IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received October 1, 2020, accepted October 5, 2020, date of publication October 12, 2020, date of current version October 30, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3030390

Coordinated Two-Stage Operation and Control
for Minimizing Energy Storage Capacitors in
Cascaded Boost-Buck PFC Converters

CHAO ZHANG"'!, (Graduate Student Member, IEEE), JUN WANG", (Senior Member, IEEE),
SAI TANG ', DAMING WANG', HENGYU YU, (Graduate Student Member, IEEE),
ZONGIJIAN LI', XIN YIN“?, (Member, IEEE), AND Z. JOHN SHEN?

ICollege of Electrical and Information Engineering, Hunan University, Changsha 410082, China

2Department of Electrical and Computer Engineering, Illinois Institute of Technology, Chicago, IL 60616, USA

Corresponding authors: Jun Wang (junwang @hnu.edu.cn) and Xin Yin (yinxin@hnu.edu.cn)

This work was supported by the Chinese National Natural Science Foundation under Project 51977068.

ABSTRACT Cascaded boost-buck PFC (CBBPFC) converters offer a wide voltage conversion ratio and a
near-unity power factor but require a large output electrolytic capacitor, leading to poor reliability and power
density. In this paper, a coordinated two-stage operation and control strategy is proposed to significantly
minimize the capacitor requirement without any other hardware changes. In a conventional CBBPFC
converter, the boost and buck stages either operate independently nor complementally. In contrast, the
proposed method operates the two stages in a concerted manner, so it is possible to use the dc-link capacitor
with certain voltage fluctuation to buffer the power imbalance between the AC input and DC output. A new
coordinated control strategy and a fluctuation-ratio based design consideration are developed to coordinate
the operation of the two stages, further complement the system design. A 200W CBBPFC prototype based
on the design concept exhibits a maximum reduction of the output capacitor by 83%, a peak efficiency of

95.8%, and a power factor of 0.99.

INDEX TERMS Power factor correction (PFC), cascaded boost-buck (CBB), LED driver, voltage ripple.

I. INTRODUCTION

Light-Emitting Diodes (LEDs) are becoming increasingly
ubiquitous due to their advantages in reliability, lifetime,
energy efficiency, and maintenance requirements [1]-[3].
As aresult, there is a growing demand for single phase power
factor correction (PFC) converters with high power den-
sity, near-unity power factor, wide voltage conversion ratio,
and high reliability in LED lighting applications [4]-[6].
In universal output voltage LED driver applications, it is
important to provide both step-up and step-down conver-
sion so the output dc voltage becomes adjustable. Con-
ventional single-switch buck-boost topologies, including the
buck-boost, flyback, SEPIC, and Cuk converters, suffer from
increases in component stress and component size [7]-[9].
In contrast, the two-switch buck-boost (TSBB) topologies
are suitable candidates for a wide output range of converter
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operations [10]. The TSBB is usually composed of boost,
buck, or buck-boost cascade combination, which offers
step-up and step-down operations with much-reduced volt-
age stress on the components, and is widely adopted in PV
[11], [12], wireless power transfer systems [13], and PFC
applications [14]-[16]. Among them, the combinations with
buck stage in front, such as cascaded buck-boost [17] and
interleaved-cascaded buck-boost converters [ 18], are not effi-
cient in economic and efficiency. A key issue with those
converters is that when the buck switch at the input is turned
off, an additional input LC filter is required to operate the con-
verter in continuous conduction mode (CCM), which greatly
limits the application range, especially in PFC application.
Oppositely, the cascaded boost-buck inherently contains an
inductor at the input to provide a high power factor in PFC
applications. Fig. 1 shows the topology of the cascaded
boost-buck PFC (CBBPFC) converter, in which the boost and
buck stages are cascaded with a common dc-link capacitor
in between. The CBBPFC topology offers not only a wide
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FIGURE 2. Different operation methods. (a) Previous complimentary or
separate modes, where only the bulky electrolytic output capacitors can
buffer the imbalance power due to the strict output voltage ripple
requirements. (b) Proposed coordinated two-stage operation mode,
where the dc-link ports with a larger amplitude fluctuation voltage use
the smaller film capacitor to buffer the imbalance power.

voltage conversion ratio but also a near-unity power factor
even without a pre-stage filter as well as continuous input
and output currents benefiting from the two inductors used.
However, the CBBPFC topology has the disadvantages of
increase in components (two capacitors and two inductors
used), cost and size. Furthermore, substantial energy storage
is required in any ac-dc converters to buffer the power imbal-
ance between the ac input and dc output [19]. In the previ-
ously reported CBBPFC converters, the boost and buck stages
operate in a complementary mode [20] or independently
[21], [22], entirely relying on the output capacitor to buffer
the power imbalance between the ac input and dc output,
shown in Fig. 2(a). Presently, only electrolytic capacitors can
meet the large capacitance requirement to reduce the output
voltage ripple, but they suffer from relatively short lifetime
and large volume in a long lifetime and high power density
LED applications [23].

