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Power Decoupling Rectifier With Common-Ground
Concept for Lighting Applications

Hanlei Tian

Abstract—The lightweight and the electrolytic capacitor-less are
the development trends of microconverters for transportation light-
ing applications. Some solutions available to address the power
fluctuations are caused by electrolytic capacitor-less. However, the
leakage currents caused by nonisolated converters have been little
studied. Given this, an improved transformerless single-phase rec-
tifier based on the virtual dc-bus concept is proposed in this letter.
This solution connects the negative of the LED array directly to
the grid neutral, thus shorting the stray capacitance to the ground,
suppressing leakage currents, and improving system reliability. In
addition, the active pulsating power buffering solution is intro-
duced with only one additional power switch due to the sharing
of cells. Finally, the experimental results verify the correctness and
superior performance of the proposed solution.

Index Terms—Common-mode current, lighting applications,
power decoupling, single-phase rectifier.

I. INTRODUCTION

N RECENT years, due to the benefit of high transfer effi-
I ciency, single-phase power factor correction (SPPFC) rec-
tifiers have gotten a lot of attention [1], [2]. Unfortunately,
most SPPFC rectifiers still require hefty EMI modular and
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electrolytic capacitors (Ecaps). It is worth noting that Ecaps is
also responsible for one-third of all circuit defects [3].

Considering this, many researchers focus on improving the
topologies to achieve non-Ecaps by introducing active circuits.
In [4] and [5], three-port converters based on flyback circuits
are proposed with the third port used to cope with the power
ripple and recover the leakage energy. The third port and the
main circuit, however, are generally independent, resulting in
significant component redundancy and higher production costs.
In this regard, the typical H-bridge and the active buffer circuit
(ABC) are cascaded to obtain a four-switch configuration by
sharing one bridge arm [6], [7]. But, the bidirectional power flow
in each switching cycle of the ABC makes it difficult to optimize
the efficiency. Qi et al. [8] and de Arayjo et al. [9] investigate
unidirectional ABCs. Due to the scheme of energy-flow-path
optimization (EFPO), the majority of the energy is transmitted
straight to the load while the buffer tank only deals with pulsing
power. In the ABCs, the energy processing connection is then
further lowered. It is worth noting that the miniaturization of the
microrectifier is the inevitable trend, so the transformer should
be considered a redundant component and should be removed.

Unfortunately, the removal of line-frequency or high-
frequency transformers will result in an electrical connection
between the load and the grid. As a result, the common-mode
leakage current caused by the change of common-mode voltage
increases the total harmonic distortion (THD) of the grid current,
system loss, and even threatens personal safety. Therefore, the
reliability of these converters is poor. In this regard, the con-
verters, with two bridge legs and four switches, are presented
in [10] and [11] to satisfy the needs of ac/dc applications. This
kind of topology has the characteristics that the negative of the
load is grounded with the neutral point of the grid, obviating
the requirement for an isolation transformer and eliminating
common-mode current. The principle is to short circuit the stray
capacitance directly. However, the problem of the inrush current
limits its application, and power decoupling is not taken into
account. As a result, a compact, high-efficiency, long-life, and
nonisolated LED driver is urgently needed.

Given the above shortcomings, a revolutionary SPPFC recti-
fier with reduced leakage currents and power decoupling capa-
bilities is proposed in this letter. Compared to similar works, the
main advantage of this topology is the zero-leakage currents and
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Fig. 1. Topology of the proposed SPPFC rectifier.
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Fig. 2. Modulation method of the proposed SPPFC rectifier.

the near-zero double-frequency ripple in the absence of trans-
formers and Ecaps. In short, the output terminal of the proposed
rectifier is common-ground (CG) with the grid, so the leakage
current could be eliminated. Furthermore, by introducing an
extra switched network, a unidirectional APPB cell is produced
without the inrush current, and the pulsating power is absorbed.

