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Burst Mode Control of Active-Power-Decoupling
Integrated Active Clamp Flyback PFC Rectifiers

Lei Wang ", Student Member, IEEE, Huan Li

Abstract—To mitigate the bulky and heavy twice-line frequency
power buffer in single-phase power-factor-correction (PFC) rec-
tifiers while maintaining a lower cost, active-power-decoupling
integrated active clamp flyback (iACF) PFC rectifier is recently
proposed in the literature. The solution inherits all the benefits
of conventional ACF converters such as low component count,
leakage energy recycling, and soft-switching while being able to
reduce the size of the power buffer in the system without hardware
modifications. However, existing modulation and control strategies,
based on continuous-conduction-mode (CCM), can only achieve
a high efficiency at heavy load but not at light load. This article
proposes a new modulation to improve the light-load efficiency
of IACF PFC rectifiers. By combining CCM and burst mode of
operation, this new modulation method can maintain all good fea-
tures of CCM while effectively reducing the operating frequency,
thus reducing the switching losses of the system at light load. This
article, first, reviews the existing light-load modulation methods for
ACF converters and limitations of applying these methods to iACF
are highlighted. The detailed operating principles of the proposed
modulation method are explained, and controller implementation
that supports simultaneous full-load, medium load and ultralight
load operation is developed. A 100-W laboratory iACF prototype
is developed to verify the feasibility of the proposal, showcasing
a 4-point average efficiency 91.9%, superior to the conventional
two-stage solutions.

Index Terms—Ac—dc converters, active power decoupling, burst,
efficiency, light load, power factor, soft switching.

1. INTRODUCTION

INGLE-PHASE ac—dc converters are extensively utilized
S in applications such as consumer electronics and LED
lighting. In these applications, it is highly desirable to achieve a
high efficiency and a high density at a low cost.

When power level exceeds 75 W, power factor correction
(PFC) is mandatory [1]. A two-stage power-conversion architec-
ture [2], consisting of a PFC converter and an isolated dc—dc con-
verter, is generally the de-facto solution in this power range. One
key limitation of the two-stage solution is its relatively higher
component count and thus a higher cost. To reduce the bill of
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Fig. 1. Single-stage PFC converter. (a) Power buffering at the dc output. (b)
Integrated active power decoupling.

materials, many single-stage schemes have been proposed. The
idea is to integrate the function of PFC and isolated output volt-
age regulation in a single power-conversion stage [3], [4], [5],
[6]. Most reported single-stage PFC converters, however, cannot
outperform their two-stage counterpart in terms of efficiency and
power density. One key reason is that these single-stage solutions
can only buffer the double-line frequency ripple power (inherent
with single-phase systems) at the dc output instead of at the
dc bus as the two-stage solutions do. Power buffering at the dc
output [see Fig. 1(a)] will lead to two challenges: 1) bulky buffer
capacitor. The reason is that the dc output is directly connected
to the load, typically with stringent voltage ripple requirements,
leading to increased energy storage requirements in the output
capacitors [7]. 2) High secondary-side conduction losses. The
reason is that the instantaneous power passing on to secondary
side of these single-stage PFC solutions can be twice as high
as that of the two-stage PFC converters, leading to significantly
increased secondary-side current, conduction losses, and low
efficiency [4].

To tackle the abovementioned challenges, a recent trend is to
integrate active power decoupling (APD) function [8] into these
single-stage topologies, allowing power buffering at locations
rather than the dc output without hardware modifications. The
basic principle of APD integration is to leverage the energy
storage capability of some internal capacitors (instead of the
output capacitor) in those circuits to perform power buffering
[see Fig. 1(b)]. The APD integration concepts have been suc-
cessfully demonstrated in many single-stage PFC topologies,
e.g., bridgeless Cuk rectifier [9], three-level buck rectifier [10],
and active-clamp flyback (ACF) converter [11]. Among them,
APD-integrated ACF converter 1IACF herein), which has the
same topology as ACF converter (see Fig. 2) has huge potential
to outperform both conventional single-stage [4] and two-stage
PFC solutions [12] in terms of efficiency, density, and cost.
Particularly, iACF inherits all the benefits of ACF converter such
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Fig. 2. Circuit topology of iACF converter.
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Fig. 3. Operating mode. (a) Normal (CCM). (b) DCM. (c) burst mode.

as simple structure, leakage energy recycling and soft-switching
while being able to substantially reduce the energy storage
requirement in the system.

Some early investigations have been made into the iACF
converter [11]. It is shown that the efficiency of the iACF
converter is high at full load but can be substantially reduced
at light load with the existing circuit modulation method (i.e.,
continuous conduction mode, or CCM), see Fig. 3(a). The reason
for the reduced efficiency at light load is that the operating
frequency of iACF with CCM modulation increases sharply
with the decrease of the load, leading to greater switching
losses. In many applications, such as external power supply, the
average efficiency plays a more important role than the full-load
efficiency for the sake of energy saving [13]. Thus, improving
the light-load efficiency is critical for iACF.

