) =vCp (ﬂ-w0> :Vo/2 (23)

From (1), (8), (20), and (22), ¢ and Ir,, , are obtained as

_ sm(’r 0)
@ =7+ tan 1( £ — ) (24)
1-— Z]ZX(;% + cos (?9)
2
L | [1 2l +cos (572)]
Tep i = 5[ 1F sin? (22) @)

Because i g changes its polarity during the resonant interval,
it is necessary to deduce v, by dividing a whole resonant
interval into two periods for more detailed investigation. The
first period is defined from the beginning of the resonant
interval to the point when icg changes its polarity, and « is
used to represent this period with an angular unit of measure.

In this first resonant period [0 to «]

Iin
2N’
From (1), (18), (19), (21), and (26), v, is obtained as

ics(t) = — (26)

Zplin
2N

e ()= = “E b+ Zp T phlcos(wpt — o) —cos()} Vo 2.

27
Accordingly, the remaining resonant interval is defined as the
second resonant period [« to m — 6]

Iln
2N’

el (t) (28)

The initial condition of this period could be obtained from
the final condition of the first resonant period

« Zplina «
Urec (;)—— ONE +Zpl1p pk [cos(f—go) —cos(go)}—Vo/Z
(29)
From (1), (18), (19), (28), and (29), v, is obtained as
Z Iin 20
Vpec(t) = 2pN (wpt - F)
+ ZpIL, pi[cos (wpt — ) — cos(p)] — Vo /2. (30)

From (23)—(25) and (30), « is obtained as
T—0
2F ’

B. DC Voltage Gain of the Proposed Converter

o =

m™—0 NVOF[ 0 31)

T—v_ 1— 24
2 Zplin an

Itis especially important to reveal the gain characteristics of a
resonant converter for an adaptive control. The basis in deriving
the gain characteristics is the power balance concept and the
acknowledgement that the first harmonics of the voltage and
current of the resonant tank are the main contributions to power
transferring [45]-[48].

The first harmonics of i¢cs (icg1, shown as the dashed line
in Fig. 4) is

tost = Losi_pk sin(wt — «) (32)
where
21111
Icsi pk = N 33)

In order to find out the first harmonics of v,¢c and #yec (Vrect
and i,ec1, shown as the dashed lines in Fig. 4), vy and 4, are
rewritten as (34), shown at the bottom of this page, and

. 0,
lrec (t) = wp Ve

o 22: (t* g)v

Then, vyec1 and i,..1 are obtained as

0<t %’
L (35)

S\:!

Urecl (t) = ‘/recl_pk sin (Wt + ¢) (36)

Trecl (t) = Irecl_pk sin (wt + ¢) 37)
where Viec1 pk, @, Ireci_pk, and W can be easily derived by the
Fourier series expansion.

Then, the phase shift between vyec1 and 4.1 can be
obtained as

6=¢—1. (38)

The relationship between d and F' in different load conditions
is shown in Fig. 6.

As ¢ is negative in the possible operation region, i.e., iyec1
leads vyec1, the resonant tank’s equivalent load impedance could
be modeled as an equivalent capacitor C, together with a
paralleled equivalent resistor R, [45], [46]. Accordingly, an
equivalent ac circuit of the simplified circuit model is obtained,
as shown in Fig. 7.

Zplin

— S wpt + Zplnp_pi [cos (wpt — @) — cos (¢)] =V, /2, 0<t<2
Vrec(t) = ZSJI\;" (wpt — 22) + ZpI 1y pis [cos (wpt — ) — cos (@)] — Vo /2, < <t < ==t (34
Vol St
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Fig. 7. Equivalent ac circuit of the simplified circuit model.

