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An Isolated High Step-Up Converter Based on the
Active Secondary-Side Quasi-Resonant Loops

Pengyu Jia

Abstract—Resonant converter is a good solution as the isolated
high step-up converter due to its soft-switching features and less
component count. However, since the resonant tank is placed on
the primary side (low-voltage side) in most traditional resonant
converters, large input current still leads to a big proportion of
power loss. Besides, synchronous rectification (SR) is also a big
issue. The diode conducting time in a resonant converter is hard
to be predicted so a current transformer or an analog SR chip is
usually employed to detect the current zero-crossing point when
the higher efficiency is required. In this article, an isolated high
step-up converter with active secondary-side quasi-resonant tank
is proposed. Since the whole resonant tank is placed on the high-
voltage side, the current stress of the resonant capacitors and their
power loss can be greatly alleviated. Besides, the analytical solution
of the diode conducting time is derived and two SR control schemes
are proposed, without the need to detect the current zero-crossing
point. All the switches and diodes achieve the soft-switching so this
leads to a good efficiency performance. The validity is confirmed by
the experimental results of a 500 W prototype with 36-48 V input
and 380 V output.

Index Terms—DC-DC converter, high step-up converter,
secondary-side resonant loop, soft switching, synchronous
rectification (SR).

1. INTRODUCTION

HE high gain converters attract more and more attentions
T in recent years with the development of renewable energy
industry such as the fuel cell and photovoltaic (PV). For example,
the two-stage configuration constructed by a front-end dc—dc
converter and a grid-connected inverter is widely applied in the
field of PV micro-inverter system, where a high-frequency (HF)
transformer is usually employed within the dc/dc conversion
stage [1]. Due to the low-voltage (LV) solar panel connected to
the input, high step-up function must be achieved by the dc/dc
converter, as shown in Fig. 1.
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Fig. 2. Typical power distribution system diagram of the electric coach.

Besides, in the field of electrical vehicles (EVs), especially
in electric coaches, high step-up converters are also employed
and developed. There are two independent power systems in the
EVs as shown in Fig. 2, i.e., high-voltage (HV) and LV power
systems, respectively. The voltage rating of HV bus is 380—-400 V
dc, which is composed of lithium-ion batteries. The HV bus
mainly supplies the inverters of motor drive and electrical power-
steering (EPS) motor, etc. The LV bus is usually composed of
lead-acid batteries and mainly supplies the computer system,
lights, wipers, etc. If the HV bus is fault and breakdown while the
EV is driving, the EPS and drive motor will be out of control. In
case of that accident, a high step-up dc/dc converter is employed
to supply the EPS motor by using LV batteries as the input,
boosting its output up to 380—400 V dc range in an emergency
[2]. Hence, the EPS can keep working to ensure EV leave the
fast lane and stop at the emergency lane.

The isolated high step-up function can be easily achieved by a
two-stage configuration of converters [3]-[6]. However, the low
power density is the main defect. A hard-switching converter
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employing a high-ratio step-up transformer, such as a flyback,
can also obtain a high voltage gain but it usually shows a low
efficiency due to the huge switching loss. Besides, high-ratio
transformer always induces undesirable voltage spikes during
the switching process due to the leakage inductance. These
spikes increase the voltage stresses of switches. Moreover,
the reverse-recovery loss of the rectifier diode is also a big issue
and this will further degrade the efficiency. To alleviate these
problems, nondissipative snubbers are introduced into flyback
type converters to recycle the energy stored in the leakage
inductance [7]-[9]. However, the core of the coupled-inductor
(or transformer) in a flyback converter is magnetized only in
the first quadrant and not fully utilized, so it is mainly applied
in low power applications. In order to achieve a high voltage
gain, a inductor structure named “Winding-Cross-Coupled In-
ductors” (WCCI) is proposed in [10]-[13]. Correspondingly,
lots of topologies have been derived. These converters can
achieve a high voltage gain with a relatively low component
stress. However, the design process of the WCCI is complicated.
Moreover, the leakage inductance of the WCCI can also lead
to the voltage spikes. Therefore, active clamp circuit must be
introduced, which increases the complexity of the circuit.

Impedance source converter is another effective solution to
achieve high voltage gain. A shoot-through switching duration,
which is the simultaneous conducting time of both switches in
the same inverter’s phase leg, is introduced into the impedance
source converter. Hence, the energy can be accumulated in
the inductors of the impedance networks. After that duration,
the energy is released and boosts the output voltage [14]-[17].
However, the large primary-side current brings non-negligible
power loss due to the complicated impedance networks placed
at the input port, especially under high power condition. Further-
more, there exist other magnetic devices except the transformer
so the power density is decreased.

The resonant converter, such as the SRC, PRC, and LLC, can
be also applied to achieve the high voltage conversion ratio [ 18]
[26]. Since the stray parameters of the transformer can be utilized
to make up the resonant tank, the device count and the cost can be
very low. Moreover, their natural soft-switching features make
the converters show a good efficiency performance. However,
most traditional resonant converters are with a primary-side
resonant tank, so the large input current still leads to a big
proportion of power loss on the ESR of the resonant capacitors.
Some literature have tried to move the passive components,
i.e., capacitors and inductors, to the secondary side in order to
decrease the power loss caused by the large primary-side current,
such as [21]-[26]. In [21], an improved LLC converter with a
notch filter is proposed in order to decrease the current stress in
the resonant tank. By moving the notch filter from the primary
side to the secondary side, the converter shows a better efficiency.
However, the main resonant inductor cannot be moved to the
high voltage side and it still takes a big proportion of power
loss. In [22]-[24], the reverse structure of the traditional LLC
converter is employed to realize the high voltage conversion ra-
tio. By this means, the whole resonant tank is located at the high
voltage side. However, since the voltage across the magnetizing
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inductance is always clamped by the input, the resonant tank
only consists of one inductor and one capacitor. Therefore, the
gain feature is similar to a traditional SRC, which results in a very
wide frequency range especially in the light load condition. As a
result, it is normally applied to provide the fixed voltage gain but
not suitable for the variable voltage condition. In order to solve
this problem, an additional inductor can be inserted into the ac
port of the rectifier stage, so to make an equivalent LLC resonant
tank on the high voltage side [25], [26]. By this means, the gain
feature is the same as a traditional LLC converter. However, the
high voltage gain normally requires a high transformer turns
ratio [27]. Besides, the additional inductor also decreases the
power density.