Conventionally, DCM/Burst mode operation can be adopted
to improve the system’s light load efficiency [see Fig. 3(b)
and (c), respectively]. However, we show (see Section II) that
most existing control and DCM/Burst modulation methods [14],
[15], [16], [17], [18], [19], [20], including the light load control
strategies of ACF converters [21], [22], [23], cannot be directly
applied to iACF converter. In particular, we show that existing
light-load control and modulation methods can lead to loss of
APD function and increased switching losses. In this article, new
light-load modulation patterns and control methods are proposed
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Fig. 5. Modulation pattern in burst mode of ACF. (a) S, and S,. (b) Sp.-

for iACF converter. Different from existing modulation patterns
of ACF, the proposed modulation pattern hybrids the CCM
and burst mode, achieving reduced current stress, switching
losses while maintaining the functions of APD, PFC, and output
voltage regulation. The light-load efficiency is improved and can
be implemented with simplicity.

The rest of this article is organized as follows. Section II
discusses existing switching patterns of ACF. Section III pro-
poses new modulations patterns. Section IV puts forward control
strategies to realize the control mode based on proposed mod-
ulation patterns. Section V discusses the practical parameters
design. Section VI reports the experimental validation. Finally,
Section VII concludes this article.

II. EXISTING MODULATION PATTERNS OF BURST MODE AND
DCM

To appreciate the fact that existing light-load modulation
methods for ACF converters cannot be directly applied to iACF
converters, a critical review of these methods and issues related
to applying these methods to iACF converters are discussed
in this section. Both gate driving signals and inductor currents
(including primary current i, and magnetizing current i, anno-
tated in Fig. 2) are highlighted to differentiate these modulation
methods.

A. Existing Light-Load Modulation Patterns of ACF
Converters

In general, light-load modulation methods for ACF converters
can be classified into two categories 1) the DCM modulation
patterns (see Fig. 4), and 2) burst mode modulation patterns
(see Fig. 5). Among the state-of-the-art ACF commercial ICs,
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Fig.6. Modulation patterns in DCM of iACF. (a) Based on Fig. 4(a). (b) Based
on Fig. 4(b).

NCP1568 (Onsemi) [21] adopts the modulation patterns in
Fig. 4, while UCC28780 (TI) [22] and UCC28782 (TI) [23]
adopt the modulation patterns in Fig. 5.

Both modulation patterns of DCM and burst mode involve a
converter active phase and a converter inactive phase. During the
active phase, S,, or S, is turned ON; during the inactive phase,
all switches are turned OFF. To maximize efficiency, S,, and
S, are often controlled in a way such that i,, and i,,; roughly
intersect at 0 A. The main difference between DCM operations
and burst mode operations is that there is only a single pulse of
switching signal pair (i.e., gSy, and gS,) between OFF intervals
with DCM operations, while there are multiple consecutive
pulses of switching signal pair between OFF intervals with burst
mode operations. The multiple consecutive pulses under burst
mode effectively make ACF work as critical conduction mode
(CRM) between OFF intervals.

The difference between Figs. 4(a), 5(a) and Figs. 4(b), 5(b) is
that S, is periodically turned ON and OFF in Figs. 4(a) and 5(a)
while constantly OFF in Figs. 4(b) and 5(b) to improve efficiency,
through the reduction of the gate-driving and switching losses
of S,.

B. Limitations of Existing Modulation Patterns

Although having identical circuit topology to ACF converter,
iACF converter cannot leverage the abovementioned modulation
patterns of ACF to improve its light load performance. Specifi-
cally, the following conditions hold.

1) Modulation pattern in Fig. 4(a): Directly applying this
modulation pattern to iACF will lead to two issues: a)
incapable of simultaneous APD and active PFC functions
and b) high switching losses.

a) Incapable of simultaneous APD and active PFC: To
show this, we first present Fig. 6(a), which shows
the operating waveforms of an iACF converter (high-
lighted in solid lines), in comparison to those of con-
ventional ACF converters (highlighted in red dotted
lines). As an iACF converter demands a much greater

Cy, (which is used to buffer the double-line frequency
pulsating power) than ACF converter does, the reso-
nant period of the equivalent circuit of iACF while S,
is ON (formulated by L}, and C},) becomes excessively
longer, leading to an almost linearly decreasing i
current profile. Particularly, the decreasing slope k;
can be approximated by
ULm — Vb

ki = I ey
which is constant, where vi,,, = nV, is the voltage
applied to L,,. Here, both vy, and v1,,,, can be assumed
constant within one switching cycle Ty since the
switching frequency f. in iACF is much faster than
dynamics of V, and vy,. In contrast, a typical ACF
converter features a resonant process with a gradually
curved up iy, current profile while S, is ON. Suppose
that Ty, is the ON time of S,,,, and T, is the ON time of
Sa, and ko, k1, ko, k3 are the current slopes annotated
in Fig. 6(a). Then, the positive peak of ip,; of iACF is

Iy = koTsm. )

Meanwhile, since iy, and i,,,; roughly intersect at 0 A,
we have

I
I+ k1 Tsq + k3 <kp - TSa) =0. 3
2

Combining (2) and (3) gives

(ks — k1)ka

(k2+k3)k0 Sa- (4)

Tsm =
Eq. (4) suggests that there is only one control freedom
in the system, i.e., either T's,, or Ts, can be indepen-
dently controlled but not both. With only one control
freedom, the PFC system cannot realize simultaneous
APD and active PFC [24]. For example, if Ts,, is
used to perform PFC function (i.e., regulating i,.), Tsa
will then be determined by (4) and cannot be flexibly
varied, losing the active discharging capability of Cy,.
Unfortunately, APD function relies on the capabilities
of both active charging and discharging of C},.

b) High switching losses: The turn-ON of S, can only
achieve ZCS but not ZVS, leading to increased switch-
ing losses at high switching frequency.