The power dissipation on R, must be equal to the output
power of the converter
2
V702 o ‘/recl _pk
Ry,

SR, (39)

where Vrec1_pr 18 the peak value of vpecr.
R, is then obtained as
V2

1_pk
R. = SRRy

e (40)

Moreover, with the relationship

tan (|6]) = wCR.. (41)

C,, is obtained as

~ 2V2tan (|9])

e — P} .
WRL V;ccl_pk

(42)

In Fig. 7, Z;, represents the input impedance of the equiva-
lent ac circuit. Its amplitude is

‘/I'EC EZ
| Zin| = 7 = 2l G
esipk 14 [Q. (4 - F) — tan (|a])]
where
R
Qe = ——. (44)
Zp

Supposing the efficiency of the proposed converter is 7, then

V2
P, =2
Ry,

= T]Pm = n‘/vinlin- (45)
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From (33), (39), and (43)-(45), the dc voltage gain G =
V. /Vin of the proposed converter is obtained as

o= ey o (5

- F> tan(|§|)r. (46)

Suppose n =1 and N = 1, the dc voltage gain character-
istics of the proposed converter are then revealed in Fig. 8.
The calculated results based on (46) and the cycle-by-cycle
simulated results are marked with lines and points, respectively.
For each @y, the dc voltage gain curve stops at the bottom
limitation of the operating frequency determined by the ZCS

condition of the primary switches, as will be illustrated in the
following part.

C. Input Phase Angle of the Equivalent AC Circuit

Another important property of a resonant converter is the
input phase angle A, i.e., the phase shift between the first
harmonics of the tank voltage v 4 g and the primary current ¢,;.
In the equivalent ac circuit of the simplified circuit model, the
first harmonics of vap (vap1) is in phase with vyec1, and the
first harmonics of 4pyi (4pri1) i in phase with i.51. Hence, from

Fig. 7
A =tan"! <Qe (}17 - F) - tan(|5|)> .

Formula (47) is also shown in Fig. 9.

(47)
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D. ZCS Condition of Two Primary Switches

Achieving soft commutation of i,,; is essential for the ZCS
operation of Q; and Q5. The condition for the soft commutation
of 4,4 is that ip,; leads v 4, i.e., A should be negative, and that
there is enough energy stored in C), to help the commutation
of ipyi. During the commutation period of iy, L, resonates
with C), (here, L,, is neglected as it is always much larger than
L,). Thereby, the condition for the soft commutation of iy,; is
obtained as

A <0
1 2 « Iin 2
2Oty (5) 21 (2) :
Criterion (48), together with Fig. 9, indicates the bottom
limitation of the operating frequency. It is preferable to always
run the switching frequency above the resonant frequency to
ensure the soft commutation of i,,; in full load range, although
a larger operating frequency range would be available with
precise control.
Criterion (49) indicates the design criterion for L, as

Qva%p (%)
TR

(48)
(49)

(50)

A maximum value of L, (L, max) is then set by (50). If L,
is designed to be larger than L, ., the soft commutation of
ipri Would be failed. On the other hand, if L, is designed to
be much smaller than L, ., the energy stored in C,, would
cause too much overshooting of i, and the related circulating
energy would induce extra conduction losses which reduce the
power conversion efficiency.

With the soft commutation of 7;,;, the ZCS operation of
Q; and Qs can be achieved by properly controlling their
overlapped conduction time ATy, as

ATy 5 < AT,, < ATy (51)
where
AT o =1ty — 13 (52)
ATy 4=ty —t (53)
AT,, = (D —0.5)T (54)

and T represents the switching period. Subsequently, the limi-
tation for the duty cycle D is obtained as

ATLQ

Dinin = =2 + 0.5 (55)
AT
Dy = Tl"‘ 105 (56)

For the purpose of correctly controlling AT,,, two crite-
ria time periods AT} and AT} 4 should be calculated. A
simplified circuit model for the analysis of iy,; during the
commutation period can be derived, as shown in Fig. 10.

Here, C,, is the equivalent value of C), referred to the primary
side of the transformer

C, = N*C,. (57)

Fig. 10.  Simplified circuit model for the analysis of ¢},;; during the commuta-
tion period.

