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Abstract—This paper proposes a low-order harmonics
compensation method of the buck-boost PFC converter with
triangular current mode (TCM) for LED driver applications.
The TCM buck-boost PFC converter has the capability for
power factor correction and wide output voltage regulation.
Moreover, TCM reduces switching losses by enabling zero-
voltage switching (ZVS). TCM is implemented using variable-
frequency control to shape a triangular current with a negative
current path. However, the nonlinear characteristics decay the
power factor correction (PFC) performance. As a result, AC
input current harmonics increase. The proposed control
improves the quality of the AC input current in the TCM buck-
boost PFC converter. The experiment confirms the validity of
the proposed method. As the experimental result, it was
confirmed that the 3rd-order harmonics in the AC input current
are reduced by 70.3% at a grid voltage of 200 Vims by the
proposed method. Finally, maximum efficiency of the TCM
buck-boost PFC converter reached 96.6%.

Keywords—Buck-boost PFC converter, Triangular current
mode, PFC, Zero-voltage switching.

I. INTRODUCTION

The light-emitting diode (LED) market has been growing
due to its attractive advantages, including long lifetimes, low
power consumption, and high luminance. It is well known
that LEDs are driven by DC power. Therefore, the isolated or
non-isolated AC-DC converter is commonly used to obtain
DC power from a single-phase AC grid [1]-[6]. A two-stage
converter with a diode bridge and a DC-DC converter is a
simple configuration for LED drivers. Moreover, the PFC
converter is often required to reduce harmonics in the AC
input current.

The non-isolated DC-DC converter is divided into three
types: boost, buck, and buck-boost converters. The boost
converter is the most popular configuration. However, the
minimum DC voltage is limited to the peak grid voltage. The
buck converter realizes a low DC voltage. On the other hand,
it is difficult to minimize input current harmonics when the
buck converter operates as the buck-type PFC converter.
Therefore, both a boost PFC converter and a buck DC-DC
converter are adopted for low DC voltage situations.

The buck-boost PFC converter achieves wide DC voltage
regulation. The buck-boost PFC converter operates under
discontinuous current mode (DCM) or boundary current
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mode (BCM). Both current modes have low turn-on
switching loss and no reverse-recovery loss. Moreover, BCM
reduces conduction loss compared to DCM because its peak
inductor current is lower. On the other hand, switching loss
remains a problem when operating at higher switching
frequencies.

The soft-switched buck-boost PFC converters have been
widely considered [7]-[9]. Ref. [7] proposed a zero-voltage
switching (ZVS) four-switch buck-boost converter. In this
method, the inductor current is controlled as a trapezoidal
waveform, with negative current flow, to reduce the current
RMS. The negative current flow is used for ZVS operation
because it discharges the parasitic capacitor of the switching
device before turn-on. On the other hand, this converter
requires four switch configurations, which increases costs.

Ref. [8] proposed a soft-switching buck-boost PFC
converter with a common-ground configuration. This
converter achieves ZVS and zero current switching (ZCS)
using the resonance of the parasitic capacitor of switching
devices and an additional coupled inductor. Moreover, the
common-ground configuration is expected to eliminate
common-mode noise due to a zero common-mode voltage.
However, weight density may increase due to the addition of
magnetic components, such as coupled inductors.

Ref. [9] proposed a soft-switching bridgeless buck-boost
PFC converter. This converter consists of a bridgeless PFC
converter and an auxiliary ZVS circuit. The auxiliary circuit
is implemented for ZVS turn-on and ZCS turn-off operation
of the PFC converter. This paper reported that the maximum
efficiency reaches 97.3% under full-load conditions. On the
other hand, this converter also requires a three-winding
coupled inductor. Therefore, high weight is a concern.

The triangular current mode (TCM) is also a candidate for
a soft-switching solution [10]-[12]. TCM achieves zero-
voltage switching (ZVS) before the turn-on of the switching
device by applying a slight negative current. The LED side of
the buck-boost PFC converter uses a switching device instead
of a diode to achieve negative inductor current flow and
minimize conduction loss for TCM operation. Therefore, the
buck-boost PFC converter with TCM is expected to achieve
high efficiency in LED drivers. However, AC input current
harmonics increase due to the variable switching frequency
operation in TCM. Ref. [10] reports a two-switch buck-boost



PFC converter with TCM operation. This converter achieves
ZVS operation by TCM. However, the input current
harmonics increase.

