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A Single-Switched High-Switching-Frequency
Quasi-Resonant Flyback Converter

Chong Wang *“, Shen Xu

Abstract—The demand of miniaturization of power systems has
accelerated the research on high-switching-frequency power con-
verters. A single-switched quasi-resonant flyback converter that
features low switching loss and low switching noise at high switch-
ing frequency is investigated in this paper. In order to realize near
fully soft switching, a resonant inductor of primary side and a res-
onant capacitor of secondary side are utilized to recycle the trans-
former leakage energy and realize zero-current switching (ZCS)
at turn OFF and valley switching (VS) at turn ON of the primary
switch, and ZCS at turn OFF of diode. The VS is utilized based
on the resonance between the resonant inductor and the equiv-
alent switch drain capacitor. In the closed-loop control, a pulse
frequency modulation mode with time fluctuation of switching pe-
riod is implemented to realize VS at turn ON of switch and an
ON-OFF control mode is utilized to improve the overall efficiency.
Low cost, low losses, and low switching noise are all realized in the
proposed prototype. The proposed concept has been validated on
a1 MHz 12 V/3 A prototype with 80 V dc input. The peak effi-
ciency is 90.3% in the ON—OFF mode by using GaN device without
synchronous rectification.

Index Terms—Flyback converter, high switching frequency,
quasi resonant, single switched, valley switching (VS), zero-current
switching (ZCS).

I. INTRODUCTION

LYBACK converter topology is widely used in low-power

dc—dc supplies. Nowadays, power density is becoming an
important factor for evaluating these converters. Increasing the
switching frequency is a potential solution to improve power
density. In higher-switching-frequency converters, lower induc-
tance, smaller capacitance, and transformer of less turns and
smaller cores are used.

Single-switched isolated converters have the advantages of
simple control and high stability. However, at high switching
frequency, recycling the leakage energy of the transformer, re-
ducing the switching loss, and reducing the switching noise
must be maintained. Applying soft switching, valley switching
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(VS) techniques, and using quasi-resonant converter are mostly
used methods to solve the problems. However, complex topol-
ogy, high switching loss, or large switching noise cannot all
be avoided in single-switched isolated power converters. The
efficiency improvement of signal switch isolated converters in
different literature will be analyzed as follows.

Soft-switching technique is mostly used in high-switching-
frequency converters [1]-[5]. A soft-switched single-switch iso-
lated converter is proposed in [1]. Zero-current switching (ZCS)
turn ON and zero-voltage switching (ZVS) turn OFF of switch
and ZCS turn OFF of diodes are realized. However, three induc-
tors, three capacitors, and four diodes are added compared to
forward converters leading to higher cost. Besides, too much
working intervals and large conducting loss make it hard to use
at high switching frequency. The switching frequency of the
experimental prototype is only 100 kHz. An auxiliary circuit
containing another transformer and a capacitor which replaced
the resistor capacitor diode (RCD) snubber network to recycle
the leakage energy by soft-switching technique are presented in
[2]. However, the turn ON and turn OFF of the switch was still hard
switching. The switching losses still increase with the switching
frequency and dv/dt and di/dt values are not attenuated. In [3],
both ZVS turn ON and turn OFF of switch, are realized using the
parasitic parameters of flyback converter. The switching loss is
reduced. But ZCS turn OFF of switch is not realized and di/dt
value is large. In addition, it introduces large negative current,
which means it only fits for small power application.

VS technique is another method to reduce the switching loss,
attenuate dv/dt value, and increase the switching frequency [6]-
[11]. In [6], an auxiliary circuit is utilized to realize VS tech-
nique. Near-zero-voltage turn ON of switch is accomplished,
which greatly reduced the switching loss. But ZCS turn OFF
of switch is not realized and large di/dt value is not avoided.
The maximum switching frequency is 340 kHz and the peak
efficiency is around 90%. In [7], a single-stage quasi-resonant
flyback converter is proposed for power factor correction (PFC)
and constant output voltage regulation. The switch is turned
ON at the valley of the resonance between the switch drain ca-
pacitor and the magnetizing inductance. The switching loss is
greatly reduced with VS turn ON of switch. Also the ZCS turn
OFF of switch is not realized and it only works in discontinuous
conduction modulation mode which transfers lower power than
continuous conduction modulation mode.

Quasi-resonant converter is another option [12]-[17] used in
single-switched isolated power converters to recycle the trans-
former leakage energy and reduce the switching loss. In [12],
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a single-switch quasi-resonant forward converter is realized by
adding an inductor and a capacitor. The energy of leakage in-
ductance is recycled. And the switching loss is reduced as ZCS
turn OFF of the switch and ZCS turn OFF of diode are accom-
plished. di/dt value is attenuated. But the turn ON of switch is still
hard switching leading to large dv/dt value and large switching
loss. The switching loss increases linearly with the switching
frequency. Thus, high efficiency cannot be maintained and the
maximum switching frequency is around 300 kHz. In addition,
large transformer volume is introduced by the large magnetizing
inductance. In [13], an improved flyback converter is proposed
to realize power factor correction and ZCS turn OFF of switch.
One inductor, two capacitors, and two diodes are required. The
leakage energy of the transformer is recycled. However, the turn
ON of the switch is still hard switching. The maximum switching
frequency is also around 300 kHz.