II. PROPOSED TOPOLOGY

The proposed rectifier consists of a conventional boost cir-
cuit, a modified H-bridge, and a switch-capacitor cell (SCC),
as shown in Fig. 1. A conventional boost circuit and a mod-
ified H-bridge (S1-S2, D1-D3) are employed to perform the
PFC function and provide a power transmission path for SCC,
respectively. The SCC (Cy4, Sy) is used to absorb pulsating
power and is regarded as APPB. The traditional boost converter
and the modified H-bridge are integrated through time-sharing
multiplexing the switches S;—S2 and the diode D;.

A. Modulation Method

Fig. 2 shows the subregion based on the PWM method.
According to the intersection between the reference wave V.. and
the modulating wave V,,,, the positive reference wave (stages |
and II) and the negative reference wave (stages III and IV) both
have two stages.

1) Positive Input Voltage Vi, > 0 (ta—tq): Stage I (t,—~tp, t—
tq4): The input power is less than the output power. Therefore, the
power deficit at this stage needs to be provided by a decoupled
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capacitor to maintain the power balance of the system. This
stage requires three modes to complete together, as shown in
Fig. 3(a)—(c).

Stage II (¢,—t.): The input power is greater than the output
power, and the surplus power needs to be absorbed by the
decoupled capacitor. Therefore, this stage requires two modes
to complete together, as shown in Fig. 3(a), (b).

2) Negative Input Voltage Vi, < 0 (tq—tg): Stage III (tq—t.,
ty-t,) and Stage IV (t.—tp): The completion of these two stages
requires three modes, as shown in Fig. 3(d)—(f). The difference
lies in the duty cycle of the switch Sy in the APPB. From
Fig. 2, the switch S; presents sinusoidal pulsewidth modulation
(SPWM) to realize energy buffering operation.

B. Operating Principle

Fig. 3 shows the six operating modes of the proposed rectifier.
The current path is indicated by the red arrows in the diagram.
These models are discussed in detail as follows.

Mode 1: At the start of this mode, S; is ON. The ac source
vin charges the inductor L;, and the inductor current i;, increases
linearly. Meanwhile, the output current freewheels through the
diode Do, as shown in Fig. 3(a)

diy dl o
dt dt
where the current flowing through Loy 18 Tout-

Mode 2: S; is turned OFF at the beginning of this mode. The

inductor Lb is discharging to the SCC and the load, as shown in
Fig. 3(b)

Lb = Vin, Lout = V;)ut (1)

dV, .
d—fcd =iy — Lou )

where the voltage across the capacitor C4is V.

Mode 3: S, is turned ON at the beginning of this mode. The
APPB starts running and is discharging to the inductor L+ and
the load, as presented in Fig. 3(c). The equation in this state is
derived as

dIOut
dt

Mode 4: The voltage v;, charges the inductor L;, and the
inductor current increases linearly. Meanwhile, the APPB is
discharging to the inductor L., and the load, as shown in
Fig. 3(d)

Lout = VC - V;)ub (3)

dib dIout
e
at T T
Mode 5: Sy is turned OFF at the beginning of this mode. The
inductor Lb is fully discharging to the APPB. Meanwhile, the
output current freewheels through the diode D, as presented in
Fig. 3(e)

Lout = VC’ - V;)ut- (4)

di dlo,
d—ij =t~ Vo, " Low = Vou (5)

Mode 6: The current only appears at the load and freewheels
through the diode Ds.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 3, MARCH 2023

2823

X
LOIAI
Vin ’\I J L Vou
out’
N _NYY\—_|||
' Y Cot
Lo o
>»-

Fig. 4. Equivalent diagram of SPPFC rectifier with leakage current path.

III. PERFORMANCE ANALYSIS

A. Common-Mode Current Analysis

Fig. 4 shows a simple equivalent model of a conventional
SPPEC rectifier with parasitic capacitance. As can be seen from
Fig. 4, the common-mode voltage Vo and the differential-
mode voltage Vpyr can be calculated by

Vo = ————, Vbom = Vaxn — AN (6)

where Vxy is the voltage at both ends of X and N, and Vyy is
the voltage at both ends of Y and N.