Several approaches were proposed to reduce the out-
put capacitance requirement and eliminate the use of elec-
trolytic capacitors in PFC converters to improve product
lifetime and compactness. References [24]-[26] suggested
to insert an active filter to eliminate the electrolytic capac-
itor but require additional power electronic components
and undermine the goal of system downsizing. References
[27]-[30] proposed an integrated solution to share the use
of the active switches between the PFC rectifier and the
active dc filter without requiring extra active switches.
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References [31]-[33] reported several flying capacitor mul-
tilevel topologies in the buck and buck-boost stages to reduce
capacitance requirement with reduced switch stress. Unfor-
tunately, those solutions do not maintain a continuous input
current flow, leading to a poorer power factor and a more
complex filter design challenge. Recently, reference [34]
made a high-level review of the second harmonic current
reduction control schemes for a two-stage single-phase con-
verter from the dc-bus port-impedance perspective. However,
the two-stage in the CBBPFC converter essentially DC/DC
with step-up and step-down ability, instead of the two con-
verters with different functions in [34], which makes the
control methods mentioned in [34] may not be suitable for the
CBBPFC converter. Furthermore, different topologies have
specific operations and characteristics, it is still necessary to
establish corresponding control strategies and design consid-
erations based on specific characteristics and operation.

Based on the CBBPFC topology and operation character-
istics, this paper proposes a coordinated two-stage operation
and control method to minimize energy storage require-
ments. The proposed solution enables the CBBPFC con-
verters to simultaneously achieve a wide conversion ratio,
high power factor, high reliability in meeting the demands of
next-generation LED drivers. The main contributions of this
paper are listed as follows.

(a). A coordinated two-stage operation is proposed for
the first time to prevent the imbalance power from flowing
into the load side, which makes it possible to use dc-link
capacitors to buffer the imbalance power.

(b). The dc-link capacitors voltage is designed to fluctuate
with a larger amplitude to buffer the imbalance power, result-
ing in a large reduction of energy storage capacitors without
adding extra components, shown in Fig. 2(b).

(c). A coordinated control strategy is proposed to coor-
dinate the two-stage operation and realize system stability
control.

(d). A design consideration from the new perspective of
fluctuation-ratio is developed to minimize the energy storage
capacitors and complement the system design.

The remainder of the paper is organized as follows.
Section II introduces the operating principle and steady-state
analysis of the proposed CBBPFC concept. Section III
discusses a new coordinated control strategy to allow the
dc-link capacitor for energy buffering. The detailed design
considerations based on fractional ratio are provided in
Section IV. In Section V, a hardware prototype is presented
along with experimental results to validated the proposed
concept. Finally, the conclusions are provided in Section VI.

II. PRINCIPLE OF OPERATION
The basic operation principle and steady-state analysis of the
proposed CBBPFC converter are discussed in this section.

A. CIRCUIT CONFIGURATION AND OPERATING PRINCIPLE
As shown in Fig. 1, the CBBPFC converter consists of a boost
stage and a buck stage, where the two stages are cascaded
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FIGURE 3. Operation states of CBBPFC converter. (a) State I: both S; and
S, are turned off; (b) State lI: S, is turned off and S, is turned on;

(c) State IlI: S; is turned on and S, are turned off; and (d) State IV: both
S; and S, are turned on.

together with a common dc-link capacitor. The choice of this
topology is motivated by the following factors.

a. Wide conversion ratio. It can operate as a boost (for volt-
age step-up) or as a buck (for voltage step-down) converter
offering a wide conversion ratio.

b. High power factor and smaller filter. The input and
output current remains continuous due to its two inductors,
which makes the high power factor can be easily achieved
even without pre-stage filter.

c. Reduced system energy storage requirements and high
power density. With proposed coordinated operation and
control, the dc-link capacitors can be controlled to buffer
the imbalance power with much-reduced capacity, offering
high power density. Meanwhile, the development of wide
bandgap (WBG) devices permits the converters to operate
at higher frequencies, which can significantly reduce the
inductor volume to further improve the power density.