This paper proposes a single-switched high-switching-
frequency quasi-resonant flyback converter. A resonant induc-
tor and a resonant capacitor are added to the flyback converter,
which eliminates the RCD snubber network for leakage energy
dissipation. ZCS turn OFF and VS turn ON of switch and ZCS
turn OFF of diode are achieved. Based on the resonance between
the resonant inductor and the equivalent drain capacitor, VS
turn ON of the switch is applied. With VS at high switching
frequency, the switching loss is reduced and dv/dt value is at-
tenuated. In closed-loop control, a pulse frequency modulation
(PFM) mode with time fluctuation is used to realize VS turn
ON of switch and an ON—OFF mode is proposed to improve the
overall efficiency. Besides, gallium nitride (GaN) switch is also
exploited, which enables higher switching frequencies at lower
switching losses compared to silicon power switches. A 1 MHz
12 V/3 A prototype with 80 V dc input voltage is applied to
verify the proposed analysis.

This paper is organized as follows. Section II introduces its
detailed operation of the proposed topology. Section III presents
a general design procedure. Section IV discusses several control
methods for closed-loop control. Section V verifies the proposed
prototype and the measured results. The paper is concluded in
Section VI.

II. QUASI-RESONANT FLYBACK CONVERTER
‘WITH ZCS AND VS

The schematic of the proposed quasi-resonant flyback
converter is shown in Fig. 1. Compared to traditional flyback
converter, the RCD snubber circuit is eliminated. A resonant
inductor L, and a resonant capacitor C,. are added. In Fig. 1,
the transformer leakage inductance and the resonant inductance
are included in L,..

In one switching cycle, there are four time intervals as shown
in Fig. 2. vc, is the voltage of capacitor C,. i, is the primary
winding current of the transformer. 7,,, is the magnetizing current
of the transformer. ¢p is current of output diode D1, and vgs is
the switch drain source voltage. ZCS turn OFF, and VS turn ON
of switch and ZCS turn OFF of diode are realized. N,, and NV, are
the turn’s number of primary winding and secondary winding
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Fig. 1. Proposed quasi-resonant flyback converter.

Fig. 2.

Steady-state waveforms of the proposed QR flyback converter.

of the transformer. The schematic and the equivalent circuit of
the four intervals are shown in Fig. 3.

Mode a. (ty—t1): The steady-state cycle starts at ty when the
switch M; is turned ON and the output diode D; is still ON. t; is
the time when the drain-source voltage (v4s) is at its valley, i.e.,
VS at turn ON for low switching losses. The equivalent circuit
can be shown in Fig. 3(al).

The voltage of resonant capacitor C,. (vc,) is equal to the
sum of the output voltage V, and the forward voltage of
diode Dy (V). Assuming that the output diode is an ideal device
(V7 is zero), the increasing slope of i, and the decreasing slope
of ip can be expressed as in (1). Vj is the input voltage. L,, is
the magnetization inductance of the transformer and i,, is the
magnetization inductance current. 7, represents the turn’s ratio
between the primary winding and the secondary winding.
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Fig. 3. Steady-state operating modes and respective equivalent circuits. (al)
Equivalent circuit in t; o . (a2) Simplified circuitin t;o. (b1) Equivalent circuit in
ta1. (b2) Simplified circuit in to . (c1) Equivalent circuit in t35. (c2) Simplified
circuit in tzo. (d1) Equivalent circuit in t43. (d2) Simplified circuit in t43.
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The primary current 4, increases linearly as the voltage across
L, is constant. The magnetizing current i,, decreases linearly as
the voltage across the secondary winding is minus and constant.
Thus, the current flow through output diode D; (ip ) decreases
linearly. This period ends at t; when ¢p reaches zero, and the
diode D; is turned OFF

L2 = v, 4 nyV,

Ly, 22 — _p v, v

t
ip (t) = Mps (i (t) — 1, (1))

Mode b. (t;—t2): This mode starts at t;. In this period, the
switch is turned ON and the output diode D; is turned OFF. The
equivalent circuit is shown in Fig. 3(b1).