It also needs to be pointed out that an important issue of
the resonant converter is the synchronous rectification (SR)
realization. To achieve high efficiency, the rectifier diode can
be replaced by active switches with proper driving pulses. Take
an LLC converter for example, since it is difficult to accurately
predict the conducting time of the rectifier switch, an SR chip
or a current transformer (CT) is usually employed to detect the
current zero-crossing point [28]-[30]. However, these additional
circuits also increase the cost and the complexity of the converter.

In this article, a quasi-resonant high step-up converter is
proposed. The converter is with the following features.

1) There are no other power devices on the primary side
except the active switches, so the primary-side loss is in a
very minor range.

The conducting time for all the switches and the rectifier
diodes can be predicted so SR can be easily realized
without detecting the current zero-crossing point.

3) The current stresses of the resonant capacitors are signif-
icantly decreased. Hence, the power loss caused by the
capacitor ESR is reduced to a great extent.
Soft-switching can be naturally realized by all the switches
and diodes.

The rest of this article is organized as follows: The operation
principle of the proposed converter is presented in Section II. The
steady-state operation process is analyzed in detail in Section III.
Design considerations are given in Section IV. Two SR control
schemes are presented in Section V and a prototype is performed
in Section VI. Moreover, a comparison between the proposed
converter and a traditional LLC converter is made in Section VII.
Finally, the conclusion is summarized in Section VIII.

2)

4)

II. OPERATION PRINCIPLE OF THE PROPOSED CONVERTER

The proposed quasi-resonant converter is shown in Fig. 3.
The primary-side circuit is realized by a full-bridge structure in
order to generate the HF voltage square waveforms. Certainly,
a half-bridge or a push-pull structure can be also employed
instead. L,. and L,,, respectively, denote the resonant and mag-
netizing inductors. To simplify the analysis, L,, is assumed
large enough so the transformer magnetizing current iy, can
be neglected. Capacitors C; and Co are employed as the split
resonant capacitors with the same value, where D1 and D5 are
in parallel with them as the clamp diodes. Capacitors C3 and Cy
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Fig. 3.

Schematic of the proposed converter.

are the output filters. Their voltages can be considered constant
and equal to half of the output. As a result, Cy, Co, and L,. make
up the resonant tank.

The converter operating modes are illustrated in Fig. 4. The
actual current directions in different stages are marked by red
arrows. The corresponding key waveforms during steady-state
operation are shown in Fig. 5 and the reference positive direc-
tions are defined in Fig. 3. The duty ratios for all the switches
are equal to 0.5 theoretically but a switching dead-time ¢4 must
be introduced into the switches S;—S4 in order to avoid the
shoot-through situation in the bridge leg.

There are eight operating modes in one switching period.
For simplicity, only the first four modes are discussed in detail
because the operation process is symmetrical.

Mode I (tg < t < t1): When S5, S3, and Sg are switched OFF
at ¢, the turn-ON signals of S1, S4, and S5 are not applied until
the switching dead time ¢, exhausts, which ranges from 7 to #;.
Under the assumption that L,,, is sufficiently large, the primary-
side and secondary-side winding currents keep zero during ¢4,
which provides the sufficient conditions for ZCS turn-ON of the
switches. The corresponding stages of Mode I is illustrated in
Fig. 4(a).

ModeII (f1 <t < t2): The turn-ON driving signals are applied
on Sy, S4, and S5 at 1. The secondary-side winding voltage, v,
can be calculated as N'V;. Therefore, the resonant current iz,
increases from zero and it flows though S5 and the body diode of
Se, s0 S5 realizes a ZCS turn-ON. The current flows through two
resonant paths: One path consists of L,., Cq, and C3. The other
path consists of L,., Co, and Cy. Because C5 and C, provide large
capacitance to filter the ripple, the resonant process is determined
by L,, Ci, and Cs. Since the primary-side winding current i,
is with the same shape of iz, S1 and S, also realize a ZCS
turn-ON at #;. The corresponding stages of Mode Il is illustrated
in Fig. 4(b).

Mode III (t2 < t < t3): At t3, veo equals V, and vy
decreases to zero, so Dy conducts while D5 is still OFF. The
resonant process is suspended at instant #o. The inductor current
ir, decreases linearly under the effect of v,, and v¢3, where
Vqp €quals NV, and vcg equals V,/2. Correspondingly, ip; is
with the same current decline rates as iy,. So does the current
in the body-diode of Sg. Therefore, a ZCS turn-OFF can be
guaranteed by both Dy and the body-diode of S¢. So the diode
reverse-recovery problem is alleviated. The corresponding stage
of Mode III is illustrated in Fig. 4(c).

ModelV (13 <t <t4): Att3, inductor current i 7, decreases to
zero. S5 is still ON but there is no current through it. So the output
stage is decoupled from the input stage. The load is supplied
only by the output filter capacitors, Cs and C4. The switches
S1, S84, and S5 are switched OFF simultaneously at 74 so the ZCS
turn-OFF can be obtained. The corresponding stage of Mode IV
is illustrated in Fig. 4(d).

The corresponding stages of Modes V-VIII are illustrated
from Fig. 4(e)—(h). They are symmetrical to Mode I-IV as
mentioned above, respectively.