Assuming the continuous-conduction mode (CCM) of
operation, the CBBPFC converter has two power switches,
thus the system contains four different operation states,
shown in Fig. 3. And The operating waveforms of the con-
verter for different states are shown in Fig. 4, which are briefly
described as follows.

State I: both S| and S, are turned off, in which I;,,, I;» and
V, decreased, the dc-link capacitor voltage Vy increased.
This state is used to transfer the energy from the input side
to the dc-link capacitor Cy .

State II: S; is turned off and S, is turned on, in which
112, V, increased and I;;, decreased. Depending on the current
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FIGURE 4. The operating waveforms of the CBBPFC converter for
different states. Note that the idle state (State IlI) can prevent the
imbalance power from flowing into the load side.
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magnitude relationship between [;;, and I1 >, there will be two
trends for dc-link capacitor voltage Ver. If I, > 1o, Ver
increased, in which the energy transfer from sources into the
dc-link capacitor C, and load side. Conversely, If I;, < I12,
Vcr decreased, and the energy transfer from sources and the
dc-link capacitor Cy, into the load side.

State III: S; is turned on and S, is turned off, in which the
input current [;; increases, while the output inductor current
I1» decreases. Of note that the Cy, is in the idle state with
no current flowing through it. This state can prevent the
imbalance power from flowing into the load side, which has
not been used in the reported complementary or separate
control methods.

State IV: both S7 and S are turned on, in which I;;, I,
V, increased and V¢, decreased. This state is used to transfer
the energy from capacitor Cy, to the loads, and store the input
energy into the inductor for step-up.

According to the operating states, the power transferred to
the load is controllable thanks to the added State III. Then,
if the power transferred to the load is equal to the load power,
the bulky electrolytic capacitor will be not required anymore.
The proposed operation coordinates two parts and exploits all
operations states (especially state III) to prevent the imbal-
ance power from flowing into the load side and ensure the
dc-link capacitors buffer the imbalance power. As a result,
the output port does not require buffer the imbalance power,
and only a small film capacitor can maintain the reference
output voltage without any double-line frequency ripple.

B. STEADY-STATE CIRCUIT ANALYSIS

Considering a general PFC converter structure, the input volt-
age Vj, is a sinusoidal waveform with an angular velocity of
w, and the current [;;, is a sine variable with in-phase variation,
shown in Fig. 5(a).

Vin = Vi sin(wt)

I = I, sin(wt)

ey
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FIGURE 5. Single phase ac-dc converter operation waveforms. (a) the
input voltage and current operation waveforms; (b) the input and output
power; and (c) the voltage for the capacitors which buffer the imbalance
power.

where V,,, and I,,, are the amplitude of V;;, and I;,,, respectively,
and w is the angular frequency of the ac mains.

The instantaneous power on the input side can be expressed
as:

Vol Vol
Pin(t) = Vin(OIin(t) = ”;’” — ”;’" cosQot)  (2)
S — |
Py P,

The input power consists a steady-state component P4 and
a double-line frequency imbalance component P, shown in
the Fig. 5(b). P4 provides the energy for the loads, i.e. Py =
P, = Vul,,/2, and P, is fully buffered by the capacitors in
the circuit. A voltage increase will be generated on the buffer
capacitors Cp, shown in the shadow part in Fig. 5(c), and the
maximum value AV,,,, satisfies the formula.

1 2 1 2 % Po
Ecbvbmax - zchvbmin = / P (t)dt = o

&

— (€)]
Vomax = Vb + AVinax

mein = V_b - AVmax

where V}, stands for the average voltage component on the
buffer capacitors and Cj is the capacitance, which can be
obtained by:

— P,

V= ——2——
20C3 A Vinan @

h = ———
2wVp AViax

We define the fluctuation ratio « to indicate the magnitude
of the voltage fluctuation shown in the Fig. 5 (¢), i.e. « =
AVynax /Vp. Therefore, the capacitance C,, the voltage of
the buffer capacitors V}, and the required minimum capacity
energy Epnin can be expressed as:

P, 1
Cp=—= %=
20V, ¢ _
Vy = Vi — aVpsinQRwt) = (1 — a sin(2wt))Vp, (5)
CoVir  Po(l 4+ @)
Eb min = =
2 dwa

where Vpqc Stands for the maximum value of the buffer
capacitors voltage.
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In previous CBBPFC converters, only the output capaci-
tors can be used for energy with a complimentary or sepa-
rate mode. However, extremely strict ripple requirements are
imposed on the output voltage, the voltage swing is usually
limited [35], [36]. Assuming that f = 50 Hz, « = 3%,
for a PFC converter with P, = 200 W, V, = 100-200 V,
the required capacitance will be up to 1.06 mH. So, a bulky
electrolytic capacitor bank is required to be configured on
the output side, maintaining small voltage fluctuations for
the loads. In this case, the lifetime, the power density and
the reliability are reduced.