L,, L,,,and C, start to resonate in this period. For simplicity,
the circuit is simplified as Fig. 3(b2). C! is the corresponding
capacitor of C,., and v¢,’ is the corresponding voltage of v¢,.
C/ and v¢,’ can be expressed in (2).

im» Ip, and vc,” can be calculated as in (3). The analytical
expression of 4,,, 4,, and vc,” can be expressed in (4). 4, can
be seen as the sum of a linearly increasing current and a sine
wave current. When the amplitude of this sine wave current is
large enough, zero current can be obtained, and ZCS turn OFF
of switch can be realized. 7,, can also be seen as the sum of
a linearly increasing current and a sine wave current. vc, can
be seen as the sum of a cosine wave voltage and a minus dc
voltage. This period ends at t, when i, increases from below
zero current to above zero current. The time length of this period
ty; is larger than half the resonant period /w1, but smaller than
one resonant period 27/wy. Thus at ty, v, is increasing, but
lower than V,,

T
Cr. = —5 Ve = NpsUcr )

‘ps

Ly, dilzét(t’) = —U/Cr(t)

L, dlzif) — % + U/Cr(t> v

C/,W = (t) o ip (t)

i (¢ — 1) = =2l Voe i (4 (£ — 1))

wi L

V, .
+Lm -(—Lr (t - tl) + i (tl)

ip(t — 1) = T Rsin (wn (1 — 1))

Vy .
+Lm ‘ L, (t - tl) + i (tl)

Var(t —t1) = (vV'or(t1) + Vge)cos (wi(t = t1)) — Ve

L, 1 1 1
_om = —4+=). 4
Lm + Lr qu, w Clr <Lm, + Lr> ( )

Vi =

Mode c. (to—t3): This mode starts at to. In this period, the
switch is turned OFF and the output diode is OFF. The equivalent
circuit is shown in Fig. 3(cl). L,, L,,, C,, and C,g start to
resonate. C, i equivalent drain source capacitance. The circuit
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is simplified as in Fig. 3(c2). 4,,, i), and vc,” can be calculated
as in (5). In this period, ¢, can be neglected compared to the
magnetizing current i,,, . Thus, C! is charged by the magnetizing
current iy, resulting in the fast increase of v, ’. This period (t32)
is very short and variation of 7,,, is small.

In tgo period, there are two resonating frequencies, whose
analytical expressions are shown in (6). The higher switching
frequency wo; is mainly determined by L, and C,, the lower
frequency wss is determined by L,, and C!. The switch drain
voltage (v4s) is composed by one dc voltage, a resonant voltage
of frequency wo1, and a resonant voltage of frequency wos. The
lower frequency element is always small and can be ignored.
When v¢, reaches the output voltage V, at t3, this mode ends
and the output diode D is turned ON

L dm;t(ﬂ = —vlc, (1)

Lo %W = V) v, () — vas (£)

&)

cr, d'ulg; ) _ T (t) - ip (t)

Coss du{i;t(t) - Zp (t)

b —4da 1
2a L, Cl, ’
b— VPP —da 1
2a VL. Cl,
a=L,Cl.L, COSSa b= L,Coss + L, Cly + Ly, Coss. (6)

W22 =

Mode d. (t3—t4): This mode starts at t3. In this period, the
switch is turned OFF and the output diode is turned ON. The
equivalent circuit is shown in Fig. 3(d1). The voltage on the
secondary winding of the transformer is clamped at the output
voltage V,,. Thus, the magnetizing current ¢,, decreases linearly
and the transformer energy is transferred to the output capacitor.
im» Ip, Vas, and vc,” can be calculated as in (7). L, and Cogs
resonant in this period. The resonant frequency w3 is shown in
(8). This interval ends at ty. vys is at its valley and the switch is
turned ON. Assuming the resonance of vqs has no attenuation,
the valley voltage of vy is near zero. Near ZVS (VS turn ON
of switch) will be acquired. The switching loss will be reduced
greatly

diy, (T
Lm % = *nps‘/o

L0 — 4o, V, — g (2)

(N

dvas (¢ :
Coss j]t(f) = ZP (t)

vloy (t) - npsV;)

/1
= choss ) (8)

Based on the above analysis, ZCS turn OFF and VS turn ON of
switch and ZCS turn OFF of diode are realized in the proposed
single-switched quasi-resonant flyback converter. The converter
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efficiency will be improved, and dv/dt and di/dt values will be
reduced.

III. DESIGN OF THE CONVERTER

From the above analysis, ZCS turn ON and VS turn OFF
of switch is realized in the proposed single-switched quasi-
resonant flyback converter.