This paper proposes a control method to reduce input
current harmonics in a buck-boost converter operating in
TCM mode. The contribution of this paper is that the low-
order harmonics in the AC input current is compensated by
simple feed-forward control for the TCM buck-boost
converter without feedback control. Experimental results
demonstrate the validity of the proposed control. Finally, the
conversion efficiency is evaluated for both the BCM and
TCM operations.

II. BUCK-BOOST PFC CONVERTER

Fig. 1 shows the circuit configuration of the buck-boost
PFC converter. The synchronous rectifier reduces conduction
losses in the AC-DC conversion stage. The switching timing
of the synchronous rectifier follows the grid voltage (50 or 60
Hz) without Pulse Width Modulation (PWM). The buck-
boost PFC converter achieves PFC capability and output
current control for driving LEDs. The shunt resistor is added
to the inductor current path to detect the zero-current timing
of I for TCM. In the buck-boost PFC converter, a GaN-
HEMT is used as the switching device for S1 and S2 to
achieve high switching frequency operation, thereby
reducing the size of inductor L;. TCM aims to reduce
switching losses in the buck-boost PFC converter. Moreover,
it offers the attractive advantage of good DC current
regulation for LED lighting control, owing to the high-speed
command response of the inductor current /i due to non-
feedback current control.

Fig.2 shows the inductor current waveform and switching
pattern of the buck-boost PFC converter. The inductor current
I becomes the triangular current with a slight negative
current. The secondary-side switching state for S2 is
regulated by the zero-current signal from the shunt detector
to define the negative current period 74. Both S; and S,
achieve ZVS owing to negative current flow, which
discharges the parasitic capacitor on each switching device
during the dead time before turn-on.

Fig.3 shows the operation mode of the buck-boost PFC
converter. The details of each mode are as follows.

Mode 1: S1 still turns on, and the inductor current linearly
increases until the end of mode 1. The peak current /jeax is
expressed as

[, =lelp (1)

where v, is the grid voltage, L is the inductance, and Toy is
the on-time of S;.

Mode 2 (dead time): The inductor current conducts to the
secondary side of the buck-boost PFC converter through the
free-wheeling diode of S,.

Mode 3: S, turns on in this mode. The inductor current
linearly decreases to zero. The relationship between inductor
current and output voltage Viep is expressed as
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Fig. 1. Circuit configuration of non-isolated AC-DC converter with
buck-boost PFC converter. Buck-boost converter operates based on
triangular current mode to achieve ZVS.
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Fig. 2. Inductor current and switching waveforms of buck-boost PFC
converter. TCM realizes zero voltage switching of S; by negative
inductor current.
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Fig. 3. Operation modes of buck-boost PFC converter. Both switch S,
and S, achieves ZVS. Inductor current is controled as triangular
waveform with small negative current for TCM.
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where Tofr 1s the on-time of S;. In this mode, S, achieves



ZVS because the parasitic capacitor of S, is already
discharged in mode 2.

Mode 4: The switching pattern is the same as mode 3. On
the other hand, the inductor current path becomes negative
from mode 3. This period determines the ZVS performance
of the buck-boost PFC converter.

Mode 5 (dead time): S, turns off in this mode. The
inductor current continuously flows through the primary-side
current loop. In this period, the parasitic capacitor of S; is
discharged by the inductor current. Finally, S; turns on by
ZVS in mode 6.

III. TRIANGULAR CURRENT MODE

The current mode in the buck-boost PFC converter is
classified as Continuous Current Mode (CCM),
Discontinuous Current Mode (DCM), Boundary Current
Mode (BCM), and TCM. DCM and BCM are preferred for
the buck-boost PFC converter because of lower switching
losses and no reverse-recovery losses compared to CCM. The
DCM operation drastically reduces the input current
harmonics by simple open-loop control. However, a large
input current ripple requires a large Differential-Mode (DM)
filter. On the other hand, the BCM operation reduces the peak
current owing to the variable switching frequency, which
eliminates the zero-current period. However, the switching
loss due to the parasitic capacitor of the switching device
becomes a drawback to improving efficiency.

TCM is implemented similarly to the BCM control
strategy. The difference between BCM and TCM is that the
negative inductor current in TCM contributes to achieving
wide-range ZVS in each switching cycle because an
additional switching state controls this current during the
reverse-conductive period.

