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Abstract: In this paper, a new LLC converter for series-connected, high-voltage LEDs is proposed.
The proposed LLC converter consists of two stacked, single-ended rectifiers and one balancing
capacitor, to compensate for the current deviation of two individual LED strings. The proposed
LLC LED driver can use a diode with low voltage stress, even if the secondary LED is connected
in series to have a high driving voltage. In addition, even if several series-connected LEDs are
changed into two-stacked structures, the balancing capacitor can compensate for the current deviation
of the two separated LEDs, as well as the difference in leakage inductance of the two stacked
single-ended rectifiers. The balancing capacitor can be made equal to the voltage tolerance of the
stacked, single-ended rectifier diodes. The proposed circuit can be easily extended to a series channel
LED driver circuit, without increasing the voltage stress. To verify the characteristics and operation
of the proposed LLC LED driver, a 260W high-power LED driver is implemented.

Keywords: LLC LED driver; high-power LED light; stacked single-end rectifier; balancing capacitor

1. Introduction

Light-emitting diodes (LEDs) have been emerging as the next generation of lighting, due to their
long lifetime, eco-friendliness and high optical efficiency [1]. In particular, LED lighting is increasingly
appropriate for their use in very bright places, such as harbors, streets, large public places and stadiums.
A serial structure in which a very large number of LEDs are connected in series, or a relatively small
number of LEDs are connected in series and driven in parallel, can be used for very bright, large power
LED illumination. Constant current driving is required for constant brightness and heat dissipation
as a result of current change due to LED voltage change. If a large number of LEDs are driven in
series, the driving voltage becomes high, and if the LEDs are driven in a serial-parallel structure, many
circuits for current driving are required for each parallel driving [2].

The power conversion system for driving a large-power LED in a series—parallel structure is
shown in Figure 1. Large power LED lights over 65 W require AC/DC converters for power factor
correction (PFC), along with DC/DC converters to create isolation and DC voltage to drive those LEDs
connected in series. Finally, to balance the current between parallel-connected LED strings, a linear or
a switching LED driver is required. The linear LED driver has simple control and low cost, but suffers
from poor efficiency [3]. The switching LED driver, which is a type of non-isolated DC/DC converter,
separately controls the current of each LED string. It has higher efficiency compared with the linear
LED driver, but has demerits, such as a large component count and high cost [4-6]. Both linear and
switching LED drivers require a large number of circuits to drive parallel LEDs. The number of the
circuits can be reduced by series-connected LED strings. Even if the number of current driving circuits
is reduced by connecting the LED strings connected in parallel to each other in series, a high driving
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voltage LED driving circuit is required. In addition, there are two power conversions for a DC/DC
converter and current drive, which also causes efficiency degradation.
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Figure 1. General power conversion circuit for high-power light emitting diode (LED) strings.

In order to overcome the efficiency degradation and to drive multi-channel LEDs, a single
power conversion driver has been studied from the PFC DC output to the LED current control [7-17].
The single power LED driving circuit can be divided into a conventional pulse-width modulation
(PWM) DC-DC converter [7-12] and a resonant converter [13-16]. A multichannel LED driver is
proposed, based on a multi-output flyback converter. Each LED string is connected to a separate
secondary winding of a flyback transformer, while each LED string is connected to each other through
a current balancing capacitor [8]. However, this prior circuit cannot be applied for high voltage and
power LED driving, because of high voltage and current stress in a primary switch. A study has
proposed buck and boost converters for driving the single power conversion multichannel LED [9-12].
The proposed method uses many devices to drive multichannel LEDs, and the study presents several
methods for current control for each channel. These prior research methods are not suitable for
high-power, multi-channel LED driving circuits because of the large number of devices, and the need
for a separate control block to eliminate the current variation between channels. Another study has
proposed driving multi-channel LEDs using series resonance and parallel resonance on the secondary
side or on the primary side [13-15]. The prior circuits have many reactive components to make
an LCL-T resonance rectifier or LCLC series—parallel resonance for the current balancing of LED
strings. In addition, some multichannel LED drivers based on the LLC resonant converter have been
studied [16-18]. One study [16,17] offers a two-stage, multi-channel, constant current (MC3) LLC
LED. The current balancing is ensured by transformers that are connected in series at the output of
the resonant tank, but the circuit separates the LED modules through a transformer, and it is difficult
to balance the current between the modules. Another LLC resonant-based single power conversion
LED drive circuit has been studied [18]. This circuit can easily eliminate the current deviation between
LED strings, but the secondary side wiring is difficult, and too many parts are used, which makes it
expensive and bulky. To achieve high efficiency, the zero-voltage switching of the primary side switch
is required, and a small number of secondary side diodes should be used, even if the LED channel is
increased to reduce the conduction loss of the large power LED driver.