A. Converter Behavior

In Mode b and c, the magnetization current ¢,, increases. In
Mode a and d, the magnetization current decreases. Comparing
to traditional flyback converter, Mode b and c is the equivalent
switch ON period 7,,. t,, can be seen as equal to t3;(t3; =
ts—t1). Mode a and d can be seen as the equivalent switch OFF
period ¢ . The equivalent duty ratio D, can be expressed in
the following:

tOI] (9)

ton = t21 + 132, togg = 10 + 143, Deq = PR
on (0)

During #,, period, the average voltage of vc, in Mode b
and c is nearly equal to —L,, V;, /(nps(Ly, + L)) based on (4).
During f,¢ period, v, is equal to the output voltage. Based on
volt-second balance principle, the equivalent duty ratio D, can
be approximated as in (10). When D, is set, the turn’s ratio
will be determined. As too small or too large duty ratio will lead
to large peak current of primary winding current ¢, or diode
current ip, Deq is set between 0.4 and 0.6. Usually, D, is set
around 0.5

Tps V:)

Doy = .
a Vng /(Lm + Lr) + nps‘/o

(10)

When the equivalent duty ratio D, is set, as L, is much
smaller than L,,, D, is nearly equal to nyV,/(V, + npsV5)
and the turn’s ratio can be obtained accordingly. After L, and
L,, is obtained, the accurate turn’s ratio can be reobtained based
on (10).

After the turn’s ratio is set, the average magnetizing current
will be calculated as I, in (11). I, is the output current. As
D, is nearly constant, when the output power increases, I,
increases. The maximum value of I, is I,,, max Which can be
calculated from (12). Iy, is the input average current which
can be acquired from (13). Vj, is the input voltage. 7.q is the
efficiency of the converter at full load

I
1, = —/ ip (t)dt = npsly (1 — Deg) (11
Ts Jo
Iav,in = ImmaxDeq (12)
Pomax - V;)Io - neﬁ'Hn == ncﬂ"/;;jav,i11~ (13)

Referring to (7), the maximum voltage at the drain node of the
switch Vs max can be approximated in (14) while the attenuation
of the resonance is not considered. It is determined by the input
voltage V,, the output voltage V/,, and the transformer turn’s ratio
Nps. Vis.max Must be guaranteed to be lower than the maximum
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Fig. 4. Critical condition of the proposed method.

drain source voltage of the switch

Vasmax = 2(‘/9 + nps‘/:?)' (14)

B. Design Procedure

If ZCS turn OFF of switch is achieved when the average mag-
netizing current I,,, is equal to its maximum value Im,,, .., ZCS
turn OFF of switch can be guaranteed when I,,, is smaller than
1, max. Fig. 4 shows this critical condition of the proposed con-
verter, in which the time length of the negative current interval
of 4, in Mode b nears zero and the output power in this condition
should be equal to or larger than the maximum output power.
The parameter design would be committed in this condition.

1) Parameters Design: When the switching frequency and
the equivalent duty ratio D, is set, t,,, can be acquired from (9).
Considering (4), the length of Mode b (t2;) is three quarters of
the resonant period in the critical condition. ty; can be expressed
in (15). The length of Mode c (t32) in the critical condition is
also calculated as in (16). The total length of the two periods
(ton) is calculated as in (17)

3T L, L
tyg = —4/Cr, — 15
S ()
L,L,
t3o =4/ Cltp ———— 16
2 Lo+ L (10
3+ 2 L, L,

ton = t31 = ta1 + tgo = Cr, = Do T

o 31 21 + 132 9 I +L. eq
(17)

In Mode b, the input current 7, can be re-expressed as in (18).
Atty, as in Fig. 4, 7, is equal to zero, thus (19) is obtained. ¢,,,
is the abbreviation of magnetizing current of ¢,, att;. Referring
to (18), the input average current I, ;, can be derived in (20).
Considering energy conservation, I, i, can also be calculated
in (13). Considering (19) and (20), A and k can be obtained as
in (21). Based on (18), L,., L,,, and C}. can be calculated from
the given values of A and k. As I, in, 15, t21 and t3; already
acquired from the above design, only ¢,,; not determined. Thus,
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L,, L,,, and C, will vary with 7,,,,
ip(t —t1) = Asin (wi (t — 1)) + k(t —t1) + im1
A= nps‘/o + Vge
wlL,
V.
k= —32— 18
Lo+ Ly (1)
ip(t2) = —A+ktor + i1 =0 (19)
1 ty 1 ts
Tavin = —/ i, (t)dt ~ 7/ i, (t)dt
TS to v Ts tq v
1 /. k
=7 tm1tal + §t21 + 139
1 k
= — ( Aty; — =13 ) (20)
n( g
k= Iav,inTs - Z"m1t31
tartsr — t3,/2 (21)
A = ktyr + i

After L,, L,, and C, are acquired, the turn’s ratio of the trans-
former n,s can be obtained. Based on the analysis in Section II,
the voltage of the resonant capacitor v¢, can be expressed as in
(22). Based on volt-second balance principle, the integration of
v, in one switching period is zero as in (23), and the accurate
value of the turn’s ratio n,,; can be obtained as in (24)

vl (t—to) =nps Vo, to <t <ty

vl (t—t1) = (nps Vo +Vge) cos (wi (t—t1)) = Ve, t1 <t <ty

Vi (E—to) ==V + s (t — ) 1y <t <t

Uﬁ’,r(t - t3):npsv:7;t3 <t <ty
(22)
“ nysVe 3m+3 T.
Ldt =22 T Ty V=2 =0 (23
Zn vcr() 211}1 le g +np V. 5 0 ( )
3m+3 T, v,

s = Ve V;)* - . 24
np 2'[1)1 g /( 2 2'lU1) ( )