III. STEADY-STATE ANALYSIS OF THE PROPOSED CONVERTER

As discussed before, the converter operating process consists
of two symmetrical parts in one switching period, so only the
first four modes are necessary to calculate its steady-state input-
output relationship.

From #; to o (Mode II), the converter operates in resonant
modes. The equivalent circuit can be described as Fig. 6. Due
to the large capacitance of Cs and Cy, the voltages v and
vy can be considered as constant voltage and equal to V,/2.
The resonant angular frequency w, is expressed as (1), where
C, is defined as the capacitance value of C; and Cs, besides,
tq denotes the dead time. The characteristic impedance R
is defined in (2). During this stage, the expressions of vy,
vee, and i, can be derived as (3)—(5), where M denotes the
voltage gain

1
y =20 fr = ——— 1
w mf T (1)
L,
Ry = 5C, (2)

Ve = Vg(% + N) cos(wpt — wyptyq) + Vg(% - N) (3

vor = Vy(N + &) — Vy(N + &) cos(w, t — wyta) (4)

_ V4(M+2N)

iLr = ~Cop—— sin(wrt — wyta). (5)

At 15, voltage v equals zero. Therefore, 7o can be expressed
as (6) according to (3)—(5)
1 2N — M

ty = — =
2= arccos(2N+M

1 2N — M

= arccos(2N Y

From #, to 3 (Mode III), the resonant process is suspended

and the resonant current iz, decreases linearly. The equivalent

circuit can be described as Fig. 7. Therefore, v, Voo, and i,
can be derived as shown in the following:

)+t

) + ta- (6)

ir = inra2) + - (NVy = )t — ) @)
ver =V, ®)
ver = 0. 9

At t3, i1, decreases to zero. According to (7)—(9), the du-
ration from 72 to #3 can be derived as shown in the following
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equation: 4ANC,
qu =21V, (2CT YTy 2N> . (11)
o 2V2MN (10) B
P (M —2N)
Because there is no current ﬂowing through L'I‘ from t3 to t5 Based on the energy conservation 1aW, the fOllOWing can be

(Modes IV and V), the average value of iy, in half switching derived:
period can be calculated as shown in the following equation:

2 t2 t3 V2
ILr_avg = T </ ir,dt +/ iert> -2 = NVgIera'ug- (12)
s t1 t2 RL
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Fig. 7. Equivalent circuit model of the proposed converter in Mode III.

Finally, the voltage conversion ratio M can be given as shown
in (13) according to (11) and (12)
N
M =2N(1+2R.Cofs) = —(2r+ fuQ)  (13)
where f,,, denotes the normalized frequency and Q denotes the
quality factor

[s
f . (14)
Ry
Q=% (15)

From above, the voltage conversion ratio M shows a linear
relationship with f;,,. Therefore, the control scheme with pulse
frequency modulation can be applied to regulate the output. The
detailed derivation for (13) can be found at Appendix I.

IV. DESIGN CONSIDERATION OF THE PROPOSED CONVERTER

A. Design Considerations for the Quasi-Resonant
Operation Modes

As discussed before, the converter operates in the quasi-
resonant modes. It can be concluded that the duration from ¢q
to t3 must be less than T,/2, where T denotes the switching
period. Therefore, the maximum switching frequency must be
restricted. So the following inequality can be derived

1
t3 —t — —t4. 16
3 1<2fs d (16)

According to (6) and (10), (16) can be simplified as the
following equation:

f%arccos <47r—li—fn}SQ> + %\/4+ @ + 2fstg < 1.

a7
It is equivalent to another expression as shown in (18). Hence,
the maximum resonant inductance L, max can be computed

2
1—2ftq (18)
SLINC. | 2,/2C; axceos (7

B. Selection of Resonant Capacitance C, and Inductance L,

For the design process of a converter, the input voltage
Vg4, voltage gain M and the nominal power Pyominal must be
given first as the specification. As shown in (13), if M keeps
constant during the load variation, f; must change. Therefore,
the maximum switching frequency fs max is corresponding
to the minimum load resistance Ry, iy, Which is determined
by (MVg)zanominal. During design process, the switching fre-
quency range should be determined firstly in order to facilitate
the transformer design process.

Since there is the N factor in (13) but not in (17), so it can
be considered as a design freedom-degree and should be deter-
mined at first. Meanwhile, the maximum switching frequency
fs_max should be also determined as the premise. Then, the
required resonant capacitance C, can be computed according



664

Specifications of output
power P, voltage gain M
and input voltage V,
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Fig. 8.  Flowchart of the determination of C; and L,..

to (13) corresponding to R nin. After that, the maximum
resonant inductance L, n,ax can be computed by (18). This
design process can be illustrated by the flowchart in Fig. 8.

C. Design Considerations for the Magnetizing Inductance L,

In the analysis above, the magnetizing inductance is assumed
sufficiently large so a ZCS turn-ON can be realized by all
the primary-side switches. However, L,,, cannot be infinity in
practical. Since the voltage across L,, is always clamped by
Vab, the maximum magnetizing current 4, can be calculated.
Correspondingly, we can also set a permissible magnetizing
current ripple Aiy,, and so to derive the minimum value for
L,,, as shown in (19) and (20). With a small value of Aiy,,,, the
primary-side switches can be considered with a ZCS turn-ON
approximately

NV,
L, = A (19)
. 2lipsi(t1)| _ 2|ipsa(ts)|

A = = . 2
1Lm N N ( 0)

D. Selection of Active Switches and Diodes

The current stresses of D1 and D5 are equal to iz,,(2), so this
value can be expressed as (21) according to (5) and (6)

Vo(M +2N)
2R,
9MN

The current stresses of S3 and S are equal to the maximum
value of iy,. This value can be computed according to the
following equation:

Z'D17D2_max = sin(wrtg — thd)

V(2 +N)
o LNy~ 1) > 3
1Lr_max, 153,54 _max —
™
5.
(22)

VyV2M N
TR0 < wi(ty — ta) <
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Fig. 9. Simulated waveform results of vpgs and vpge. (a) Simulated wave-
forms with ideal active switches as S5 and Sg. (b) Simulated waveforms with
practical switch parameters for S5 and Sg.