At tq1, the initial conditions of this resonant circuit are
) I
ipri(t1) = — %
1 «
vern(ta) = e ()

(58)

(59)

From t; to t4, L, resonates with Cz/)’ and the related differen-
tial equations are

~verylt) =1, 20 (60)
ioni(t) = C;)dv%f(t). 61)

Then, 4y, could be solved as

zpri(t):—%“ cos (wr(t—tl))—NiZTvcp (%) sin (wr(t-12)

(62)
where
1
= 63
w I.C, (63)
L
Ty =] —. (64)
V G
At ty and t4, here comes the following equation:
Iin
. ri t) = —. 65
ipri(t) B (65)
Finally, AT} 5 and AT} 4 could be calculated as
1 . —4ANZ.Lnvcy (2)
AT 5 — — i 1 P \w 66
1,2 o sin <N2ZTQI§1 +4U20p (%) (66)
ATy, =—. (67)
w

r

It is clear that the commutation period of ip,; (AT} 4) only
depends on w,, and it has no relationship with the operating
frequency and the load condition. In order to shorten AT 4,
proper resonant parameters, shown in Fig. 10, should be se-
lected. The relationship between ATj 5 and F' with different
Qr’s is clearly shown in Fig. 11 for practical design. Accord-
ingly, the control criterion for D is also shown in Fig. 12. Here,
the condition (AT} 5 < ATy 4 in Fig. 11 or Dpin < Dpax in
Fig. 12) for ZCS operation of the two primary switches has a
good accordance with the condition (A < 0 in Fig. 9) for the soft
commutation of ¢p;; on the bottom limitation of the operating
frequency.
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0.8 09 1 1.1 12 13

- + AT14 = AT12(QL~2) ****** AT1,2(QL~4) = = AT1.2(QL=6)

Fig. 11. Commutation times AT} 2 and ATy 4.
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Fig. 12. Control criteria for duty cycle D.

E. ZCS Condition of Rectifying Diodes

As shown in Figs. 3 and 4, the essential for ZCS operation
of the rectifying diodes is that ¢7, has to be charged up to
icg before its commutation point, and « indicates this time
margin. However, with the increase of the operating frequency,
as shown in Fig. 9, i¢g would lead v, more and more, and
hence, the margin o would decrease continuously until zero.
If the operating frequency continually increases, the advanced
commutation point of ¢ g will finally cut down the conducting
interval of the rectifying diodes; hence, there will not be enough
time for 77, to be charged up to icg before its commutation
point, and ZCS turn-off cannot be achieved for the rectifying
diodes. Fig. 13 shows the simulation results that the rectify-
ing diodes lose ZCS turn-off when the operating frequency
(350 kHz) is much higher than the resonant frequency
(250 kHz). The simulation circuit is based on the simplified
circuit model shown in Fig. 3. Although the proposed converter
also works without achieving ZCS for the rectifying diodes
and the extended operating frequency is helpful to broaden the
application of the proposed converter, the related discussion is
beyond the scope of this paper.

The ZCS condition of the rectifying diodes is obtained as

a>0. (68)

Fig. 14 describes the criterion (68) and indicates the top lim-
itation of the operating frequency for achieving ZCS operation
of the rectifying diodes.

Lose ZCS turn-off
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switching.

Simulation results while the rectifying diodes are under hard
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Fig. 14. ZCS margin « as a function of F' and Q..

IV. DESIGN GUIDELINE
A. Resonant Tank Design

1) Set the resonant frequency w,.

2) From (46)—(48), set the operating frequency range and
Q@ to fulfill the voltage regulation requirement, while
maintain the ZCS condition for the primary switches.

3) Calculate the minimum voltage gain G iy, and select the
turns ratio of the transformer (V).

4) Calculate L, and C), from (2), (15), and (16) with the
selected wy,, Rr,and Q.

5) Calculate L, from (50).

6) Manipulate all of these resonant components together
with the circuit parasitics.