2) Modulation pattern in Fig. 4(b): Directly applying this
modulation pattern to iACF will also lose APD capability.
As shown in Fig. 6(b), the charging current of Cj, with
such amodulation pattern will always be positive, meaning
that only active charging of Cy, is possible. Additionally,
the problem of ZVS switching of S, inherent with DCM
operation is not solved.

3) Modulation pattern in Fig. 5(a): This modulation pattern
consists of N consecutive CRM switching pulses before
one OFF interval per burst period. However, similar to that
shown in Fig. 6(a), the same issues will occur except that
Sm can realize N-1 ZVS turn-ON per N switching pulses.
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TABLE I
LIMITATIONS OF EXISTING PATTERNS FROM ACF

M;:;:ﬁ: " Type Main Limitations
Fig. 4(a) DCM Loﬁfg%fsﬁvﬁgh?:lr;cltlc;:eznd
e I
Fig. 5(a) Burst mode Loss of APD function
Fig. 5(b) Burst mode Loss of APD function and
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4) Modulation pattern in Fig. 5(b): Similar to Fig. 6(b), this
modulation pattern will result in the same issues of losing
APD function and increased switching losses.
Table I summarizes the issues of applying the existing mod-
ulation patterns of ACF converter to iACF converter.

C. Other Improved Modulation Patterns

To solve the problems in Table I, other advanced modulation
patterns proposed for the control of ACF converter [13] are
discussed here. The idea is to provide a flexible Cj, discharging
interval by turning on S, before or after the turn-ON or turn-OFF
of S, (see Fig. 7). This modulation method differs from that
shown in Figs. 4(a) and 5(a) in that the ON time of S, is flexible,
as there is no need to ensure iy, and iy, to intersect at 0 A. As
the result of the flexibility, 1) the ON time of S, can be used as
an active control variable, and thus, the modulation patterns of
Fig. 7 can provide both active charging and discharging of C},,
thereby allowing iACF converter to achieve APD function, ii)
the ON time of S, can be reduced as compared to the modulation
pattern in Fig. 6(a), leading to lower current stress, which is
proportional to the ON time of S,. However, these modulation
patterns will lead to at least one hard-switching turn-ON per
DCM cycle [i.e., twice for Fig. 7(a) and once for Fig. 7(b) and
(c)], resulting in increased switching losses.

The improved DCM modulation patterns in Fig. 7 can be
further extended to burst modulation patterns. However, the
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frequent hard-switching turn-ON problem is not solved, i.e., at
least one hard-switching turn-ON per burst period, thus, cannot
be applied to iACF converters for light load efficiency improve-
ment.

III. PROPOSED MODULATION PATTERNS
A. Novel Modulation Pattern

Fig. 8 illustrates the proposed modulation pattern, which
essentially combines the CCM and burst mode of operation.
Particularly, the new modulation pattern is comprised of N
pairs of consecutive complementary gate-driving pulses (gSm
and gS,), followed by one OFF interval Ty, per burst period.
Compared to Figs. 4 and 5, the ON time of both S, and S, can
be independently controlled, thereby offering similar benefits as
the modulation patterns of Fig. 7 do, including the APD function
and reduced current stress. Different from Fig. 7, however,
the system operates similarly to CCM operation before Ty.
Therefore, the turn-oN of S, for all the N pulse signals can
realize ZVS, except for the first one, which can only realize ZCS.
As aresult, the occurrences of hard-switching turn-ON of S, can
be decreased to once per N pairs of driving pulses. In summary,
the proposed modulation pattern can realize simultaneous APD
function, low current stress, and low switching losses.

B. Operating States

Assuming each burst period consists of N = 3 complimentary
gate-driving pulses and one 7Ty, and neglecting the dead time,
there are eight operating states associated with the proposed
modulation pattern for iACF converter.

State I [to-11]: At ty, Sy is turned ON under ZCS. Both i,
and i,, increase linearly at a rate of

dipri _ dim
dt — dt

Urec

S ©)
where v, is the rectified input voltage, as defined in Fig. 2.

State II [#1-12]: At t1, Sy, is turned OFF, and S, is turned ON
under ZVS. As the output diode on the secondary side is forward
biased, then vy,,, = -nv,, and iy, and iy, decrease at different
rates shown in (6) and (7), respectively. During this state, C}, is
first charged when i,,; > 0, and discharged once the polarity of
Ipri TEverses

Vp — NV,

dipyi
= 6
dt Ly ©)
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iy,
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nv,

Ly’

)

State III [#5-13]: At to, S, is turned OFF, and S, is turned ON
under ZVS as i,,; < 0. iy, first decreases at the same rate as (7)
in State II, but iy, increases at rate of

dipri o Urec T NVUo
dt Ly '

®)

When i,,; equals iy,, both ip,,; and iy, increase at a rate of (5).

State IV [#3-14]: Identical to State II.

State V [t4-15]: Identical to State II1.

State VI [t5-16]: At t5, Sy, is turned OFF. S, is turned ON under
ZVS as iy > 0, and i, decreases at a rate of (6), and iy,
decreases at a rate of (7). At fg, when i,,; decreases to 0, S,
is turned OFF under ZCS. Here, the driving pulse of S, during
this state serves the function of the synchronous rectifier. This
gate driving pulse of S, can be disabled to simplify the control
without influencing the circuit operation.