When ¢,,, is determined, L,,, L., C,, and n,s will be cal-
culated based on (18), (21), and (24). There are many choices
of the converter parameters when i,,; varies. The power loss
calculation of different turn’s ratio s is shown in Fig. 5. The
total power loss is at its minimal value when n,, is equal to 4.72
(when i, is equal to 0.76 A). For simplicity, n,s is taken as
4.5 (when 1,1 is equal to 0.54 A). The primary winding turn’s
number [V, and the secondary winding turn’s number NN of the
planar transformer are 9 and 2. When n is equal to 4.5, as in
Fig. 6, L,,,, L,, and C,. can be determined. L,, is 21.4 uH, L,
is 5.2 uH, and C, is 30 pF.

2) Transformer Design: Based on the above analysis,
the maximum magnetizing current i,,max Of the transformer
is 2.51 A. The maximum flux density By,.x can be applied to
determine the turn’s number of the transformer as in (25). IV,
is the primary turn’s number; A, is effective area of the planar
transformer core. The primary winding turns is nine and the sec-
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Fig. 5. Relationship between the power loss and the transformer turn’s ratio.
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Fig. 6. Relationship between different parameters.

ondary winding turns is two. The ER23/3.6/13 core from Ferrox-
cube Corporation is chosen due to its large cross-sectional area,
and window width and core of 3f46 material is used as its low
core loss at high switching frequency. The detailed description
of the transformer is shown in Fig. 7. Three printed circuit board
(PCB) boards of four layers are stacked to form the transformer
windings. The primary winding turns number of the top layer,
the middle layer, and the bottom layer are 3.5, 3.5, and 2, and
these primary windings of three layers are series connected. The
secondary winding turns number of the three layers are all equal
to two. These secondary winding of three layers are parallel
connected

L7TL Immax

Bmax =
NA,

(25)

IV. CONTROL OF THE PROPOSED CONVERTER

After the parameters are set, the closed-loop control of the
proposed converter should be considered. Based on (10), when
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Fig. 7. Transformer construction. Core: ER13/3.6/13, core material 3f46.

the input and output are set, the stable equivalent duty ratio
Deq_s and the stable switching period ¢, , are acquired.

A. PFM Control Modes

As analyzed above, the equivalent switch-ON time ¢, is de-
termined by the initial magnetizing current at t; (4,,1), only
the switch period ¢ can be modulated in closed-loop control.
When the load changes from light to heavy, the average mag-
netizing current [, needs to be improved to maintain constant
output voltage. I,,, is improved by reducing the switching period
ts. When the load changes from heavy to light, the switching
period ¢, is improved to reduce I,,, and reduce the power trans-
ferred to the output. Thus, in closed-loop control, the switching
period is used to modulate the average magnetizing current /,,
and modify the output power.

In Fig. 8(a), the switching period ts is used to realize constant
output control with PFM mode. While the control is stable, the
switching period #s is stable. As the resonance period tvalley in
Mode d determined by Lr and Coss is unchanged, VS turn ON
of switch cannot be guaranteed in PFM mode. In Fig. 8(a), the
switch is turned ON between the (n)th valley and the (n+1)th
valley of the switch drain voltage (v4s). And the switching loss
cannot be ignored. Thus, a fluctuation of the switching period
is introduced in PFM mode shown in Fig. 8(b). The switch is
turned ON at the closest valley of v44 near the end of the given
switching period £s. Assuming that the time length between the
(n)th valley of vqs and the switch ON interval is Atvalley. If
Atvalley is lower than half of tvalley, the switch will be turned
ON at the (n) th valley of vqs. Otherwise, the switch will be
turned ON at the (n + 1)th valley of vqs. VS turn ON of switch
is realized and the switching loss is greatly reduced. tvalley is
calculated by comparing the primary winding current ip to zero
current. We defined this improved PFM mode as PFM mode
with time fluctuation.
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Fig. 8. Two PFM control methods of the proposed converter. (a) Normal PFM
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Fig. 9.  ON—OFF mode using PFM mode with fluctuation of switching period.
(a) Waveform of PFM mode with fluctuation. (b) Waveform of ON—OFF mode.
(c) Waveform of ON mode.