The current stresses of S; and S; can be derived as (23)
approximately according to the following equation:

%%"‘N), wr(tg —td> > %
iSl,SQ_max ~ NV \/ZOJVW (23)
QT7 0<wr(t2—td) <%.

From Fig. 4, the voltage stresses of S1—S4 are equal to V,, and
those of D; and D5 are equal to V,,. The voltage stresses for S5
and S can be computed according to Fig. 4, which is equal to
V,/2 — NV, theoretically. However, it should be pointed out that
there is drain-source capacitance in the active switch, which can
resonate with L,. after the inductor current decreases to zero. If
the drain-source capacitance is constant, its maximum voltage
is twice that in Fig. 9(a) because the drain-source voltages only
resonate in the positive value range due to the body diode as
shown in Fig. 9(b), which means

UDS5,6_max = Vo—2NVy. (24)

However, it must be pointed out that the drain-source ca-
pacitance Cg4s can vary with the change of the drain-source
voltage vgs. Especially in the low voltage condition, the Cg4s
can show a big capacitance value, which is normally equal to
several nanofarads. However, this capacitance can be changed
to several picofarads when its voltage increases to a high voltage
range. This nonlinear capacitance results in a slow resonant
process under a low v 45 value but a fast resonant process under a
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Fig. 10.  Key waveforms of output filter stage with consideration of ESR.

high v, value. Besides, this phenomenon also leads to a higher
voltage value in practice than the computed result in (24). To
get a more precise value for the voltage stress of S5 and S,
we first need to obtain the mathematical function expression
between C g5 and v45. By referring to the datasheet of a certain
MOSFET, a group of C g5 (Cgs = Cogs — Ciss) VErsus vgs numbers
can be obtained. Since these two variables approximately show
an power function relationship, the mathematical expression
(Cygs = flvgs) = a(vgs+b)~©) can be easily accomplished by
adding a trend curve with a simple EXCEL software or other
mathematical software. Then, by solving the following nonlinear
differential equations, we can finally obtain the maximum value
of vg4s. An example to predict the maximum voltage values of
S5 and Sg is given in Section VI

dvgs _
Cds dz’\ =1lLr

dip,
Lot + va, = % = NV,

(25)

Cys = a(vds + b)_c.

E. Selection of Output Filter Capacitors Cg and C

The filter capacitors C3 and C4 should provide sufficiently
low impedance in order to filter output voltage ripple effectively.
Usually, a high voltage rated capacitor normally shows a non-
negligible ESR value and the output ripple is mainly affected
by it. Therefore, the voltages vs and vy are with the same
waveform shapes of capacitor current i o3 and iy, as shown in
Fig. 10. Here capacitors C3 and Cy are supposed the same with
each other. The instants 7,1 and 7,5 respectively denote the time
instants when i o5 equals zero.

The output voltage v, always equals the sum of v o3 and v oy.
From #; to t2, v and vy vary in the opposite directions. The
sum of these two voltages, i.e., output voltage v, still shows a
constant voltage value. Hence, the output voltage ripple can be
calculated approximately by

AUout = Res’r (Z’CS,C47max + Iload)~ (26)

The maximum values of i3 and iy can be given in (27)
according to Fig. 4

Z.C'E':.,C4_max = Z.Lr(tZ) - Iload

M + 2N
— # sin(wrtz — wrtd) — Ti0ad
VoV2MN
0

By substituting (27) into (26), the output voltage ripple of
converter can be estimated by the following equation:

V,RespVV2MN

AUout = RO

(28)

F. Power Loss Estimation

The power loss of each primary-side switch can be computed
according to (29). With a large magnetizing inductance, the
magnetizing current is omitted here and so the switch can be
considered with a ZCS turn-ON. Note that there is also the loss
caused by the drain-source capacitance C 45 when the switch is
turned ON

t3

Pprimos - RdsfpriNQfs /

) 1
Z%Tdt + §Cdqu2fs
t1
2N — M
2 2
V(M +2N)” arccos <2N T M>

2
= RdsfpriN fs 8er(2)

2
V; (2N — M)V2MN)
4wTR(2)

AV2ZMNV2MN
3w, R2(M — 2N)

+ 5OV (29)

The power loss of the secondary-side active switch can be
distributed into three parts. When the current flows from drain to
source (#;—t3), the conduction resistance mainly contributes the
power loss and this proportion can be described as the following
equation:

t3

Psccmosfpos = Rdsfsccfs /tl Z%rdt

) ON — M

. ; V(M + 2N)” arccos <2N+J\4

— flds—sec/ s SWTR(ZJ

2
V(2N - M)V2MN)
4w, R3
AVZMNV2MN 30)

3w, R2(M — 2N)
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When the current flows from source to drain (z5—t7), this
proportion of loss can be computed as (31) since the body-diode
conducts

VF fs Vg M2
wrRo(M —2N)"
Besides, there is also the loss provoked by the drain-source

capacitance. Hence, the power loss of the secondary-side active
switch can be finally described as the following equation:

t3
Psec mos—diode = VFfs / iert = (31)
tl

Psecmos - Psecmosfpos + Psec mos—diode T %Cdsvdzsfs
(32)
where V4, can be found in (24).
The clamp-diode loss can be computed as the following
equation:

t3
Pclampfdiode = fsVF/ tq1dt
t2

_ 2f,VeV2MN {Vg(M +2N) (ta— 1)