State VII [t5-17]: iy, keeps decreasing at the same rate as (7)
until i, = 0.

State VIII [#7-1g]: All switches are disabled.

C. Extended Modulation Pattern for Ultralight Load and No
Load

When the load is further decreased, we further propose an
extended modulation pattern, which adopts the concept of skip
mode operation to avoid the audible noise [21]. As shown in
Fig. 9, the extended modulation pattern consists of multiple
Section III-A’s modulation gate driving pulses and another OFF
interval Tp. Tr is typically long to drive the frequency of
skip mode far below the audible range. In the skip mode, 77,
will be actively controlled to ensure v,’s ripple to stay within
specifications, and Ty will be fixed to simplify the control. The
extended modulation pattern still retains the key features of the
proposed modulation pattern of Fig. 8, including APD function,
low current stress, and low switching losses.

To differentiate the two proposed modulation patterns, Figs. 8
and 9 are, respectively, named Mburst mode and Lburst
mode hereafter, targeting medium load operation, and ultralight
load/no load operation, respectively.
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IV. CONTROL REALIZATION
A. Overview of Control System

Based on the design specifications of mixed ICs, Fig. 10 illus-
trates the hardware architecture of the control system to realize
the proposed Mburst and Lburst mode modulation patterns. The
control system consists of an analog circuit, an analog-to-digital
converter (ADC), and a digital processing unit (DPU). The ana-
log circuit is to dynamically determine the ON-time of S, and S,
based on the sensed system’s state variables to regulate system’s
operation; the ADC is to discretize several key intermediate
variables from the analog circuit; and the DPU is to implement
a state machine based on the ADC signals and output signals
of analog circuit to facilitate modulation patterns (i.e., CCM,
Mburst, and Lburst mode).

B. Control Variables Selection

The control system aims to support three modulation patterns,
including CCM, Mburst, and Lburst and their smooth transitions.
Therefore, it will be more convenient to select control variables,
which are common to all three modes of modulation. As per the
operating principles of each modulation pattern, the respective
control variables are as follows:

CCM: Ts, and Tsp;
Mburst: Ts., Tsm, N, and Tyr;
Lburst: Ts,, Tsm, N, Ty, and T7,.

Therefore, Ts, and Ts,,, which are common to all modulation
patterns can be selected as the control variables of iACF. Other
variables can be auxiliary control variables or dependent vari-
ables or constant: Since N is a discrete value, it cannot be utilized
as a control variable but can be set constant or dynamically
varying to further optimize system performance. 7; should be
set as a variable to optimize the efficiency in Mburst, but it can
be fixed in Lburst to simplify control while 77, can be used as a
control variable to maintain the output voltage ripple Av, below
specifications during Lburst mode.

C. Control Loop

To further simplify the control system implementation and
improve the stability of mode transition, it is convenient for all
three modes to share the same control architecture in Fig. 11.
Below we propose three types of controller candidates, which
can all meet these design objectives.
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v, control loop: Identical to the conventional ACF controller, a
single PI controller is sufficient to ensure the reference tracking
performance, see Fig. 12. Here, v, controller determines the
switching action of Ts, by comparing the output of the PI
controller, v, p1, with a ramp signal. The comparing process
is shown in Fig. 13(a). A similar process can be adopted for
Tsm, shown in Fig. 13(b), with the modulation wave and the
carrier wave to be determined by the input of Comp part in the
input current (i.e., iyec) control loop.

irec control loop: To realize PFC function, the input current to
the rectifier, i, needs to be actively regulated. Figs. 14 —16 show
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Fig. 16. Control diagram of proposed peak current control.
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Fig. 17.  Modulation pattern with irregular current shapes (pattern II).

several potential solutions, including the conventional average
current controller (ACC), one cycle controller (OCC), and a
novel peak current controller (PCC), respectively. The new PCC
consists of an average current controller (based on PI controller)
as the first stage, and a conventional peak current controller as
the second stage. Due to the structure of controller, we can expect
the ACC to regulate the averaged input current i,¢._¢ (through the
use of a filter) to follow its reference i,.."; the OCC to regulate
the instantaneous i, to follow i...* within one switching cycle;
the new PCC to regulate iy _r to follow i,.* while maintaining a
relatively constant peak current per cycle. The detailed operating
waveforms in Mburst mode with ACC, OCC and the proposed
PCC controller are shown in Fig. 17(with an irregular peak
current) and Fig. 8(with a constant peak current), respectively.
To differentiate Figs. 8 and 17, the Mburst modulation pattern
in Figs. 8 and 17 are named pattern I and pattern II, respectively.
The output of all three types of controllers is Tsy,, and the input
irec” 18 generated as per an outer v}, control loop based on a
PI controller. The v}, controller is expected to regulate the dc
voltage of v, at vy,*.

In general, there are three sorts of i, control loops, i.e., ACC,
OCC, and PCC. ACC and OCC contribute to the modulation
pattern II in Fig. 17, while PCC contributes to the modulation
pattern I in Fig. 8. Since modulation pattern I has a regular peak
current, making its efficiency higher than that of modulation
pattern II with an irregular peak current.