As can be seen in (5), the minimum system storage energy
requirement, which is approximately proportional to the
capacitors volume, is decrease inversely as the « is increased.
And if the upper limit of the fluctuation ratio is increase, the
required minimum capacity energy can be greatly reduced
and it became possible to replace the electrolytic capacitors
with longer life film and ceramic capacitors. Based on the
topology of CBBPFC converter, this paper proposes a coor-
dinated operation and control to allow the dc-link capacitors
instead of the output capacitors to buffer the imbalance power.
The dc-link capacitors will be greatly reduced by increasing
its voltage fluctuation ratio without any disturbances for the
output voltage. This will solve the bulky, low-reliability and
low power density problem of CBBPFC converter.

IIl. CONTROL STRATEGY

Previous control methods (complimentary operating mode
in literature [20] and independent operating mode in [21],
[22]) generally maintain a constant dc-link capacitor voltage.
It cannot prevent the imbalance power from flowing into the
load side and making it difficult for dc-link capacitors to
buffer imbalance input power. This paper proposes a new
coordinated control strategy based on average current mode
control. In addition to controlling the input current and output
voltage like a conventional PFC converter, there is another
control target: the dc-link capacitor voltage Vz, which must
be controlled to fluctuate with a larger amplitude to buffer
the imbalance power, resulting in a large reduction of the
volume the capacitors. Fig. 6 shows the system control block
diagram of the CBBPFC converter. There are two controllers:
the voltage regulator and the coordinated current controller.

A. VOLTAGE REGULATOR

The outer voltage regulator is to generate the reference values
for the inductor currents, shown in the red block of Fig. 6.
The input current reference value is quite like conventional
ACMC, except that the dc-link capacitors average voltage
V. instead of the output voltage is used as feedback. Here
the reference average voltage of the dc-link capacitors can
be calculated with the output reference value voltage and
output power, the detailed discussion will be introduced in
Section IV-C. And the low-pass filter (LPF) is used for the
extraction of the dc-link capacitors average voltage, and the
proportion-integral (PI) controller ensures zero steady-state
tracking error due to its infinite gain for dc signal. Meanwhile,
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FIGURE 6. The system control block diagram of the CBBPFC converter.
The red box is the voltage regulator to generate the inductor current
reference value, the green box is the coordinated current controller to
choose the desired operation state in a coordinated manner.

with the phase lock loop (PLL), the frequency and phase of
the input voltage can be achieved. We take the output volt-
age feedback loop to generate the output inductor reference
value. Similarly, the PI controller is used to release the zero
steady-state tracking error for the output voltage.

B. COORDINATED CURRENT CONTROLLER
The dc-link capacitor is designed to buffer the imbalance
power, which requires the boost and buck part work in a coor-
dinated manner to prevent the imbalance power from flowing
into the load side. Meanwhile, fluctuating dc-link capacitor
voltage makes the boost and buck stage both run in the non-
steady-state process in real-time. Due to the nonlinearity,
it is difficult to achieve the control requirements by using a
conventional PI controller. This paper considers the system
operation in terms of states and proposes a coordinated cur-
rent controller directly chooses the desired operation state in a
coordinated manner. The detailed discussions of the specific
implementation method are as follows.

Based on the Kirchhoff’s current law, the system model can
be expressed as:

dl;
Ly 7 Vin—(A =81 VL)
i (©6)
L= = S,V — V)
2 dt o

where S; (i = 1, 2) stands for the switch function, S; is 1 for
the on state, and O for the off state. To get a discrete-time
model, the current derivative dI /dt is replaced by a forward
Euler approximation. That is, the derivative is approximated

as follows:
dl  I(k+1)—1k)
_ @)
dt T

where T stand for the sampling period, I(k 4 1) stand for the
prediction value at time (k + 1), and I (k) stand for the sample
value at time k.
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Substituting (7) into (6), the general discrete mathematical
model for the CBBPFC converters can be expressed as:

(Vi =L =SOVI)T

k+1
]in = L in (8)
k
Tk — (S2VL - Vo)T + Ik
L2 = I L2
2
where Vi];l, Vf s Vf s Il.];, Ifz represent the sample values at

time k for input voltage, output voltage, dc-link capacitors
voltage, input inductor current and output inductor current,
respectively. And Ii';“ and / I’f; ! are the prediction values at
time (k+ 1) for input and output inductor current, respectively.
Equations (8) can be used to predict the inductor current at
time (k 4 1) by using the system state at time k.