According to [5], Vpw also affects the leakage current, so the
total mode voltage Vo can be expressed as

Vxn + VAN Van — VN Ly — Lout 7
2 2 Lont L.

out

Viem =

From Fig. 1, we could know that L/, = 0. Therefore, (7) can
be simplified to Vcy = Vyn. Then, the common-mode current

on the parasitic capacitor is

dVrem

7 ®)

icm = Csc

where Csc is the stray capacitance.

According to (8), the leakage current is affected by the ampli-
tude and frequency of the change of voltage V. The proposed
rectifier topology benefits from the CG structure, Vyn = 0.
Therefore, the new topology can eliminate the leakage current.

B. Power Decoupling Analysis

Since the operation is different between v;, > 0 and v;, <
0, there are two values for C4. The relationship between the
capacitance and the voltage ripple is

Q
AU = — 9
O ©))
where AU is the voltage ripple across the capacitor Cy, and Q
is the amount of charge of the capacitor Cy.

From Fig. 3, we have

Q1 < Q. (10)

90
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Fig. 5. Relation curve between Poys, Vo, and Cy.

Hence, by combining (10) and (11), we have

AU, < AUy (11)

where AU; and AU, - represent the voltage ripples for vi, > 0
and vy, < 0, respectively.

According to (11), a larger capacitance is needed under v;,
< 0 to limit the voltage ripple within the allowable range. As
a result, the selection of decoupled capacitor is based on the
condition of vi, < 0. Suppose PF = 1, the change of the Cq4
energy storage AE [3] can be expressed as

AE:/ ——dwt = ==
/4 w w

12)

where P, is the output power, Pj, is the input power, and w is
the grid angular frequency.

Since the energy stored in the capacitor is determined by its
capacitance and voltage, the energy storage variation AE can be
expressed as

1
AE = 5ClVE ~ V) = CabVelVors  (13)

where Vy, Voo, AV, and AVe_,, are the maximum, mini-
mum, ripple, and average values of the voltage V¢, respectively.

Combining (12) and (13), the equivalent capacitance can be
expressed as

. POLII
N UJAVC X VC '

According to (14), when P, AV, and V¢ are fixed values,
increasing AV can reduce the capacitance, and remove the
electrolytic capacitors. Considering a 20% capacitance voltage
ripple, Fig. 5 shows the change of decoupling capacitance from
half-load to full load. Obviously, the maximum voltage of the
decoupling capacitor and rated power must be determined before
the decoupling capacitance is selected.

Cq (14)
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TABLE I
COMPARISON OF PROPOSED CONVERTER WITH OTHER RECENT WORKS

Refs. Out power Number of Rated voltage and rated NCM NIC PD Maximum
Pout current of (W/em?) efficiency
S D C S Model D Model
[3] 80 W 4 3 1 600 V/1.9 A 400 V/5 A J J 1.01 97.1%
[5] 100 W 4 4 2 600 V/3.5 A 450 V/5 A X X 0.78 94.7%
[7] 100 W 2 5 2 600 V/20 A 650 V/6 A X X ~1.33 No data
[8] 110 W 2 6 2 400 V/25 A 400 V/3 A X J 1.13 95.1%
[9] 43 W 2 7 7 - X N 0.33 93.2%
[10] - 4 4 2 - X N - -
[11] 180 W 4 0 2 - N X - 93.3%
[12] 150 W 10 6 8 - X X ~2.86 92%
[13] 100 W 2 5 3 600 V/13 A 150 V/87 A X X 1.76 94%
Proposed 100 W 3 2 1 600 V/1.9 A 600 V/4 A J N 1.11 96.8%

Note: S is the switch, D is the diode, C is the capacitor, PD is the power density, NCM is the non-common current, and NIC is the noninrush current.