B. Duty Cycle Calculation

With the derived L., C),, and IV, the duty cycle limitation can
be calculated from (55)—(57), (63), (64), (66), and (67). Practi-
cally, the duty cycle should be selected as close as possible to
Dyyax to minimize the conduction of the antiparallel diode of



YUAN et al.: ANALYSIS AND DESIGN OF A HIGH STEP-UP CURRENT-FED MULTIRESONANT DC-DC CONVERTER 973

the MOSFET. This would be helpful not only in reducing the
conduction loss but also in minimizing the reverse recovery of
the antiparallel diode of the MOSFET.

C. Input Inductor Design

As shown in Fig. 2, the input current %;, rises up during the
overlap time and declines during the off-time of any primary
switches. Hence, i, has the input ripple current of two times
the switching frequency and the peak-to-peak amplitude of

Vin
Aiy = 22BAT,
! L

(69)
where L;,1 and L;,» are assumed to have the same value as L.

With the symmetrical operation of the current-fed half-bridge
structure, the average current flowing through each input induc-
tor Ir;, is equal to half of the input current (I3, /2).

As explained in part B, ATy, can be substituted with AT 4,
and then, the design criterion for L can be obtained from (57),
(63), (67), and (69) as

. _ 2NV /LGy

Adip (70)

D. Primary MOSFET Selection

With the single capacitor instead of LC for the output filter,
the peak voltage of vap is clamped to V,/2N. However,
the existing resonance between L, and the output capacitance
of the primary MOSFET (Cl,gs) induces an overshooting of
vap when the MOSFET is turned off. An experiment-based
empirical constant of 1.5 is accepted to represent such over-
shooting. Hence, the voltage stress on the primary MOSFETs is
obtained as

Vo

(71)

With the modeled symmetrical square wave current source in
Section III, the current flowing through each MOSFET could be
considered as the pulse current with an amplitude of I, and a
duty cycle of 0.5. Hence, the rms current of each MOSFET is
obtained as

I

7 (72)

IFET_rms =

E. Voltage Stress of the Rectifying Diodes

For the rectifying diodes, the off-time voltage is clamped to
V,, and ZCS turn-off is well ensured; hence, the voltage stress
is V,.

V. EXPERIMENTAL RESULTS

The proposed converter in Fig. 1 was implemented as part of
a PV module integrated converter (MIC), as shown in Fig. 15,
with the following key specifications: maximum power point
tracking (MPPT) range V4, is 23-38 V [49], output voltage V,
is 350 V, and maximum output power P, ax is 150 W.

a0 ‘»C,.;:]-):"I {
-DC cgnv‘érf'er“’

current Sensor g o

Fig. 15. Picture of the PV MIC prototype with the proposed converter adopted
as the de—dc part.

Besides the PV modules supported by Solarfun, major com-
ponents of the prototype are listed as the following: QQ; and
Q2 (IRFB4115GPbF), Dy and D, (MURS860), transformer core
(PC44PQ32/30Z-12) and turns ratio (N7 : No =5:14), L, =
89 pH, L, = 2.24 uH, C), = 4.29nF, L;1 = Lin2 = 100 pH,
and C7 = Cy = 2.2 uF. The input capacitor C;, was not ap-
plied for the experimental illustration of the small input current
ripple property of the proposed converter. Pulse frequency
modulation is adopted as the control method, and FPGA acts as
the controller. ADP3624ARDZ with 3.3-V compatible inputs
and dual channel common ground 4-A high-speed driving is
selected as the driver.

Figs. 16-22 show the experimental waveforms of the proto-
type with an optimum design for Vi,, =23 V, V, = 350 V, and
switching frequency fs = 255 kHz. Fig. 16(a)—(c) shows vap
and iy,,; at full, 20%, and 5% loads. vy, and v are the driving
signals of Q; and o, respectively. The waveforms show that,
in full load range, two primary switches are both turned off
with ZCS, the voltage spikes and current overshooting are very
small, and no additional clamping circuit is necessary. The
oscillation of v 4 p is mainly caused by the reverse recovery of
Dq1 and Dg». Although the reverse recovery of the low-voltage
MOSFETSs’ antiparallel diodes is not severe, it is suggested
to seriously evaluate the reverse recovery performance of the
antiparallel diode when selecting the MOSFET. An external
antiparallel Schottky diode would be preferred to bypass the
internal intrinsic diode if necessary.