~ w.(M —2N) 2R,

| 2NV, Vo)VaMN
2w, L,(M —2N)

_AMN fsC,.VEV,
 M-2N
 MV,Vp
==
The power loss produced by each filter capacitor can be
computed as the following equation:

(33)

8
-2
i3, cadl

PCo_esr = Resrfs /

t0

tl 5 t2 Z-L 2
= Resrfs |:/ (_Iload) dt + / ( 2T - Iload) dt
t

0 tl

t3 t5
+ / (iLr - Iload)2dt + / (*Iload)zdt
t2 t3

t6 iLr 2 t8 9
+ / (_7 - Iload) dt + / (_Iload) dt:l
t t

5 2 6
= Lpartl + PpartQ + PpartS + Ppart4 (34)
where Ppare1 10 Pparia is defined and simplified as follows:

Ppartt = Resr fsIPaq(ts — to +ts — t3 +ts — t6)

2 2N — M

= Resr 312 Ts - T
fsllond [ o arccos <2N m M)

2v2MN
_wT(MQN)] (33)

t2 Z’Lr
PpartZ - Res?‘fs/ < 2
tl

2
VZ(M +2N)
32w, R2

2
- Iload) dt

12
+ load )
Wy

- Resrfs
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X arccos 2N =M
. i
2N + M
Vi (2N = M)V2MN MV, lipaa
16w, R3

(36)

wr R

t3
Ppa'r't3 - Resrfs / (iL7' - Iload)th
t2

2Ry fsV2MN
"~ w.(M —2N)

( ) VT i0aaV2MN
X Iload -

Ry
16 iLr
Ppart4 = Resrfs/ (_7
t5

2
V2O +2N)?
32R% load

2N - MY
2N + M
2V2(2N — M)v2MN
32w, RZ '

QMNVg2 7
+ 5 (37)

2
- Iload) dt

= Resrfs

VgIloadM

1
X — arccos
Wy RO

Wy

(38)

V. IMPROVED SR CONTROL

According to Section II, the current if, always flows through
one reverse-diode of the secondary-side switch. Since the
switches S5 and Sg are present, an improved SR control scheme
can be obtained.

In Fig. 5, if the driving signal falling-edge of S5 is postponed
from 74 to t7, the SR can be actively realized by S5. Similarly,
Sg can operate in the same way. Hence, the delay time for the
falling-edge can be calculated as follows:

tr =ty =t3 —to

2V2M N 1 (
= ————— + — arccos

~ w (M —2N)  w,

AN MY
2N + M &

(39)

This SR scheme is implemented only by changing the pulse
modulation but the clamping diodes D; and D5, are still present,
so it can be defined as the “partial-SR” for the converter. In order
to achieve a “full-SR,” the clamp diodes can be replaced by
two switches (S7 and Sg) as shown in Fig. 11. Correspondingly,
the control pulses for different switches can be illustrated in
Fig. 12. The conducting time of S7 and Sg can be calculated
according to (10). The delay time for the driving rising edges
between S and Sp, that is the duration from #; to f5, can be
obtained by (6). With the full-SR control scheme, the power
loss of the secondary-side active switches can be revised from
(32) to (40), where Pgecmos-pos 18 given in (30). Besides, the
power loss of the clamp SR switch can be revised from (33)
to (41).
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Fig. 11.

Proposed converter with active clamp switch.

A
0 I /\
S1(S4) 8x(53)
0
S
Se
S7 SS
0
ty K %) Liyts 1g 17 g
Fig. 12.  Driving pulses of full-SR control scheme.

As discussed before, it is clear that the SR realization is based
on only three formulas, which are (6), (10), and (39). Since the
turns ratio N, the natural resonant angular frequency w, and
the switching dead time ¢4 are all determined beforehand, the
only variable is the voltage conversion ratio M. That means,
the SR scheme is independent of the power level. For a dc/dc
converter, the output detection circuit always exists because the
output voltage is always required to be regulated at the specified
value in most situations. Hence, we only need to add the input
voltage detection circuit to compute the time durations of #—
to(ts—tg), to—ts3(ts—t7), to—t3(t4—t7). This can be realized by a
simple resistor divider when the control system has a common
ground with the primary-side circuits. The computation can be
accomplished by a digital signal processor, such as a DSP28x
series chip. Although there are trigonometrical and square root
functions in the formulas, they can be fast solved by including
some mathematical library files provided by the supplier, such
as the “C28x Floating Point Unit fastRTS Library” provided by
Texas Instruments

1
Psec mos — 2Psec mMos—pos + icds Vd25 fs (40)

/
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Fig. 13. Photograph of the proposed converter prototype. (a) Top side.
(b) Bottom side.
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VI. EXPERIMENTAL VERIFICATION

A 500-W prototype of the proposed converter is built to verify
the theoretical conclusions. The photograph of the prototype is
shown in Fig. 13. The nominal input voltage is 42 V that can
vary from 36 to 48 V and the output voltage is regulated at 380 V.
The proposed partial-SR and full-SR schemes are both applied
to the prototype.

As shown in Fig. 8, the resonant parameters are selected with
the considerations of the maximum switching frequency fs max
and the transformer turns ratio N. Meanwhile, the maximum
value of resonant inductance, i.e., L, ,,x, must be restricted by
(18) in order to guarantee the quasi-resonant operation mode.
That means, when the resonant inductance is selected equal to
L, max, the durations f3—t4 and t7—tg are eliminated. Obviously,
the current stresses can be decreased with the increase of L,
according to (21)—(23) but note that L,. cannot exceed L; max.
Hence, L. is usually selected slightly less than its theoretical
maximum value from (18).