C. Comparative Analysis

Table I provided to summarize comparisons of the popular
SPPFC non-Ecaps rectifiers and the proposed rectifier. The
comparative items are the number of the switches, the diodes,
and the capacitors. The performances such as the common-mode
current, the inrush current, the power density, and the efficiency
are also considered.

To be fair, the measured efficiency of all topologies is at the
switching frequency of 25 kHz. As can be realized from Table I,
the work in [3] is slightly higher than the proposed topology
in the transmission efficiency. However, the proposed topology
requires fewer semiconductor devices and can achieve higher
power density. Liu et al. [10] utilize virtual LC technology to
realize the power decoupling, which leads to complex control
strategies and difficult mass production. Although the perfor-
mance of the work in [11] is good, the current stress of switches
is high. Compared with the work in [5], [ 7], [8], and [10], the pro-
posed topology can achieve nearly zero common-mode current
operation without an isolated transformer, so the reliability is
higher. From Table I, the power density and the semiconductor
selection perform well, which is due to the sharing of power
devices with different functions and the inductors designed to
participate in the operation of each mode.

Compared with the above schemes, ultrahigh-frequency is
applied in [12], which benefits from the soft switching. The
power density has been greatly improved. However, the overall
number of semiconductor devices and magnetic components is
higher than the proposed ones. In [13], the problems in [12] have
been optimized, especially the number of switches has been
drastically reduced. However, according to (8), a nonisolated
converter with a switching frequency of 250 kHz results in a
higher common-mode leakage current and endangers personal
safety. Therefore, the proposed converter topology is more com-
petitive.

IV. CONTROLLER DESIGN

The control method of output current and ripple current in
this letter is shown in Fig. 6. The output current i, passes
through the detection resistance, and the average output current
I,y 1s obtained by the low-pass filter. The detection signal is
compared with the reference signal /,y-ref- The error signal is

Sampling Processing in DSP

PWM

LUl gy

Ly )

BALNEH

Inn[-p-r/

Fig. 6. Control block diagram for the proposed rectifier.

transmitted to the PI regulator. The detailed PI parameters are
detailed in [14], which will not be described again in this letter.
Subsequently, the output of the regulator is multiplied by viy,-yer
to obtain the PFC tracking signal, which is transmitted to the
PWM unit. Then, the required PWM driving signals are obtained
through logic operation and transmitted to the switches S; and
So. It is worth noting that v;,,_,f is the electric signal after the
input voltage takes the absolute value.

The output current ripple control is as follows. The peak
output current /., is obtained by peak current detection, and
then, Io,-p, is compared with the peak reference current /o ¢-p-ref
to obtain the control signal of the output current ripple. Vip_ref
gets a square-wave signal with the same frequency after zero
detection to determine the working status of S4. After comparing
the low-frequency square-wave signal, ripple current control
signal, and sawtooth-wave, the driving signal is obtained through
the logic gates and transmitted to the switch Sq.

V. PERFORMANCE EVALUATIONS

To verify the performance of the proposed SPPFC rectifier, a
100 W prototype has been built in the lab, as shown in Fig. 7.
The parameters are listed in Table II.

Fig. 8 depicts the measured waveforms of input current,
input voltage, and the drive waveform of the switch S;, whose
waveforms are enlarged to the right in Fig. 8(a). It can be seen
from Fig. 8(a) that 1) the inductor current is symmetrical within
the positive and negative cycles of the grid frequency; 2) the
current presents an SPWM signal and operates in discontinuous



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 3, MARCH 2023

EMI Circuit

nduj Dy

LED
DSP Controller

(@) ' ®)

Fig. 7. Photo of (a) experimental prototype and (b) experiment platform.