In the actual implementation, parameters 7 /L; and T /L,
can be used as the constant once the system components are
selected. Therefore, the calculation burden of the prediction
function (Eq. 8) can be greatly reduced, and only 2 additions,
2 subtractions, and 4 multiplications can complete the pre-
diction of all four states. Furthermore, if the L; = L,, the
calculation burden can be further released by reusing some
internal calculation results.

The current controller directly chooses the system state by
minimizing a cost function in each sampling cycle. There are
two control variables in this controller: the input and output
inductor current. Thus, the cost function measures the error
between the references and the predicted currents, which can
be expressed as:

J =

m

I —1."“‘ +

it - 17| ©)

where 177 and I}/, stand for the reference values for the input
current and output current, which can be obtained by the outer
voltage regulator. After evaluating the cost function for each
state, one can obtain the optimal operation state which is
corresponding to the minimum cost function to control the
various switches in a coordinated manner. Since the proposed
method directly chooses the desired operation state, the lim-
iters and PWM modules in conventional PI controllers are no
longer not needed, and some logic judgment operations can
be omitted in the actual implementation.

IV. DESIGN CONSIDERATIONS

The dc-link capacitor can buffer the imbalance power and its
voltage has the freedom to fluctuate with a larger amplitude,
the key issue is how to choose the system parameters, such as
the oy, C;, and V.. This section will discuss a fluctuate-ratio-
based design consideration for proposed coordinated method.

A. DESIGN CONSTRAINT OF o,

Due to the boost and buck topological structure, the minimum
voltage for dc-link capacitors must higher than both input
peak voltage and output voltage, which can be expressed as:

Vimin = (1 —ar) Vi = Ky max (V, V) (10)

where K; stand for the stable margin, which must bigger
than 1 to enable the stable operation for both parts. Usually,
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TABLE 1. The voltage stress for different switch devices under different
operation states.

Operation State S1 D1 So Do
State T Vi, 0 1% 0
State 11 1% 0 0 1%

State 111 0 %3 %5 0
State IV 0 \%7 0 %3

Minimum Stress VLmaz VLmaz VLmaz VLmaz

the operating duty cycle is limited to 0.1-0.9 to ensure that the
switching device is not affected by the narrow pulse. Thus,
the value of K is in the range of [1/D;;ux, 1/Dpinl, that is,
[1.1, 10]. To minimize the voltage stress on the device, the
K1 = 1.1 is selected for this design. Thus, the average and
maximum value for dc-link capacitor voltage can be obtained
by:

—  Kymax (Vy, V)

Vi = 1
.
Ki (14 o) max (Vy, V) an

l—OlL

VL max —

Table 1 summarizes the voltages across the power devices
of the CBBPFC converter during State I - State IV, based on
which their minimum voltage ratings are also calculated. It is
evident that the minimum voltage ratings for all the switch
devices are the maximum voltage of the dc-link capacitors.
Considering a safety margin for switch devices, the voltage
rating of all the devices can be expressed as:

v, _ Ki(+o)max (Vin, V)
“ K> (1= )

where the K> stands for the safety margin for the power
devices, which always chosen to 0.6 in the actual implemental
stage. The required energy decreased significantly with the
increase of oy, while the voltage ratings for the devices
increase as shown in equation (12). These contradictions
prompt us to seek a reasonable value for the «f .

Based on the equation (12), we can get another formula for
or, which can be expressed as:

_ Vas — Ky max (Vin, V) /K2
Vs + Ky max (Vy, V) /K>

At present, the voltage ratings of commercial devices used
for LED applications are 450V and 600V [37]. To avoid
increasing extra cost on the devices, the 450V and 600V com-
mercial devices are considered in this design. Fig. 7 shows
the maximum fluctuation ratio ¢, under the different output
voltages where the V; is fixed at 400V or 650V. Given V;;, =
RMS 110V, K; = 1.1, K» = 0.6 and V,, = 100-200V. Note
that as the output voltage increases, the maximum value of oy
decreases to avoid the breakdown of the devices, which is the
most important design constraint for the CBBPFC converter.