B. onN—oFF Control Mode

Assuming that the average magnetizing current [, is equal
to I, psm in PFM mode with fluctuation of switching period,
11, pfm 18 smaller than or equal to its maximum value I,;, 1 ax. To
reduce the power loss further, ON—OFF mode is applied as shown
in Fig. 9(b). During ON mode, the average magnetizing current
I, is equal to I, ,.x. The output voltage V, will increase
during ON mode as the input power is larger than the output
power. When V,, reaches its upper limit V,,x, OFF mode is used
and the switch keeps OFF. No energy is transferred to the output
and the output voltage V,, decreases. When V, is lower than the
lower limit V,,,,;,,, ON mode will be activated. In ON mode, I,,, is
first improved from zero to I, 1,ax during fise period. In fapie
period, I,,, is maintained at [,;, jax-

TABLE I

PARAMETERS OF THE PROPOSED PROTOTYPE
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Quantity Values Remarks
Input voltage V=80V --
Output voltage V=12V --
Output current I=3A -
Transformer turns Np:N=9:2 -
Transformer core ER23/3.6/13 3f46 material
Primary inductance L,=22uH -
Resonant inductor L=52uH -
Resonant capacitor C=30nF -
GaN-HEMT GS66504 --

-9
Q00N
& 6@\‘0 [

!

w?

A

2018.05.03 GaN

Fig. 10.  Test board of the proposed topology.

The equivalent switching frequency will be reduced in ON—
OFF mode. The switching loss, the conduction loss, the core
loss, and the diode conduction loss are all reduced leading to
the reduction of total power loss. The total efficiency is improved
compared to the two previous PFM control modes.

The closed-loop control methods of the proposed converter
can be realized by modulating the switching period. Normal
PEFM mode can be used in this condition. However, VS turn
ON of switch cannot be guaranteed and the switching loss is
unbearable. Thus, a PFM mode with fluctuation of switching
period is used to realize VS turn ON of switch. The switching
loss will be reduced greatly. To improve the efficiency further,
an ON—OFF mode is applied to reduce the equivalent frequency,
which automatically reduces the power losses.

V. EXPERIMENTAL RESULTS

A 1 MHz 12 V/3 A prototype with 80 V dc input voltage
is established to verify the above analysis. The equivalent duty
ratio D is set as 0.5 at full load. The converter parameters
are summarized in Table I. The test board is shown in Fig. 10.
The length of the prototype is 93 mm, the width is 38 mm,
and the height is 10 mm. Since the prototype is just established
for experimental verification, the optimization of the converter
volume is not considered at present. As the switching frequency
is improved to 1 MHz, the volume of the proposed converter
can be further reduced in the future.

A. Open-Loop Waveforms

The waveforms of open-loop test are verified in this part.
Fig. 11 shows the waveforms of an open-loop test. i, is the
primary current. vqs is the drain source voltage of the GaN
switch, and vy is the driver signal of the switch. v¢, is the
voltage of the resonant capacitor. The switch is turned ON at
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fluctuation when the load is 4 €2. (d) PFM mode with fluctuation when the load is 10 2. (¢) ON—OFF mode using PFM mode with fluctuation when the load is 4 €.
(f) ON—OFF mode using PFM mode with fluctuation when the load is 10 €2.



WANG et al.: SINGLE-SWITCHED HIGH-SWITCHING-FREQUENCY QUASI-RESONANT FLYBACK CONVERTER

40Q 150"

8783

e d 4T 14 1 !
=g S = = BB AR u
I Vo 2V/grid | Vo=500mV Vo_mi
| I ) @ |
I / |
I I
| l
L. [
o i | |
| ip 1A/grid 1 ) ip 1A/grid |
o [ I
| I I
“H ! T
ol Vds 100Wgrid i 100u8/¥5d e I ‘ 2 m‘;JA—.U | ime. 200us/grid
(a) (b)
Fig. 13. Load transient response waveforms. (a) Load change from 40 to 5 2. (b) Load change from 5 to 40 (2.
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0.75
Psw Ptrans Pd Plr Pother
0.70 Fig. 16. Loss evaluation of normal PFM mode and PFM mode with
fluctuation.
T T T T T
1.0 1.5 2.0 2.5 3.0
Output Current Io(A)
B. Closed-Loop Waveforms
Fig. 14.  Efficiency comparison between the three control methods. . .
The waveforms of closed-loop control methods including the
0.92 - two PFM mode and ON—OFF mode are compared in this part.
| Fig. 12 shows the switch drain voltage v4s and the primary
0.90 - 2 winding current of two different loads when normal PFM mode
1 / is used to modulate the switching period. VS turn ON of switch
0.88 cannot be guaranteed. When the load is 4 €2, the primary peak
/ current ipca is 2.90 A and the switch is turned ON at the peak
z 0.86 — voltage of v4s. The average turn ON voltage of vgs is 182 V.
S / o g . . . .. .
5 0.84 . Thus, the switching loss is large in this condition. The efficiency
E ' is 74.1%. When the load becomes light, the magnetizing current
0.82 decreases. As in Fig. 12(b), the primary peak current drops to
)} /' 2.08 A and the turn ON voltage v45(on) drops to 100 V when the
080 g-—m—"™ load is 10 €.
" When PFM mode with fluctuation of switching period is used,
0.78 — T T T T VS turn ON of switch can be guaranteed. Fig. 12(c) shows the
0.0 0.5 1.0 1.5 20 25 3.0 switch drain voltage vqs and the primary winding current ¢,
Output Current Io(A) when the load is 4 €. The primary peak current i,e,x varies
Fig.15. Total efficiency of ON—OFF mode. from 2.32 to 3.12 A and the average turn ON voltage v4s(on)