Fig.4 shows the switching frequency of BCM and TCM.
In this mode, the switching frequency is adjusted based on the
zero-current signal to maintain the boundary current
condition. The switching frequency is BCM, and TCM is
expressed as
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where f is the switching frequency, Ton is the on-time of
Si. The inductor current /;, increases linearly during mode 1,
which is determined by T,n. Therefore, Ton affects the output
power condition. According to Fig. 4, the switching
frequency of both BCM and TCM differs according to the
grid voltage. Especially, the switching frequency reaches a
maximum around the zero-crossing of the grid voltage.
Comparing the switching frequency of each current mode,
TCM decreases the switching frequency because the peak-
peak current increases due to the negative current for ZVS.
The negative current /[, is determined to discharge the
parasitic capacitor of S;. Therefore, it is calculated by the
capacitor energy, and the inductor energy of L for discharge
of the capacitor [13].
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Fig. 4. Switching frequency of BCM and TCM when grid voltage is
100 V.
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Fig. 5. Input current waveforms according to grid voltage v,. Input
current harmonics increases due to non-linear characteristics by
variable switching frequency under TCM operation.

IV. INPUT CURRENT HARMONICS REDUCTION

Fig. 5 shows the input current waveforms under TCM. The
buck-boost PFC converter adjusts the inductor current /.. to a
full-wave rectified waveform for power factor correction.
The DCM buck-boost PFC rectifier achieves high-
performance PFC because the ideal inductor average current
is achieved in DCM. The inductor average current under
DCM 1L ave peM 1s expressed as

ac
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where Doy, is the on-duty S1, and Ty is the switching cycle.
Note that the average current is the average value of the ripple
current, including the switching frequency component.
According to (4), the average current waveform under DCM
is the same as |vac| when the on-duty and switching cycles
are set to constant. As a result, the input current i,c becomes
a non-distorted sinusoidal waveform.

On the other hand. The TCM buck-boost rectifier operates
at a variable switching frequency. The inductor average
current under TCM iL_ave TcMm 1S expressed as
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where Vigp is the output DC voltage, Ton is the on-time of S;.



In DCM, the relationship between the inductor average
current and |vac| becomes linear characteristics because the on
duty and the switching cycle are the constant value. However,
the inductor average current in TCM is nonlinear due to the
variable switching frequency. As a result, input current
harmonics increase as shown in Fig. 5. In this paper, the input
current harmonics reduction method is proposed to improve
the PFC performance of the TCM buck-boost PFC converter.
Fig. 6 shows the proposed control block diagram of the
buck-boost PFC converter. The proposed control adjusts the
on-time command To,," of S; to eliminate the nonlinear
characteristics. In the proposed method, the on-time
command is adjusted by the following, expressed as
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where keomp is the compensation coefficient for To,". The gate
signals of the synchronous rectifier are generated based on
the detected grid voltage v., and polarity detection. The
switching frequency is set to 50 or 60 Hz, which corresponds
to the grid frequency.

Fig. 7 shows the simulation results of input current
waveforms when the grid voltage conditions of 100 Vs and
200 Vyms. In this simulation, the input current distortion with
and without the proposed control is evaluated under two
conditions of the grid voltage: 100 Vims and 200 V;ms. Note
that the inductance L, is 4.5 mH, and the output power is 20
W. According to Fig. 7(a) and (b), the input current without
the proposed control is distorted by the nonlinear
characteristics, as shown in (6). On the other hand, the input
current becomes a sinusoidal waveform when the proposed
control is applied.

V. EXPERIMENTAL RESULT

A prototype circuit with rated power of 20 W is tested in
order to confirm the validity of the proposed method. Table I
shows the experimental parameters. In the experiment, two
grid voltage condition of 100 Vs and 200 Vi are tested
because of the wide input voltage condition. The switching
frequency range of the TCM buck-boost PFC converter is
changed corresponding to the grid voltage. Especially, the
switching frequency increases when the grid voltage is 200
Vims oWing to low input current.

Fig. 8 shows the input and output waveforms when v is
100 Vims. In this condition, the TCM buck-boost converter is
operated as the boost converter to obtain the output voltage
0f 200 V from input voltage of 100 V. According to Fig. 8
(a) and (b), it was confirmed that the input current comes
close to the sinusoidal waveform when the proposed control
is applied. Note that the input current near the zero-crossing
point is still distorted because of the switching frequency
limitation. It will be improved by the rework of the zero-
current detection of the buck-boost PFC converter.