(12)

(13)

or

B. SELECTION OF DC-LINK CAPACITORS C;

Smaller C; offers higher power density but suffer from
significantly increased voltage stress. The design of Cy, is
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FIGURE 7. The maximum ¢; in different output voltage when the Vg4 is
fixed at 450 V and 600 V. Note that as the output voltage increases, the
maximum value of «; decreases to avoid the breakdown of the devices.

Capacitance (uF)

Output Voltage (V) 100 1}

Output Power (W)

FIGURE 8. The function between the capacitance, output voltage and
power. Given Vo = 100-200 V, P, = 0-200 W, f = 50 Hz, V;, = RMS 110V,
Ky =1.1,K; = 0.6, Vg5 = 600 V. Note that C; = 20 xF is selected in this
design to satisfy all the operation conditions.

essentially a compromise between power density and the
operating constraints. Substituting (13), (11) into (5), we can
obtain a function to calculate Cr, which can be expressed as:

2P V, A/K
CL _ 0 . « ds + / 2 (14)
o (KoVgs +A) Vas —A/K>

where A = K| max (Vm, V(j‘), which stands for the minimum
dc-link capacitor voltage Vp, min-

Fig. 8 shows the capacitance under different working con-
ditions. Given V, = 100-200 V, P, = 0-200 W, f = 50 Hz,
Vis=RMS 110 V, K| = 1.1, K, = 0.6, V4, = 600 V. To sat-
isfy all the operation conditions, the C; = 20 uF is selected
in this design.

C. SELECTION OF V;, AND «;
After C;, = 20 pL_F is selected, the fluctuation ratio «;, and
average voltage V| are determined, which can be calculated
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FIGURE 9. «; under different output power and output voltage, where C;
is selected to the 20 uF.
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FIGURE 10. The function between « and the required minimum capacity
energy Eppmin. Where Py is fixed at 200 W, f is fixed at 50 Hz. Note that the
proposed method uses dc-link capacitor to buffer the energy and raises «
to 0.28. Compared to the conventional method with o = 0.03, the system
energy storage requirements decreased 83%.

as follows.

A+ [A2 4 22

Vi =
2 15)
B— /B* —4P2
o = —————
2P,

where B =2P, + 2wA>Cy.

Fig. 9 shows the oy under different working conditions
when Cy, is selected to 20 uF. Note that when the PFC is
working at the step-down applications, the ¢y, is only deter-
mined by the output power, whereas in the step-up applica-
tions, which is determined by both output voltage and power.
Meanwhile, «; in all the operation conditions satisfy the
limitations in Fig. 7. The maximum oy, occurs at V, = 100
V, P, = 200 W, which is 0.28, which can greatly reduce the
energy storage capacitors. To clearly illustrate this trend, the
Epmin 1s plotted as function of « according to Eq. (5), as shown
in Fig. 10. And compared to the conventional method with
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Output Voltage (V) 100 ¢ Output Power (V)

FIGURE 11. V; under different output power and output voltage, where
C, is selected to the 20 nF.

TABLE 2. Normalized comparisons with previous TSBB PFC reports.

Method P,/ f C Vimae  Results
Ref. [10]  Passive 1kW /60 Hz 950 uF 450 vV 72.52
Ref. [14]  Passive 0.1 kW /60 Hz 150 uF 200V 22.62
Ref. [15]  Passive 2kW /60 Hz 1680uF 350V 38.79
Ref. [30]  Active 0.1 kW /60 Hz 20 uF 300 V 6.79
Proposed  Active 0.2kW /50 Hz 20 uF 277V 241
170 mm

Inductor L;

60 mm

FIGURE 12. GaN-based CBBPFC converter prototype.

o = 0.03, the system energy storage requirements decreased
83%. Meanwhile, the same series of capacitors with different
parameters are selected for volume comparison according to
the design requirements of the conventional and proposed
methods. The conventional method requires a volume of 63.6
cm? for capacitors, while the proposed method only requires
4.71 ¢m3. Furthermore, the smaller energy storage require-
ments make it possible to replace the electrolytic capacitors
with longer life film and ceramic capacitors.

Fig. 11 shows the dc-link capacitors average voltage V.
under different operation conditions. Similarly, where V is
only determined by the output power in the step-down appli-
cations, whereas in the step-up applications, V; is affected
both by output power and voltage. And this formula can be
used to calculate dc-link capacitors voltage reference value
V_L* under different working conditions.