D. System State Machine

Fig. 18 illustrates a simplified state machine diagram of the
proposed control system, supporting the transition of different
modulation modes throughout the full load range. Particularly,
the innermost state loop (highlighted in black) in Fig. 18 repre-
sents the switch operating sequences in CCM, i.e., turn ON and
turn OFF Sy, and S, complementarily and periodically. When
the load becomes lighter, the system enters the Mburst mode.
The controller will first count N CCM pulses and then augment
one OFF interval Ty afterward. When the load is further re-
duced, the system enters the Lburst mode, a longer OFF interval
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T1, will be further augmented after N Mburst pulses. Fig. 18
also highlights the entry conditions and exit conditions of each
modulation pattern, which will be detailed in Section V-E.

V. DESIGN CONSIDERATIONS

The design of circuit parameters of iACF can refer to [11]
with similar design procedures, including buffer capacitor, and
magnetizing inductance. In addition, the minimum output capac-
itance is mainly constrained by the maximum transient voltage
deviation for transient response, because the double-line fre-
quency ripple has been absorbed by the buffer capacitor. This
section is dedicated to the design of control parameters to achieve
high efficiency and low output ripple.

A. Design of Ty

The goal of T\ design is mainly to i) ensure ZVS operation
of all active switches (except for the first turn-ON pulse of S,,)
throughout the light load range and ii) reduce switching losses,
which basically dominate the overall system’s power losses at
a lighter load. As per the operating principles of iACF, ZVS
turn-ON of S, can be achieved except for the first turn-ON of S,
for proposed light-mode control, provided that /,, > 0 and

1
g(Lm + Lb)Ig 2 Coss(vrec + Ub)2 (9)

is satisfied, where C,g is the output capacitance of Sy, and S,,
and [, is the positive-peak current of i,;. Generally, (9) can
always be satisfied throughout the load range as L,,, is typically
large. On the other hand, ZVS turn ON of S,,, demands that I, <
0 and that

1
§Lb12 > Coss(Vree + 1) (10)

is satisfied, where 1, is the negative peak of i,;;. The worst-case
scenario of I, i.e., the minimum |I,,|, happens at the peak of
Vac. The reason is mainly twofold (see Fig. 19): First, at the
peak of vy, i.e., Vac p, Ip 1S maximized; Second, at v p,
the C}, charging power is maximum, leading to minimal Cj,
discharging interval. Such two factors make 7, be maximized at
this particular operating point. Therefore, we need to ensure this
worst-case scenario of 7,, meet (10).

The proposed modulation patterns at light load can be re-
garded as a transformation that turns the constantly light load
Ry, into a periodically heavy load R.. The relationship between
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Fig. 19.  Modulation patterns at different time.

equivalent heavy load R.q and the true output load Ry, can be
approximately expressed as

Ty
Ty + Ty
where Ty, is the active-switching time (see Fig. 8). Therefore,

combining (10), (11), and (32) in Appendix, we have the fol-
lowing ZVS condition of S,,:

2C0ss(Vae_p + Vi) *TER?
Ty >
Ly f?
Meanwhile, to maximize the efficiency, 71 needs to be in-

creased to lower f,, until the voltage ripple constraint Av,, (13)
is violated

Rey = Ry, a1

~ T2, (12)

1V,
=——"Ty.
Co R, ™
In the final design, taking (12), (13) into consideration, T
is selected as 13 us at half load, and Ty; will increase with Ry,

according to (12).

Av, 13)

B. Design of N

The goal of N design is to seek optimal tradeoff between
switching losses, THD, and v, ’s ripple. Fig. 20 shows the impact
of N on the current waveforms of iACF during Mburst mode of
operation. All other circuit parameters remain the same. We can
define an equivalent switching frequency f. as

N
= T

where T}, is the Mburst cycle, as shown in Fig. 20. To make a
fair comparison with different N, both f,, and f., should keep

feq (14)
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Fig.20. Current waveforms of Mburst mode. (a) N = 2. (b) N = 6.

TABLE II
CONVERTER PARAMETERS
Parameters/Components Value
Input voltage (vin) 110V, 60Hz
Output voltage (v,) 20V
Average buffer voltage (vp) 170V
Input filter inductance (L¢) 150uH
Input filter capacitance (Cy) 470nF
High-frequency filter capacitance (Ci, r) 27nF
Magnetizing inductance (L) 250uH
Primary inductance (L) 55uH
Turns ratio (n) 5:1

Buffer capacitor (Cy) 47uF-250V-2454mm?

Output capacitor (C,) 2*680uF-25V-940mm?*
Primary side main switch (Sy, S,) IPL60R285P7AUMAI1I
same. Then, we can get
N N
Ty = - - _ f feqf;w . (15)
— sw — Jeq
(- 7)

As per Fig. 20, v,’s ripple Av,, during Ty is approximately

Nfeqfsw Vo
(fs’w - feq)CbRo
Equation (16) shows that Av, increases linearly with N.

On the other hand, the power losses associated with the hard-
switching turn-ON of S, in Mburst can be determined as

1Y

Avy = — 2
Vo= G, R,

M= (16)

_ Eh
Nfeq

where Ej, is the energy loss per hard-switching turn-ON of
Sm- (17) predicts that the switching losses associated with the
hard-switching turn-ON of first pulse will be decreased with the
increase of N. However, from (15), we know that 7)1 increases
with N, resulting in a higher THD. In this article with converter
parameters in Table II, we choose N = 3 for both Mburst and
Lburst modes with consideration of (16), (17), and practical
experimental results.

Ph

a7
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Fig. 21.  Updated waveforms for Lburst mode.