the valley of v45 and turned OFF at zero current. ZCS turn OFF
and VS turn ON of switch and are realized. The switching loss
is greatly reduced and dv/dt and di/dt values are both reduced.
Additionally, the output diode is turned OFF at zero current;
ZCS turn OFF of diode is achieved. Nearly fully soft switching
is accomplished in the proposed converter.

is 88 V. VS turn ON of switch is realized and the efficiency is
87.9%. When the load becomes light, the magnetizing current
decreases. As in Fig. 12(d), when the load is 10 2, primary peak
current i e,k varies from 2.32 to 3.12 A and the average turn ON
voltage v4s(on) is 88 V. And the efficiency is dropped to 77.6%.

When ON-OFF mode using PFM mode with fluctuation is
used, VS turn ON of switch is realized. The efficiency reaches
90.3% when the load is 4 Q2. As seen in Fig. 14(e), ipcax varies
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Power loss comparison with traditional flyback converter. (a) Traditional flyback converter at 60 W. (b) Proposed converter at 36 W.

from 2.3 to 3.1 A when the load is 4 2. As seen in Fig. 14(f),
ipecak varies from 2.4 to 3.4 A when the load is 10 €. During
ON mode, as the magnetizing current varies around 1,,, 1,ax, the
primary peak current variation range is nearly the same.

The dynamic performance of ON—OFF mode can be shown in
Fig. 13. As the output voltage is sampled by analog-to-digital
converter (ADC) device. Almost no overshoot voltage or under-
shoot voltage is observed.

C. Efficiency Comparison

The efficiencies of the two PFM modes and the ON—OFF mode
are shown in Fig. 13. They are compared in following part.
The efficiency of PFM mode with fluctuation is larger than the
efficiency of normal PFM mode as VS turn ON of switch is
satisfied. In normal PFM mode, the switch is mostly turned
ON when the drain voltage vqg is at its high values. Thus, this
switching loss is much higher than that of PFM mode with
fluctuation.

In the two PFM modes, when the load becomes light, the
conduction loss is reduced. The transformer core loss is nearly
unchanged as variation of the magnetizing current in one switch-
ing cycle is almost unchanged. The diode conduction loss also
keeps constant as the forward voltage is nearly constant. Thus,
when load becomes light, the transformer core loss and the diode
loss occupy the majority of total power loss and the efficiencies
of the two PFM modes decrease. The efficiency fluctuation of
normal PFM mode when load becomes light is mainly intro-
duced by the fluctuation of the switch turn ON voltage [vqs(on)].

The efficiency of ON—OFF mode is larger than the efficiency
of PFM mode with fluctuation, as the equivalent switching fre-
quency is reduced. The peak efficiency is 90.3% in ON—OFF
mode at full load. In ON mode period, the power efficiency in
tiise period is lower than the power efficiency in #,p1c period.
When the load becomes light, #,ise period of ON mode is con-
stant and fs;ap1e period of ON mode becomes short. Thus, the
average power efficiency of ON mode will decrease when the
load becomes light.

The total efficiency of ON—OFF mode from 0% to 100% load is
shown in Fig. 15. The peak efficiency is 90.3% and the minimum
efficiency is 79.2%.

The loss evaluations of normal PFM mode and PFM mode
with fluctuation can be seen as in Fig. 16. Before VS turn ON of
switch is realized in normal PFM mode, the switching loss Py,
occupies nearly half of the total loss. This is why the switching
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TABLE II
COMPARISON WITH OTHER SINGLE SWITCH SOFT-SWITCHED CONVERTER
[1] [12] [14] [6] This work
Topology Forward Forward Flyback Flyback Flyback
type converter converter converter converter converter
Circuit Complex Simple Simple Complex Simple
complexity
Soft-switch | ZCS turn-on, ZVS | ZCS turn-on, | ZCS turn-on, | VS turn-on, ZVS | VS turn-on, ZCS
ing technique turn-off ZCS turn-off ZCS turn-off turn-off turn-off
Maximum 100 kHz 300 kHz 500 kHz 340 kHz 1 MHz
switching
frequency
Maximum 250 W 100 W 250 W 65 W 36 W
output power
Maximum 97.0% 90.0% 92.5% 90.5% 90.3%
efficiency

frequency is not improved to 1 MHz in traditional quasi-resonant
flyback converter. The transformer loss Py, .y are the main loss
apart from the switching loss. The output diode loss Py is also
important, which is nearly proportional to the output current.
The loss of the resonant inductor L, is P), and the other loss
iS Pother- P and Potper are much smaller than other power
losses. After VS turn ON of switch is realized in PFM mode
with fluctuation, the switching loss is reduced greatly and the
total loss is reduced a lot. Thus, the switching frequency can be
improved. The transformer loss Py, is the main part of the
power losses. The switching loss Py, and the output diode loss
P, are also important losses. The switching loss Py, is nearly
unchanged under different load. The output diode loss Py is also
important, which is nearly proportional to the output current. Py,
is much smaller than other power losses and the other loss Py per
can be neglected.