D. COMPARISONS WITH PREVIOUS WORKS

To highlight the effectiveness of the proposed methods in
capacitance reduction, a normalized capacitance comparison
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FIGURE 13. Measured steady-state waveforms of the CBBPFC converter at Vo = 100 V, P, = 110 W. Note that unity power
factor is achieved and that V, is well regulated at 100 V without double-line frequency ripple benefit from dc-link capacitors
that buffer imbalance power with a large «;, and all the voltage stresses are depend on the dc-link capacitors voltage.
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FIGURE 14. Measured steady-state waveforms of the CBBPFC converter at Vo = 150 V, P = 125 W. Note that unity power
factor is achieved and that V,, is well regulated at 150 V without double-line frequency ripple benefit from dc-link capacitors
that buffer imbalance power with a large «;, and all the voltage stresses are depend on the dc-link capacitors voltage.
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FIGURE 15. Measured steady-state waveforms of the CBBPFC converter at Vo = 200 V, P, = 110 W. Note that unity power
factor is achieved and that V, is well regulated at 200 V without double-line frequency ripple benefit from dc-link
capacitors that buffer imbalance power with a large «;, and all the voltage stresses are depend on the dc-link capacitors
voltage.

between the proposed work and the previous two-switch
buck-boost PFC reports is discussed in this section, including
the passive and active solution for buffer the imbalance power.

Since there are differences between the voltage, line fre-
quency, and power rating in our work and the previous related
literature reports, all works should be normalized for objec-
tive and accurate comparison. From Eq. (5), a normalization
factor K, . is introduced to strip off the impact of different
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operating conditions on the comparison results, which can be
expressed as

« _ oV _ 2V
PP P
The normalized comparison results can be calculated by

CpK)y 4., which are summarized in Table 2. Smaller CpK), .,
better performance. The results show that the proposed

(16)
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TABLE 3. System hardware and software parameters.

Parameters Value Parameters Value
Input Voltage AC 110 V /50 Hz Ly 500 pH
Output Voltage DC 100-200 V Lo 500 uH
Switching Devices LMG3410R070 Cr, 20 uF
Diodes RFV8BM6STL Co 20 uF

Voltage Controller 20 kHz Current Controller 100 kHz

coordinated solution and design considerations are more
effective than the previous two-switch buck-boost PFC
reports in reducing capacitance.

V. EXPERIMENTAL RESULTS

A proof-of-concept 200 W GaN based CBBPFC converter
prototype is constructed and tested as shown in the Fig. 12.
We use Texas Instruments LMG3410R070 (600 V, 70 mS2) as
the switching devices and Rohm RFVE8BM6STL (600 V, 8 A)
diodes. And an FPGA (Artix-7 100T AX7102) is used as con-
troller. Table 3 summarizes the circuit hardware parameters.
The design of the converter strictly follows that described
in Section I'V. The calculation frequency of the current con-
troller is higher than the voltage regulators. Here the calcula-
tion frequency for the coordinated current controller is equal
to the sampling frequency, i.e. 100kHz, whereas the voltage
controller is only set to 20kHz to reduce the calculation cost.
Benefits from the proposed coordinated two-stage operation,
the system energy storage requirements are greatly reduced,
here the dc-link capacitors and output capacitors are all 20 uF.
The high-reliability film capacitors are used in this prototype
design, and the smaller ceramic capacitors in parallel will be a
better choice for high power density applications. Meanwhile,
the pre-stage filter is eliminated thanks to the two inductors
in the structure.

Fig. 13-15(a) shows the steady-state waveforms of the
CBBPFC converter with a fixed input AC voltage of
RMS 110V, an output voltage of 100, 150, and 200 V, an out-
put power of 110, 125, and 110 W, respectively. In all the three
scenarios, the input current follows the input voltage without
phase difference and near unity power factor is achieved.
The voltage across the dc-link capacitor Cy, is pulsating sig-
nificantly at a double-line frequency, indicating that Cy, is
buffering the imbalanced power. Furthermore, the peak-to-
peak voltage variations AVy, are 86, 93, and 70 V, the average
voltages V; are 208 (theoretical: 212 V), 212 (theoretical:
215 V) and 248 V (theoretical: 254 V), the fluctuation ratios
oy are 0.21 (theoretical: 0.19), 0.22 (theoretical: 0.21) and
0.14 (theoretical: 0.13), respectively, which match well with
the design specifications in Fig. 9-11 with some allowable
errors. Since the imbalanced power is fully buffered by the
dc-link capacitor, the output voltage V, is well regulated to
maintain the reference value without double-line frequency
ripple. On the other hand, the corresponding voltage wave-
forms of all devices are shown in the Fig. 13-15(b). Note that
the voltage stresses of all devices depend on the voltage of the
dc-link capacitor and within the safe operating voltage of the
device. Besides that, these waveforms also confirm that the
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FIGURE 16. Dynamic waveforms of the CBBPFC converter. Note that the
dc-link capacitors buffered all the transient imbalance power with instant
voltage variations, Vo is almost immune to all the disturbances and
retains tight dc voltage regulation during those transient processes.