C. Design of Ty, Controller in Lburst Mode

As per Fig. 9, Ty, is introduced in Lburst mode as a control
variable to regulate v, within a given voltage band while T is
fixed. Ideally, 77, can be determined through bang-bang control,
i.e., when v, reaches its upper bound, 7', begins; when v,, reaches
its lower bound, 77, ends. However, a bang—bang control based
on the feedback signal of v, requires a precise voltage detec-
tor with high resolution, increasing the costs and complexity.
Therefore, we propose to use an alternative variable as an agent
for v,. Here, we choose the variables from the v, control loop
(see Fig. 12), i.e., Ts, and v,_p1, as v,’s agents, where v, pr
is the output of the PI controller. Since v, pr is a continuous
signal whereas Ty, is a pulsed signal, v,_pj is selected as the final
agent of v,. Therefore, 71, will be directly controlled by v,_pr
in a bang—bang fashion. The updated Lburst mode with v, p1
as feedback signal is shown in Fig. 21. As shown, 71, begins
(or ends) when v,_pr reaches its lower threshold, v,_py(r) (or
upper threshold v,_pi(v)). The relationship between v,_p1(u)-
Vo p1(L) (.6, Avo p1) and ve(u)- Vo) (€., Av,) is shown in
(40) of Appendix, which demonstrates v, p; can be used as
the agent, because Av, pr is positively correlated with output
voltage ripple.

D. Parameters Design for Mode Transition

There are three working modes: CCM, Mburst mode, and
Lburst mode. As the entry and exit conditions into different
working modes mainly depend on the loading condition, vari-
ables proportional to output power p, can be selected to deter-
mine the working modes. Here, p, is not directly used as the
mode-selection variable as the measurement of p, demands an
extra current sensor at the load side, leading to an increase in
the system’s complexity and cost.

As per Fig. 16, the output of the PI controller from the v},
control loop, vi,_p1, can be selected as the agent of p,, as v,_p1
determines the amplitude of the input current. Mathematically

vy—pr = kP, (18)

where k is a constant coefficient. Assuming 100% power conver-
sion efficiency, we have p, = P, = P;,, and v},_p1" corresponds
to full power P,*. Thus, we can perform mode transition from
CCM mode to Mburst mode once P, (or v,_pr) decreases to
aP,* (or avp.pr™), and Mburst mode to Lburst mode once P,
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- CCM .
Lburst: Mburst PD
Mburst+OFF

Fig. 22.  Mode switching characteristics.

(or vp.p1) decreases to SP,* (or Bvy.pr’). Here, o and [ can
be determined by the crossing points of efficiency curves in
different modes, either through theoretical calculations or ex-
perimental measurements. In our case, we obtain the efficiency
curves experimentally. In particular

19)
(20)

* *
Ub_PI(CCM To Mburst) — QUp_pp (Py = aPy)

* *
Ub_PI(Mburst To Lburst) = ﬁvb_PI (Po = ﬁPO )

It should be emphasized that vy,_pr can be quite small in Lburst
mode. For instance, if 5 = 0.01, the resultant 0.01v,,_pr* can be
so small that may bring difficulties to detect v,_p1* accurately
in analog circuit, of which maximum voltage constrains the
maximum output of PI controller. To solve this problem, we
propose to use v,_p as an alternative agent of p,, as i) v,_pr (i.e.,
a filtered version of Tg,) is proportional to p,, according to the
operating principles of iACF, and ii) when the long OFF intervals
is inserted, p, will increase to maintain same average output
power, then correspondingly v,_pr will increase. Therefore, v,_p1
could be the complementary index of v},_py to determine mode
transition from Mburst mode to Lburst mode if a more accurate
mode transition is required.

Based on the analysis abovementioned, the mode transition
characteristics are presented in Fig. 22, where v,_py represents
its average value over a line period and the values of the axis
depend on the actual hardware and control parameters used in
the system.

E. Control System With Designed Parameters

Based on the parameters designed in this section and control
loop in Section IV, the entry and exit conditions in Fig. 18 can be
completed accordingly, which is shown in Fig. 23. First, when
Vb-P1 < avp-pr", CCM is switched to Mburst mode. Then, when
Vb-p1 < Bvb-p1” and vop1 < Vo-p1(L), Mburst mode is switched
to Lburst mode, but once vo.p1 > Vo-p1(U), System is back to
Mburst mode.

At the same time, the simplified control blocks can be further
extended from Figs. 10-24, where the control loops (see Fig. 12
and Figs. 14-16) are implemented in the analog circuit, and the
state machine diagram (see Fig. 23) is implemented in the digital
circuit (FPGA). The state machine implemented in FPGA will
be the control core, which is triggered by both pulses of analog
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Fig. 24.  Simplified control blocks of proposed control strategies.

control loop and sensing signals of ADC, and output driving
signals through gate drivers to control S,, and S,.

VI. EXPERIMENTAL RESULTS

To demonstrate the superiority of the proposed control modes,
a 100-W prototype is constructed, and its control part follows the
design blocks in Fig. 24, where the digital circuit is implemented
via the FPGA (Cyclone IV EP4CE6). The key circuit parameters
are shown in Table II, where the superiority of the active power
decoupling in iACF is shown through the key point that only
a small buffer capacitor with low capacitance and low voltage
rating is required. The power board of the prototype is shown in
Fig. 25, while the control board is shown in Fig. 26.

The proposed burst modes implemented through PCC and
ACC are investigated experimentally, as examples of modulation
pattern I and modulation pattern II, respectively.