As in Fig. 17, the power loss of the proposed converter is
compared to that of traditional flyback converter. In traditional
flyback converter [18], the power loss from the leakage induc-
tance Pj.,y is the main part of the total loss, which is eliminated
in the proposed converter. In the proposed flyback converter,
the switching frequency increases, Pi;.ns and Pg,, increases, Py
is nearly constant. As the improvement of the switching loss
P is not large, the switching frequency can be improved up to
1 MHz. However, compared to traditional flyback converter, the
proportions of Py,.,s and Py, are increased at high switching
frequency.

Thus, the peak efficiency of the proposed converter is lower
than the peak efficiency of other low switching frequency con-
verters. In the future, when synchronous rectification is used, Py
will be reduced a lot and the peak efficiency can be improved to
nearly 93%.

Thermal images of the three closed-loop control methods
are shown in Fig. 18. From the total temperature of the three
conditions, the power loss of ON—OFF mode is the lowest and the
power loss of normal PFM mode is the highest. The temperatures
of the output diode D1, GaN MOSFET, and the transformer are
high. From the temperature comparisons, the switching loss
is reduced from normal PFM mode to PFM mode with time
fluctuation as GaN device temperature is reduced from about
92° to 80°. Compared to PFM mode with time fluctuation, the
transformer core loss and the switch loss of ON—OFF mode are

reduced obviously. This verified the efficiency improvement
of ON—-OFF mode compared to that of PFM mode with time
fluctuation.

D. Comparison With Other Works

This paper is compared with other single-switch soft-
switched converters as in Table II. At turn ON of switch, ZCS
turn ON can reduce the switching loss; but the power loss from
the equivalent drain capacitor cannot be reduced. This drain ca-
pacitor loss will increase linearly with the switching frequency,
and it will limit the increase of the switching frequency. Thus,
VS turn ON or ZVS turn ON of switch is preferred as the drain
capacitor loss will be reduced or removed and dv/dt value is
attenuated; and the switching frequency can be improved fur-
ther. At turn OFF of the switch, ZVS turn OFF can reduce the
switching loss, but introduce large di/dt value. ZCS turn OFF
can reduce the switching loss and reduce di/dt value. Thus, ZCS
turn OFF of switch is preferred.

Compared to other works, the switching loss of the proposed
work is smaller as VS turn ON of switch is realized; dv/dt and
di/dt values of the proposed work are both small as VS turn
ON and ZCS turn OFF of switch are accomplished. Besides,
the circuit of the converter is very simple as it has very few
components. While other similar works has more components
and the cost is higher. The switching frequency is improved to
1 MHz and the peak efficiency is 90.3%. Compared to other
single-switch soft-switched converters, high frequency, high ef-
ficiency, low switching noise, and low cost are all accomplished
in the proposed topology.

The proposed single-switched high-switching-frequency
quasi-resonant flyback converter is verified by a 1-MHz
12-V/3-A prototype with 80-V input. Soft switching including
ZCS turn OFF and VS turn ON of switch and ZCS turn OFF of
diode are achieved. Based on PFM mode with time fluctuation,
VS can be realized. The switching loss is reduced and low dv/dt
and di/dt values are obtained. The total efficiency is further
optimized by ON—OFF mode compared to the two PFM modes.

VI. CONCLUSION

A single-switched quasi-resonant flyback converter with
ZCS and VS of switch is proposed in this paper. A resonant
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inductor of primary side and a resonant capacitor of secondary
side are used to realize VS turn ON and ZCS turn OFF of switch
and ZCS turn OFF of diode. Near fully soft switching is realized.
Thus, very low cost and very high efficiency can be obtained.
To realize closed-loop control and realize VS turn ON of switch,
PFM mode with time fluctuation is applied for constant output
voltage control. Based on PFM mode with fluctuation, an
ON-OFF mode is used to improve the overall efficiency of the
converter. The proposed concept has been validated on a 1-MHz
12-V/3-A prototype with 80-V dc input voltage using GaN
MOSFET. VS turn ON and ZCS turn OFF of switch and ZCS turn
OFF of diode are verified and the peak efficiency is 90.3% using
ON-OFF mode. High frequency, high efficiency, low switching
noise, and low cost are all accomplished in the proposed topol-
ogy. The future work will focus on realization of synchronous
rectification and improve the output power up to 100 W.
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