TABLE I
COMPONENT PARAMETERS OF THE PROPOSED DRIVER

Parameters Value Parameters Value
Input voltage v;, 220Vac Filtering inductor 500 uH
Low
Rated power 100 W PI Kp=0.2,
K; =500
Switching frequency 25 kHz Input filter 3 uH/400 V
f inductance Ly
Decoupling capacitance 4 x2.2 uF/400 Input filter 0.2 mF
Cy A\ capacitance Cy
Cree Cool white XR-E 45 Q Power switches FQD2N60C
S1-S5, Sa ™
600 V/1.9 A
PFC inductance L; 100 uH Diodes D-D, SVF4NG6OR
D-TR
ROATINCE S -
Ny

N\

Ty (1A/diy,

Stepchange

(b) ()

(10ms/div)|

Fig. 8. Measured waveform of ac side. (a) Under steady-state. (b) Under
dynamic 1. (c) Under dynamic 2.
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Fig. 9. Measured decoupled capacitor voltage. (a) Under steady-state. (b)
Under dynamic-state.

conduction mode. As a result, the power factor is 0.989. The in-
put current with robust dynamic performance and the noninrush
current are observed in Fig. 8(b) and (c), respectively.

Fig. 9(a) and (b) depicts the measured decoupling voltage
waveforms and the measured output current waveforms. From
(14), it is clear that larger voltage ripples can effectively alleviate
the dependence on the dc-link capacitance. The maximal ripple
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Fig.11. Common-mode leakage current under (a) steady state and (b) dynamic
state.
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Fig.12.  Performance analysis. (a) Harmonic of input current i;y, . (b) Measured
efficiency.

is 26.9% of the average voltage, which is the reason that the
pulsating power is transferred to the decoupled capacitor. It can
be noted that the ripple of the output current is less than 7% in
both static and dynamic operations, so the APPB ripple does not
affect the output current. It can also be seen from Fig. 9(b) that
the brightness can be easily adjusted by changing the amplitude
of the output current. Furthermore, as compared to the current
ripple of 14.1% in [15], the performance of this letter is much
improved because the decoupling capacitor is decoupled from
the input side. In addition, due to the bootstrap effect of the
decoupling capacitor in [15], the input current is less sinusoidal
and the harmonic content is higher.

Fig. 10 shows the current of the decoupling capacitor i . The
right side of Fig. 10 is an enlarged view. As can be seen from
the enlarged view, the decoupling capacitor discharges the load
from A to B, and the current increases slightly. From B to C, the
switch Sq is turned OFF, and the inductor L, provides energy
for the load. The above process is consistent with the theoretical
analysis.

To verify the effectiveness of suppressing CMC, a 90-nF
parasitic capacitor is added to this prototype. Fig. 11 depicts
the leakage current at various voltage levels. From Fig. 11, the
leakage current is immune to the step-up voltage. And, when v,
= 90V, iy reaches 8.3 mA (rms value). As a result, the trans-
formerless converter satisfies the stringent safety requirements
of DIN VDE 0126-1-1 [9].
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The grid current is analyzed using the fast Fourier transform,
as shown in Fig. 12(a). The THD of the grid current i in is 4.59%,
which compiles with the IEC-610003-2 standards. It is obvious
from this finding that LED connectivity with the suggested LED
driver is possible. Besides, the efficiency under rated power is
shown in Fig. 12(b), where the output current and the output
voltage are 1.6 A and 65 V, respectively. Finally, the proposed
rectifier may achieve maximum efficiency of 96.8%.

VI. CONCLUSION

A novel SPPFC rectifier based on a virtual dc-bus is pro-
posed in this letter. The CG feature completely removes leakage
current, allowing the proposed topology to be used without a
transformer. An integrated boost converter is used in such a way
that the proposed rectifier can limit the SC precharge current
while also minimizing the inrush current. Besides, only one addi-
tional power switch can obtain the power decoupling capability,
which greatly simplifies the proposed structure. Finally, a 100-W
experimental prototype is tested, and the measured results show
a very good LED driving performance and a high degree of
agreement with the analysis offered.
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