A. Experimental Verification

Figs. 27 and 28, respectively, show the operating waveforms
of Mburst mode based on modulation pattern I (see Fig. 8,
realized through PCC) and modulation pattern II (see Fig. 17,
realized through ACC) at 50% of full power. In both cases, high
power factors at the input terminal and constant voltage at the
output terminal are obtained. Meanwhile, the output voltage is
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Fig. 25.  Prototype of main converter (IACF).
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Fig. 26.  Prototype of control part.
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Fig. 27.  Waveforms of Mburst mode based on pattern I (realized by PCC) at
50 W (50% load).

stably constant, and the buffer capacitor Cj, takes the double-
line frequency ripple. These waveforms confirm the feasibility
of applying the proposed control and modulation patterns to
perform ac current shaping and output voltage regulation and
active power decoupling function.

Fig. 29 further shows the operating waveforms of CCM (real-
ized through PCC) at 50% of full power. Generally, the operating
waveforms are almost identical to the proposed Mburst modes,
except that i, features reduced current harmonics. This is an
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Fig. 28.  Waveforms of Mburst mode based on pattern II (realized by ACC) at
50 W (50% load).
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Fig. 29. Waveforms of CCM (realized by PCC) at 50 W (50% load).
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Fig.30.  Switching waveforms of Mburst mode based on pattern I (realized by
PCC) at 50% load.

expected result as the equivalent switching frequency of Mburst
mode is lower than that of CCM due to the deliberately inserted
OFF intervals. In particular, the equivalent switching frequency
Jeq [defined in (14)] of Mburst at half-load are measured at 75—
85 kHz (see Fig. 27) and 75-120 kHz (see Fig. 28), respectively,
much lower than the f5,, of CCM at half-load, which is measured
at 130-250 kHz (see Fig. 29). The THD of i, in Figs. 27-29
are 6.72%, 4.18%, and 3.5%, respectively.

The zoom-in switching waveforms of the iACF based on mod-
ulation pattern I (realized through PCC) are shown in Fig. 30.
The waveforms confirm that ZV'S turn-ON of S}, for the last two
gate pulses is realized. Due to the reverse recovery current of
the body diode of S,, and the relatively greater inductance Lj,
(amounting to more energy stored in L}, ), a resonant process can
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Fig. 31.  Current waveforms of Mburst mode based on pattern I (realized by

PCC) at 50% load.
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Fig. 32.  Current waveforms of Mburst mode based on pattern I (realized by
PCC) at 25% load.

be observed during the OFF interval, which leads to increased
switching losses. Wide bandgap devices such as SiC and GaN
can be used to further improve efficiency by attenuating the
resonant process.

To further verify the ZVS turn-ON of active switches, the
waveforms of Iy,,; at different v, phases are shown in Fig. 31
and Fig. 32, respectively, at 50% and 25% of full load, based on
modulation pattern I. The ZVS turn-ON of S, can be realized in
the whole line period, because there is enough positive current.
Meanwhile, the peak v,. is confirmed to be the worst case to
realize ZVS of S,,,, corresponding to the minimal |I,,|. The I,
at the peak v,. is measured as 0.2 and 0.5 A, respectively, in
Figs. 31 and 32, which are sufficient to realize ZVS turn-ON of
Sm. In contrast, Mburst based on modulation pattern II cannot
realize ZVS at high v,, as shown in Fig. 33, because /,, turns to
be positive on the second turn-ON gate pulse of Sy,,.

Fig. 34 shows the working waveforms of iACF in Lburst
mode, which is consistent with those in Fig. 21. Here, the
threshold of v, py to enable 77, period and Mburst mode are
100 and 200 mV, respectively. From Fig. 34, the voltage ripple
of v, is 240 mV (1.2%).
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B. System Performance

Efficiency is the key index to evaluate the performance of
proposed control strategies. Fig. 35 shows the system’s effi-
ciency based on i) CCM (realized by PCC), ii) CCM (realized by
ACC), iii) Mburst mode based on modulation pattern I (realized
by PCC), and iv) Mburst mode based on modulation pattern II
(realized by ACC). It can be observed that as follows:

1) Mburst based on modulation pattern I can achieve higher
efficiency than that based on modulation pattern II, a
conclusion in line with the analysis abovementioned;

2) CCM based on both PCC and ACC achieves almost iden-
tical efficiency performance.

In addition, compared with TI’s two-stage solution [boost PFC

+ ACF, PFC IC: UCC28056 (TI), ACF IC: UCC28780 (TI)]
[12], iACF with proposed Mburst mode based on the proposed
modulation patterns can increase the efficiency performance by
up to 10% for P, < 50 W (by comparing the efficiency curve
of “Mburst (Pattern I & PCC)” and that of “Boost PFC + ACF”
in Fig. 35), showcasing the superiority of proposed modulation
patterns and control methods.
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To sum up, Fig. 35 shows that iACF can achieve a higher
efficiency than the conventional two-stage ac—dc solution (boost
PFC-+ACF) throughout the load range.

On the other hand, consumer electronics need to comply
with stringent global efficiency standards such as DoE Level
VI and EU CoC VS5 Tier-2, which specify the minimum average
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efficiency at 25%, 50%, 75%, and 100% of full rated output
power. The four-point average efficiency of iACF is 91.90%,
which meets the requirements of 88% of DoE Level VI and 89%
of CoC VS5 Tier-2, as shown in Fig. 35. These results are also
greater than that of the conventional two-stage solution from TI,
which is 89.43%.