It is clear that, as the load comes to light, the decreased
load current conduction period releases the clamping of vcy,
and such mechanism enables downward resonance of v¢,, and
generates lower initial energy for the resonance among L.,
L,, and C,,. Although the leakage inductance is still designed
according to heavy load condition for the purpose of ensuring
full load range ZCS operation of the primary switches, the
overshooting of i, is reduced, and a little redundant circulating
current flows through the antiparallel diodes. Thereby, the nec-
essary circulating energy for the ZCS operation of the primary
switches is adaptive to the load and can be very low, and the
light load efficiency is not affected.

In Fig. 16(a)—(c), another important feature of the proposed
converter is revealed, i.e., the turn-on voltage of the primary
MOSFET also comes down as the load decreases. Hence, it
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Fig. 16.  Waveforms of vg1, vg2, vap, and iy, at (a) full, (b) 20%, and
(c) 5% loads.

can be concluded that quasi-ZVS is achieved at light load, and
this is also helpful in improving the light load efficiency of the
proposed converter.

The primary active switches have the failure risk when their
ZCS cannot be achieved. However, by following the proposed
design method in Section III-D, a stable ZCS margin can be
ensured, and little failure risk comes to the practical. Fig. 17
shows the waveforms of v4p and iy when the proposed

time [40 ms/div.]

[{ 5.00V =

- soov - s500a ) !‘io,ums

[[Zsomia/) | @ 7 440V
Hm A L ‘

Fig. 17.  Full load direct startup waveforms of v 4 g and 4.

converter starts up without any soft start techniques at full load.
Hence, the robust ZCS operation of the primary active switches
in the proposed converter is well demonstrated by Figs. 16
and 17.

However, if the freewheeling path of the two input inductors’
current is broken in case of the gate driver or auxiliary power
supply losing earlier than the input power, it will destroy the
primary active switches. This is a common issue for current-fed
converters no matter if push—pull half- or full-bridge structures
are adopted as a current source generator. Such kind of situation
should be greatly taken care of and can be well handled in
practical engineering.

Fig. 18(a) and (b) shows the vcy, the voltage of Dy (vp2),
and the current flowing through the rectifying diodes (icc) at
full and 20% loads, respectively. It can be seen that vc), is
clamped to V,,/2 for most of the switching cycle at full load.
Therefore, the circulating energy within the resonant tank is
small. vpo is clamped to V,, without any overshooting. %,cc
decreases to zero with low slew rate. Thereby, ZCS operation
is also well achieved for all of the rectifying diodes.

Fig. 19 shows iy, i1in1, and V,, when the two input inductors
are not coupled together. 71,2 is similar to ¢1,;,,17 but with 180°
phase shift; hence, the current ripple of ¢;,, is very small, and
its frequency is twice the switching frequency. Then, a small
cost-effective nonpolarity cap would be enough to filter the
input ripple current. Although two input inductors seem bulky
compared to the voltage-fed converters, the proposed CFMRC
eliminates the bulky input current ripple filters in which the
electrolytic capacitors are always necessary but have much
shorter lifetime compared to the inductors. Hence, the two input
inductors will not impact the volume of the whole converter,
but they promise a longer lifetime to the converter. Since the
input current is relatively high, the two input inductors share
the input current, which not only reduces the primary current of
the transformer and the related conduction losses but also
releases the design and thermal stress of the inductor itself
compared to a single inductor.

For further power density and efficiency improvement, cou-
pled inductor techniques are finally applied to the two input
inductors. Fig. 20 shows the related waveforms. Compared to
the noncoupled inductors, coupled inductor techniques help in
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Fig. 18.  Waveforms of vy, vp2, and drec at (a) full and (b) 20% loads.

reducing the inductance from 100 to 80 ;H and, with only one
core (3C96-E28/17/11+4128/3.5/11) for the same current ripple,
cancel part of the magnetic fluxes, hence reducing both core
and copper losses.