Fig. 9 shows a comparison of input current harmonics to
confirm the reduction of low-order harmonics by the
proposed method. According to Fig. 9, the 3rd-order
harmonics should be compensated to improve the input
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Fig. 6. Control block diagram of TCM buck-boost PFC converter.
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Table I Experimental parameters.

Symbol Quantity Value
Vie Grid voltage 1007200 Vs
P,ued Rated power 20 W
fow Switching frequency 15-47 kHz (100V 11ns)
31-100 kHz (200 V)
Viep Output DC voltage 200V
L, Inductance of PFC conv. 4.5 mH
L Filter inductance 1 mH
Cr Filter capacitance 1 uF
C DC side capacitor 180 uF
Ropum Shunt resistor 1.68 QO

current quality because its harmonics are higher than the
other harmonic components. As the analysis result, the
proposed control reduced the third-order harmonics by 37.4%
compared to without the proposed control.

Fig. 10 shows the input and output waveforms when v, is
200 Vims. In this experiment, the TCM buck-boost converter
is operated in buck-boost mode. According to Fig. 10(a) and
(b), it was confirmed that the proposed control improves the
input current quality by reducing low-order harmonics, as
shown in Fig. 7. Compared with Fig. 8 and 10, the current
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distortion increases when the grid voltage is 200 Vms. This is
because the fundamental component of 50 Hz is small due to
the high grid voltage condition. As a result, the low-order
harmonics affect the input current waveform more.

Fig. 11 shows the comparison of input current harmonics
when the grid voltage is 200 Vims. According to Fig. 11, odd-
number harmonics of 3rd, 5th, and 7th become higher than
Fig. 8. Comparing to the input current harmonics, it was
confirmed that the proposed control reduces the 3™ order
harmonics by 70.3%.

Fig. 12 shows the switching waveform of the buck-boost
PFC converter. According to Fig. 12(a), hard switching
occurs due to BCM operation. On the other hand, the drain-
source voltage reaches zero before turn-on under TCM, as
shown in Fig. 12(b). As a result, it was confirmed that ZVS
is achieved by the negative inductor current owing to the
proposed control. Moreover, the GaN-HEMT of S, achieves

Grid Voltage Vae 250 [V/d1v]

/' \ }
Il : : [ Input current Tac 500 [mA/le]
= e prs
U e e i 07 o Bl TP b ‘”‘fs... B O

L A e e e e i B -....‘—..., .-......rr1..

ok - - P S I S
: : : : : : 10[ms/d1v]

(a) Without proposed control

Grid Voltage Vae 250 [V/dlv]

lnputcurrent Tac 500 [mA/dlv]

T M T e

bR
: : : : : 10[ms/d1v]

(b) With proposed control
Fig. 10. Experimental result when grid voltage is 200 V .

Ipu.=110mA Il With proposed control
H Without proposed control

1
m3f‘iorder harmonics: reduced by 70.3%
0.0001 ‘ I
1 2 4 5 6 7 8 9 10

o
—

=3
(=3
=

Normalized Input current [p.u.]

Harmonic order [-]
Fig. 11. Input current harmonics when grid voltage is 200 V .

ZVS because the device current always flows from the source
side, which means the parasitic capacitor is discharged before
S2 turns on.

Fig. 13 shows the efficiency comparison of BCM and
TCM. According to Fig. 12, TCM improved efficiency
through ZVS. The peak efficiency of the TCM buck-boost
PFC converter reached 96.6% at a grid voltage of 100 Vims.
Especially, the light-load efficiency is significantly improved
when TCM is applied. This is because the switching
frequency increases at low output power conditions. As a
result, switching losses affect efficiency more at low power
than at rated power. Compared to the efficiency curve
between 100 Vims and 200 Vi, the efficiency is significantly
improved at 200 Vrms owing to reduced switching losses.

VI. CONCLUSION

This paper proposed an AC input current-harmonics



reduction technique for the TCM buck-boost PFC converter
in LED driver applications. The proposed control improved
the quality of the AC input current by adjusting the on-time
command in the TCM. The experiment confirmed the validity
of the proposed method. As the experimental result, it was
confirmed that the 3rd-order harmonics in the AC input
current is reduced by 70.3% by the proposed method when
the grid voltage is 200 V. Finally, maximum efficiency of
the TCM buck-boost PFC converter reached 96.6%.
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