Power quality is another key performance index. Taking the
performance at 50% of full power as an example, Mburst mode
based on modulation pattern I (realized through PCC) and
CCM (realized through PCC) are compared with IEC 61000-3-2
Class standard, as shown in Fig. 36. The results show that, the
power quality of Mburst mode is comparable to that of CCM,
both meeting the requirements of Class C of IEC 61000-3-2.
Furthermore, the power quality of both CCM and Mburst mode
also complies with the requirements of Class A, Class B, and
Class D of IEC 61000-3-2.

VII. CONCLUSION

In this article, a novel burst mode control is proposed for
a new single-stage ac—dc topology that APD iACF, to achieve
high performance at light load, including high efficiency, low
THD, and small output voltage ripple. The novel control mainly
consists of proposed modulation patterns and dedicated control
strategies including a novel peak current controller, which could
also be alternatively adopted by other APD integrated topolo-
gies. The experimental results demonstrate the superiority of
iACF converter at light load besides heavy load, which not only
fully complies with mandatory standards of industry but also
outperforms the conventional two-stage solution in efficiency.

APPENDIX

The parameters and variables used during the following
derivation process have been mostly noted in Fig. 2. In addition,
dead time is neglected in the derivation.

A. Derivation of vy

Assuming the peak value of ac input voltage and ac input
current are Vyc_p, and I, ,,, the instantaneous input power

devb

DPin = Vac_plac_psinwtsinwt = P, + vy 7 21
where P, is output power. Then, we can get
1
5 Vae_pl,
5 Vac_plac_p ) 22
{: P, — %Vau,]acfp cos 2wt = vb% (22)
Equation (22) can be rearranged as
Cypd
— P, cos 2wt = v, 22 (23)
dt
Solving (23)
P, sin 2wt V2 sin 2wt
=\ VR = |V 24
v b OJCI, b waRO ( )
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where V), is the value of dc component of v,. While ac input
voltage is right at the peak value, we can get (25) from (24)

™

v =V (wt:f>.

5 (25)

B. Derivation of I,

The current waveforms in CCM are shown in Fig. 37. Assum-
ing the output voltage is constant with the value of V,,, then the
peak value of ac input current

2V2

Lo p = ——. 2
wr =y R (26)

Since the inductor current iy,,; at 7 and #3 is almost same, then

‘/Z;C_p
L, + L,

nV,
(TSm - TSa) - 7(TS(1, + Tr)

I 27)

The magnetizing current iy, and the inductor current iy,;

diverge at t; and merge at 73, we have

nV,
Ly,

(vp — nV,) (Vo + Vae p)
TSa -

Tso +7T,) =
Wsa 1) =7 L

T,.
(28)

The average value of current flowing from primary side to
secondary side of transformer is the same, so

—nV, _ nV, — vy
Ly, L,

1 1V,

> TSa:| (TSa + Tr)§— nR

(29)
The average value of current during (s, - 7;) should be
roughly the same as the value of ac input current, we have

‘/ZIC
%(TSm - Tr)(IO + IO + LmJ;IiT (TSm - Tr)) (30)
= Iac_p(TSm + TSa)-
The negative-peak current
Vo +V,
I, = Io— %T 31)

Combining (25)-(31), the negative-peak current can be fur-
ther expressed as

f(‘/acfpz ‘/07 ‘/177 Lb7Lm7n? Cb)

I, =— R, (32)
where f represents a function
_ ay; + as + a3z + aq + as
ag + a7 +ag +ag + aig

ay = L2V V20, ag = —L2V,VZin
a3 = — Ly L, V,V2n, ay = Ly L Vie ,Vin
as = — 2Ly L ViV pVor ag = Vae VoL 0?
ar = — VyVie pL2n, ag = 2Vie Vo Ly Lyn?
ag = — ViVae pLinLon, arg = Vie pVoL2n?.  (33)

= (Tsa +Tsm)
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C. Derivation of Av, of Lburst Mode

Suppose that the PI parameters of v,, controller are K, and K;
separately. It is apparent that

U, + v,
oF = ) (L).

° 2

Then, the upper and lower value of v, can be expressed as

(34
L, 1 . 1
Vo(U) = Uy + §Avo, Vo(L) = Uy — iAUO' (35)

Based on the energy balance of the output capacitor, we can
get

1 1
POTL = 500'05([]) — ioovg(L). (36)
Combine (35) and (36)
P,T, = Cov, Av,. 37

Then,

Vo-PI(U) — Vo-pPI(L) = K / (Vg = Vo)t + Kp(vg — vo(r))

TL

1 1
= K;(v}Ty, — §AUOTL) + KpiAvo

1 1
= KZ(U:; — §A’UO)TL + iKpAUO. (38)
Combine (37) and (38)

Vopi(U) — Vo—pi(z) = Ki(v) — %Avo)%f% + 5 KpAv,
K;C vl K;C,(v3)?
= 520 (Av,)? + (3K, + K%l ) A,
(39)
The voltage ripple Av, can be solved from (39)

K,P, + QCOKi(’UZ)2 — /b1 + by
QCOK[U;

Av, =

by = (2C,K;(v)?)" + (K, P,)? + 4C, KK, P, (v%)?
by = — 8(vo_pr(t) — Vo-pi(L)) CoKiPov,,

= — 8A’UO,P[COK1'POU;. (40)
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