CBBPEFC has both voltage step-down (AC 110 V - DC 100 V)
and step-up (AC 110 V - DC 200 V) capabilities and a wide
output voltage range is attainable.

Fig. 16 shows the dynamic waveforms of the CBBPFC
converter in response to (a) a step change of output power,
(b) a step change of output voltage and (c) a step change
of input line voltage. In Fig. 16 (a), the step change of the
output power will produce a sudden change of the imbalance
power, resulting in instant voltage variations for V. Thanks
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FIGURE 17. Measured input current harmonics in comparison with IEC
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FIGURE 18. Measured power factor and efficiency across the entire load
range and different output voltage.

for the dc-link capacitors buffer all the imbalance power, the
output voltage is well regulated by the coordinated controller
to maintain the reference without any disturbances. Fig. 16(b)
shows the dynamic waveforms for V,* varies between 100 V
and 110 V. Note that all the transient imbalance power is
fully buffered by the dc-link capacitors, the output voltage
can rapidly track the reference value without any fluctuation.
Fig. 16(c) shows the waveforms for the input line voltage
varies between 110 V and 90 V. Similar to the Fig. 16(a),
all the transient imbalance power are fully buffered by the
dc-link capacitors with instant voltage variations, V,, is almost
immune to all the disturbances and the controller retains tight
dc voltage regulation during those transient process.

Fig. 17 records the input current spectrum of the input
current at 200 V, 220 W. The results show that the CBBPFC
converter meets IEC 61000-3-2 Class C standards while
achieving a power factor of 0.99 and a total harmonics dis-
tortion of 5.3% even without the pre-stage filter.

The efficiency and power factor performance across the
entire load range and different output voltage are plotted in
Fig. 18. Benefits from the two inductors, high power factor
(>0.99) can be easily achieved for a wide load range even
without the front-stage filter. The power factor lower than
0.99 only occurs at 100V, 38W, mainly caused by the quanti-
zation errors of the ADCs.

The peak efficiency occurs at the 210W, 100V output volt-
age, which is 95.8%. In low-power PFC applications, a drop
in efficiency is inevitable as the output voltage increased.
It is caused by the increase in device stress. Several meth-
ods can improve this condition. One solution is to replace
the diodes D; and D, with active switches, which can not
only reduce losses but also enable the ability of bidirectional
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operation. Similar operations are widely used in totem pole
bridgeless PFC [38]. Another way is to use some optimiza-
tion algorithms (such as particle swarm optimizer, grey wolf
optimizer) to optimize the operation state to find the best
performance point in real-time. Especially for the dc-link
capacitor voltage, it directly determines the voltage stress
of all devices, thereby affecting the efficiency of the entire
converter. This paper focuses on the coordinated operation
and control strategy for minimizing energy storage capacitors
in CBBPFC converters, the efficiency improvement methods
will be discussed in future publications.

Vi. CONCLUSION

In this paper, a coordinated two-stage operation and con-
trol method for the CBBPFC converter to minimize energy
storage capacitors is proposed. By fully exploiting all oper-
ations states, the dc-link capacitors can be used to buffer
double-line frequency imbalance power with a large dc-link
voltage fluctuation. The proposed solution makes it possible
to replace the bulky electrolytic capacitors with longer life
film and ceramic capacitors, enabling the CBBPFC convert-
ers to achieve simultaneously high power density, wide con-
version ratio, high power factor and high reliability. A coor-
dinated control scheme and a fluctuation-ratio based design
consideration are detailed to complement the system design.
A 200W CBBPFC prototype with maximum 83%-reduced
energy storage requirements exhibits a peak efficiency of
95.8% and a near-unity power factor.
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