Fig. 21 shows the measured efficiency curve with four
FLUKE 289 multimeters within full load range. A peak ef-
ficiency of 97.2% is achieved at 60% load, and the full load
efficiency is 96.2%.

Fig. 22 shows the loss breakdown results at full load for the
proposed converter, and the unit is Wart. In Fig. 22, Pytper
represents a summary of the losses caused by the reverse
recovery of Dqq and Dqp, the losses induced by the parasitic
ringing, and the losses on the PCB circuits and terminations.

Obviously, copper losses occupy the most 30% of the total
loss. The copper losses are mainly induced by the magnetizing
current. Compared with large resonant current flowing through
the parallel resonant inductor L,, in conventional CFPRCs with
LC output filter [32], such magnetizing current is limited and
is essential in keeping the high boost capability and in achiev-
ing ZCS of the rectifying diodes of the proposed converter.
Moreover, the unavoidable magnetizing current only circulates
in the resonant tank, without going through the switching
networks; hence, the current rating of the silicon devices is not
affected, and only the secondary winding of the transformer
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should be designed with proper copper to reduce the conduction
loss.

In Fig. 22, the turn-on losses of the two primary MOSFETSs
take up almost 9% total loss. However, as the load decreases,
the turn-on voltage will decrease quickly and will not affect
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the light load efficiency much as aforementioned. Moreover,
even for lower input voltage applications, the hard switching-
on impact for the efficiency will be much smaller. Moreover,
the proposed converter certainly has the potential of achieving
much higher dc gain while maintaining high efficiency as more
than 15 times dc gain has already been achieved with a turns
ratio of only 5:14 in the current prototype.

Fig. 23 shows the measured dc voltage gain of the proposed
converter. With the designed parameters (Qr = 5.6 and N =
2.8), the experimental results demonstrate well the calculated
and simulated results shown in Fig. 8.

Finally, some modifications are applied to the resonant tank
to meet the wide input voltage requirement. The efficiency data
with different input voltages at full load have been collected
and shown in Fig. 24. Here, the efficiency is 95.3%, with a 23-V
input at full load. There is about 0.9% efficiency drop compared
to an optimum dc transformer oriented design. However, the
efficiency curve is flat over the entire MPPT range, an average
efficiency of 95.9% was achieved, and a maximum efficiency
of 96.5% was recorded at a 38-V input.

VI. CONCLUSION

A novel high-efficiency high step-up dc—dc converter with
low input ripple current has been proposed for interfacing the
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Fig. 24. Efficiency data with different input voltages at full load.

sustainable power sources, such as PV panels and fuel cells,
which are characterized by low-voltage high-current output and
have strict current ripple requirement.

The operation principle of the proposed converter is well
introduced. The current-fed half-bridge structure promises low
input current ripple, low primary current of the transformer,
high step-up capability, and common ground gate driving.
The multiresonant tank creates ZCS condition for the primary
switches, provides high voltage gain, and fully utilizes the
parasitic parameters of the transformer. The adopted single-
capacitor output filter helps in reducing the circulating energy,
in limiting the overshooting of the primary current, and in
achieving ZCS for the rectifying diodes all in full load range.
In order to further improve the performances of the proposed
converter, coupled inductor and voltage doubler techniques
were finally applied. All of these features guarantee the high
performance of the proposed converter.

Based on a comprehensive steady-state analysis for the pro-
posed converter, the dc voltage gain and the ZCS conditions
of all active switches are derived. A design guideline for the
proposed converter is also developed.

Withal, it is found that the proposed converter also works
when the switching frequency exceeds its top limitation for
ZCS operation of the rectifying diodes. However, the related
discussion is beyond the scope of this paper.

The theoretical analysis and the merits of the proposed con-
verter are verified on a 150-W prototype. An average efficiency
of 95.9% was achieved over the entire MPPT range (23-38 V),
with a 350-V output at full load.
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