From (13) it can be concluded that f; ,,ax depends on the
lowest input voltage and the nominal power point. That means
the maximum switching frequency appears when Vis 36 V, V¢
is 380 V and Ry, is 289 €. In the prototype, fs max is designed
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TABLE I
DIFFERENT RESONANT PARAMETERS AND CURRENT STRESSES
CORRESPONDING TO DIFFERENT TURNS RATIO (Vg =36 V, P = 500 W,
fs_ max = 80 KHZ)

N C, L; mex Ry Jn o] Primary- Secondary-
(nF) | (uH) Q) side Peak side Peak
current (A) current (A)
1 1926 | 183 9.94 | 093 | 29.07 22.75 22.75
2 | 355 34 21.88 | 0.78 | 13.21 23.96 11.98
3 ] 164 | 41.7 | 35.64 | 0.59 | 8.11 25.08 8.36
4 1691 | 357 | 50.82 | 0.35 | 5.69 26.29 6.57
5 1.2 10.9 | 67.42 | 0.08 | 4.29 27.44 5.49
— . T — : T
".” - -
30 N=1, f,=0.93, 0=29.07
25 H ]
Resonant Parameters ]
- Selection Region i
<20 H §
& J
> J
< :
&ral ]
N=2, £,=0.78, 0=13.21 ]
10 H ]
N=3, f,=0.59, 0=8.11]
5H N=4, £,=0.35, 0=5.69 1
N=5, ,=0.08, 0=4.29 ]
' i 1 4 1 i ' 1
0.0 0.2 04 0.6 0.8 1.0
m= sJr
Fig. 14.  Resonant parameters selection region with different turn-ratios.

around 80 kHz. Hence, different values of C, can be obtained
with different selection for N values. The current stresses of both
the primary-side and the secondary-side windings are calculated
with different N values, which are listed in Table I, where the
resonant inductance is selected equal to L, ,,x from (18). The
current stresses of the secondary-side winding can be alleviated
by increasing N.

The selection region for the resonant parameters, which is
shaded with blue, is illustrated in Fig. 14 based on (17). The
different rows of Table I are marked by red points and they are on
the border line of the selection region. If the resonant inductance
is selected less than L, .y, these points move towards the
inside of the blue shaded area.

With the increase of N, f;,, will decrease gradually. This
will lead to a short-time resonant stage and a long-time diode-
clamping stage. That means the duration of #t;—t5 (f5—1g) is
decreased while the duration of ro—13 (fg—t7) is increased. It needs
to be pointed out that the leakage inductance of a transformer
with high turns ratio is hard to be controlled in a minor range
and, sometimes, this value may exceed L, ,,.x. Therefore,
the turns ratio of the prototype is finally selected equal to 3,
considering the tradeoff between the current stresses and the
design feasibility of the transformer leakage inductance.

The switch device for S5 and Sg needs to be carefully selected
based on the predicted voltage stress value. As discussed in
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Fig. 15.  Curve fitting for the C g5 of a MOSFET. (a) SCT3030ALHR (silicon
carbide MOSFET). (b) IXFH56N30X3 (silicon MOSFET).

Section IV-D, the drain-source capacitance value can lead to
higher peak voltage than the theoretical resultin (24) because the
capacitance varies dramatically with the drain-source voltage.
Strictly speaking, the resonant process in Fig. 9(b) is a nonlinear
process. This can be predicted by solving the nonlinear differen-
tial (25). The analytical solution of vgs_ax normally shows abig
value when considering the characteristics of a silicon MOSFET.
The value of C ;5 can reach more than several tens of nanofarads
but decrease to several tens of picofarads as the voltage increases.
Fortunately, this phenomenon can be alleviated by using a silicon
carbide MOSFET since the difference between its maximum and
minimum capacitances is much smaller than that of a silicon
MOSFET. Here, we take a silicon MOSFET (IXFH56N30X3) and
asilicon carbide device (SCT3030ALHR) to make a comparison
for example. Fig. 15 shows their drain-source capacitance trend
curves and the corresponding function expressions. Fig. 16
illustrates their predicted waveforms when S5 or Sg resonate
with the inductor by the Mathematica software based on (25).
Obviously, the maximum drain-source voltage exceeds the sili-
con MOSFET’S rated voltage (300 V). Besides, the phenomenon
of a fast resonance with high v 4, and a slow resonance with low
V4s 18 also observed.

However, the peak voltage is less than 240 V in the whole
operating range with the use of the silicon carbide MOSFET.
Moreover, the peak voltage will be less than this predicted value
in a practical circuit due to the existence of the stay resistance
so the resonant process shows a damped oscillation.
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Fig. 16. Predicted resonant waveforms for the Cg4s of a MOSFET.

(a) SCT3030ALHR (silicon carbide MOSFET). (b) IXFH56N30X3 (silicon
MOSFET).

Nevertheless, the minimum voltage rating for a silicon carbide
MOSFET is 650 V. Hence, the 650 V silicon carbide MOSFET is
selected as the switch device for S5 and Sg of the prototype.

Finally, the main circuit parameters of the prototype are
determined as shown in Table II. In order to achieve both the ZCS
turn-ON and turn-OFF for the primary-side and secondary-side
switches, a large L,,, value is obtained by tightly combine the
transformer core without additional air gap.

The experimental waveforms of the prototype under nominal
power condition are given in Fig. 17. The decline rate of the
secondary-side winding current, i 1,,, is restricted by the resonant
inductor L,.. Therefore, the reverse-recovery problems of D
and D- are significantly alleviated. According to (7), the current
decline rate ranges from only 1.46 to 2.6 A/us corresponding to
the whole input voltage range.

The measured efficiency curves are plotted in Fig. 18. The
power loss under nominal power and the corresponding break-
down illustrations are shown in Fig. 19. The efficiency with
full-SR control scheme is increased up to about 0.2% higher than
that with partial-SR scheme. Moreover, the loss of the resonant
capacitors only contributes less than 1% over the total loss due
to the small secondary-side current.

VII. PERFORMANCE COMPARISON WITH AN LLC CONVERTER

The LLC resonant converter shows a good efficiency perfor-
mance and it is widely applied in variety kinds of applications.
Hence, it is selected as a comparison with the proposed one.
Table III shows a brief summary of the comparison results

TABLE II
MAIN CIRCUIT PARAMETERS OF THE PROPOSED CONVERTER
Input voltage Ve 42V (36V~48V)
Output voltage vy 380V
Leakage inductance reflected
onto the secondary side L 2.96uH
Additional resonant inductance L, 28.5uH
Second.ary-s1de resonant L=LtL, 31.46uH
inductance
Secondarjy—mde magnetizing L. 6.95mH
inductance
Additional inductor winding N, 9 turns
turns
Transformer turns ratio Np:Ny 10 turns : 30 turns
Primary-side winding resistance Row 6mQ
Secondary_—s1de winding Ree 31mQ
resistance
Winding resistance of the
additional resonant inductor Raw 4.6mQ
15.8nF
Resonant capacitance C, G, (6.8nF/1.6kV CBB x2
2.2nF/1.6kV CBB x1)
Filter capacitance G, C. 10uF
P e (10uF/250V CBB x1)
Nominal Power P 500W
Primary-side MOSFETs S1-S4 FDPF045N10A
Secondary-side MOSFETs Ss, S SCT3030ALHR
. D, Dy/ RFN20TF6SFH /
Clamp diodes / SR MOSFETs S0 Se IPW6OR040CFD7

between the two converters and the detailed comparison is given
as follows.

The rectifier stage of the LLC usually employed a full-
bridge (with four diodes) or a full-wave (with two diodes)
rectifier configuration. The voltage stress of the diode in a
center-tapped rectifier structure is much larger than twice the
value of the output voltage [32]. Therefore, the full-bridge
LLC converter is normally employed under the high step-up
application [21]-[26]. The primary-side switch in either the LLC
converter or the proposed one is with the same voltage stress.
In the LLC converter, the voltage stress of the secondary-side
diode is equal to the output voltage, which is the same as the
clamp diode in the proposed converter. The voltage stress of
S5 and Sg in the proposed converter depends on the drain-
source capacitance characteristics of a MOSFET as discussed in
Sections IV and VI.

Considering the design process of an LLC converter, since the
input voltage varies in a range but the output is regulated at a
constant value, the minimum gain should be set around the gain
at the resonant frequency in order to achieve good efficiency
[27]. For the specification mentioned in Section VI, the trans-
former turns ratio can be selected equal to 380 V/48 V = 8. This
is much higher than that in the proposed converter, which only
needs 3. Moreover, the magnetizing inductance value should
be designed around 3—7 times the value of resonant inductance
so to make a tradeoff between the peak voltage gain and the
current stress [27]. This usually results in a small magnetizing
inductance and a large air gap in the core, which complicates
the transformer manufacturing process. Moreover, sometimes
the designers have to make a segmented air gap in a core so
to improve efficiency. In the proposed converter, the selection
for magnetizing inductance value is relatively free. No air gap is
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Fig. 17.  Experimental waveforms when the converter is operated with full-SR
control scheme (V, =42V, V, =380V, P =500 W). (a) Drain-source voltages
of §1 and Sz, primary-side winding current i,  (b) Drain-source voltages of
S3 and Sy, primary-side winding current i, (c) Driving pulses of S5 and S7,
resonant current i, and voltage of capacitors Cy. (d) Driving pulses of Sg and
Sg, resonant current i 7,,, and voltage of capacitors Ca. (e) Drain-source voltages
of S5 and S, resonant current i1, (f) Output voltage ripple vout(ac) without
snubber, resonant current it
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Fig. 19. Power loss and the breakdown illustration.
TABLE III
PERFORMANCE COMPARISON
Proposed | LLC
converter converter
switch/diode voltage stress - -
switch/diode current stress X v
complexity of SR realization | v X
complexity of transformer N x
manufacturing process
transformer turns ratio N X
switching frequency range x v

required so that the transformer manufacturing process is simple.
However, it should be pointed out that the switching frequency
in the LLC converter can be narrowed by a proper inductance
ratio L,, (L,, = L,,/L,.), but the voltage gain of the proposed one
shows a linear relationship with the switching frequency, which
is much wider. Hence, this is its drawback.

If the inductance ratio L,, of an optimized LLC converter is
selected around 5 as usual, the corresponding quality factors
can be obtained equal to 0.4. Considering its resonant frequency
is set around our prototype’s maximum switching frequency,
an LLC converter with L, = 3 uH, L,, = 15 pH, and C, =
1.33 uF can be obtained. In this condition, the current stresses of
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TABLE IV
DETAILED LOSS ITEMS IN A DESIGN EXAMPLE FOR THE LLC AND THE
PROTOTYPE WITH FULL-SR CONTROL SCHEME

V=36V V=42V V=48V
LLC proposed LLC proposed LLC proposed
converter converter converter
Primary-
side 2.46 2.08 2.08 1.82 1.78 1.65
switches
Secondary-
side - 2.48 2.32 - 2.24
switches
Secondary-
side diodes 4.08 4.08 - 4.08 -
transformer
primary=-1 - og 1.74 0.85 1.55 0.71 14
side
windings
transformer
secondary- | 4o 1 0.38 0.89 0.31 0.81
side
windings
Resonant | 5 ¢ 021 2.92 0.16 245 0.1
capacitors
Resonant
inductor 0.14 0.15 0.11 0.13 0.1 0.12
windings
filter 0.12 1.64 0.08 156 | 0.04 1.52
capacitors
total (W) 12.04 9.31 10.51 8.43 9.47 7.83

the primary-side and secondary-side windings are respectively
equal to 26 and 3 A. They are less than the current stresses in
the proposed converter, which are, respectively, 30 and 10 A ac-
cording to the experiment waveforms. Hence, the LLC converter
shows advantages in this aspect.

Table IV shows the loss breakdown items in a design example
for the LLC converter and our proposed prototype with full-SR
control scheme. To keep the same flux density with nearly the
same switching frequency at the nominal operating condition,
the count of the primary and secondary-side transformer turns in
the LLC converter can be designed respectively equal to 8 and 64.
Meanwhile, the count of the LLC’s resonant inductor winding
turns is equal to 3. In this condition, the ferrite loss can be consid-
ered nearly the same as the proposed prototype. Considering the
same window utilization factor (fill factor) of the transformer’s
and inductor’s cores as the prototype, the winding resistances of
the LLC’s transformer are equal to 3.84 m{2 (6 m2*8x8/10/10)
and 141 m$) (31 m2x64x64/30/30) respectively. The resonant
inductor’s winding resistance is 0.51 mS2 (4.6 mQ2%3x%3/9/9). Due
to the less Peak/RMS value of the resonant current in the LLC
converter, both the transformer and the inductor copper losses
are less than our proposed converter but the difference is not
obvious. The significant loss difference appears at the resonant
capacitors and the rectifier stages as shown in Table IV. Since the
resonant capacitance of the two converters differ greatly (1.33 uF
for the LLC versus 15.8 nF for our prototype), the selection for
the capacitors can vary greatly. For the LLC converter, here we
can use one 1 pF/100 V (ESR~20 m2) and one 330 nF/100 V
(ESR~30 m{2) capacitor to achieve the desirable value. Even if
the ESR values are only several tens of milliohms, the ESR loss
of the resonant capacitors in the LLC converter still ranges from
2.45 to 3.69 W. This is because the loss is proportional to the

square value of the large primary-side current. However, thanks
to the secondary-side resonant tank, the ESR loss of the resonant
capacitors in our proposed converter is no more than 0.21 W.
Another high loss position in the LLC converter is the rectifier
diode. Without SR, the decrease of the diode loss only relies on
the device development technology. Although the SR realization
can decrease the diode loss, however, this is a big issue for the
LLC converter under high output voltage condition [28]-[30].
The SR control relies on the accurate detection of zero-crossing
point of the resonant current, which dramatically increases the
converter control complexity because the duty ratios of the
SR driving pulses are not the same as the input-side switches.
For the secondary-side switches, the system controller needs to
accurately determine the time instant of turn-ON and turn-OFF
edges of driving pulses. As a usual method to reduce the control
complexity, it is selecting a self-driven SR chip, and distinguish-
ing the current zero-crossing point by sensing the drain-source
voltage of the SR MOSFET. However, the maximum drain-source
detection voltage rating is only about 230 V by the technology
at the present stage, which limits its application to higher output
voltage [31]. In Section V, the SR control for our proposed
converter is given in detail. Because the time durations for each
operating stage can be exactly calculated by (6), (10), and (39),
detecting the current zero-crossing point is not necessary.

VIII. CONCLUSION

A secondary-side quasi-resonant converter is proposed in
this article. There are only active switches without any passive
components on the primary side, so the power loss caused by the
large input current can be minimized. With the secondary-side
resonant tank, the current stresses and the loss of the resonant
capacitors are greatly reduced. Moreover, the resonant inductor
can be realized by only the leakage transformer inductor, or by
the sum of the leakage and an additional inductor. Furthermore,
the complexity of the transformer manufacture process is de-
creased since there is no additional air gap in the transformer
core. So the transformer design process is much easier than that
in an LLC converter.

In the proposed converter, all the active switches and diodes
can realize the soft switching naturally. Besides, the SR tech-
nology can be applied without the current zero-crossing point
detection because each period for a different operating phase can
be exactly predicted. A 500-W prototype with 36—48 V input and
380 V output is built. The experimental results have shown good
agreement with theoretical analysis.

APPENDIX

The inductor current i, is re-illustrated in Fig. 20 in order to
clearly show the analysis process.

If the integration of i, from #; to #2 is denoted by A1, it can
be expressed as shown in the following equation:

t2
A1:/ ipedt. (A1)
tl
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o 1 %)

Fig. 20. Waveforms of i,

According to (5), A; can be simplified as follows:

2
Vg(M +2N)
A = A4 b — wetq)dt
1 /ﬂ SRy sin(w wrlq)
V,(M + 2N)
2o R * (1 — cos(wyta — wytq))
V(M +2N) ON — M
T 2R ON + M
Vo
= =2C,V, A2
o Ry (A2)

where 14 is the duration from 7 to #;.

From 15 to t3, i1, decreases linearly until it equals zero at 73.
Obviously, the shape of area A, is a triangle. Hence, A5 can be
calculated according to the following equation:

t3 i Ly tg —t
A2:/ Z'ert:w. (A3)
2 2
According to (5), i (f2) can be calculated as follows:
. Vo(M +2N) .
iLr(t2) = Q(To) sin(wy,ta — wyty) (A4)

where #5 can be found from (6).
Because iy, decreases to zero at t3, the duration from 5 to #3
can be derived as follows according to the following equation:

LriLr(tQ)
Yo — NV,

L, Vg(M +2N) .
= * sin(wyto — w,t
A —N‘/g 2R0 ( 2 d)

M +2N
= _MAeN sin(w,to — wytq)

(M —2N)w,

ty —ty =

 M+2N (M -2N\’
(M - 2N)w, M+ 2N
_ 2V2ZMN
~ w.(M —2N)’
By substituting (E4), (ES), and (6) into (E3), Ay can be
simplified as the following equation:

Ay = ANV,C,

(A5)

M — 2N’

Finally, the average current value during half switching period
can be obtained as shown in (11).
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