Therefore, a new, high-power, multichannel LED strings LLC driver made by stacking single-ended
rectifiers with a simple structure and few components is proposed in this paper. The proposed LED
driver has one power conversion stage from the output DC voltage of the PFC to LED strings light,
and can regulate the currents in LED strings. The proposed LLC LED driver can use a diode with low
voltage stress, even if the secondary LED is connected in series to have a high driving voltage due to
stacked single-ended rectification. As well as this, a balancing capacitor is used to balance the current
of these LED strings. The zero voltage switching (ZVS) of the main switch is possible due to LLC series
resonant operation. The proposed driver can be extended for many channel LEDs by adding fewer
diode components and increasing the number of secondary windings.
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The detailed operating principle of the proposed circuit is explained in Section 2. Section 3 shows
the validity of experimental results by implementing a prototype. The conclusion is discussed in
Section 4.

2. Proposed LLC LED Driver

Figure 2 shows the circuit diagram and key waveforms of the proposed a stacked single-ended
two channel LLC LED driver. The proposed driver can be extended for many channel LEDs. A more
detailed driver circuit expansion for multiple LEDs will be discussed again in Section 2.2. The operation
and structure are explained in this section through the proposed two-channel LED driving circuit.
The proposed converter is composed of two single-ended rectifiers, a balancing capacitor, and two
series LED strings. The current deviation in series with the two modules is compensated by the
balancing capacitor, and the voltage stresses of D; and D, can be made equal. The operation is similar
to the LLC converter. For mode analysis, the following assumptions are made.

(1) All analyses are performed in a steady-state operation.

(2) The capacitances of Col, Co2 and Ceq are sufficiently large to make their voltages constant.

(3) M1 and M, are ideal, except for their internal diodes and output capacitors.

(4) Dy and D, are ideal.

(5) The inductance of a transformer magnetized L, is several times greater than the inductance of
a resonant inductor L,.

(6) n is the turns ratio of the transformer.
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Figure 2. Cont.
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Figure 2. Proposed stacked single-ended LLC two channel LED driver: (a) Circuit diagram of the
proposed circuit, (b) Key waveforms of the proposed circuit.

2.1. Modal Analysis

Mode 1(tp~t1): A switch, Mj, has been turned on, and the energy is transferred from the input
to the LED bar 1 by D; turn-on. In this mode, the circuit works like a series resonant converter with
resonant inductor L, and resonant capacitor C,. This mode ends when the L, current is the same as Ly,
current. The output current reaches zero. The primary inductor current and the voltage across the
magnetized inductor can be expressed by a series resonance with an initial value as follows.

. 1 L, . 1
irr(t) = I, (tp) cos t—to) + (Vi — Vor (fo) = n(Vo1 — Veg))/ +| = sin t—t 1
1r(t) = Iy (to) m( 0) + (Viink = Ver(to) = n(Vir = Veg)) C. m( 0) (D
Upri(t) =n(Vo — VCeq?DC) ()
N, N,
n=—t =% ®)
Ns1  Ng»

Mode 2(t;~tz): When the resonance between the inductor and the capacitor is finished, Mode 2
begins. Two diodes are turned off. The primary currents can be obtained as follows.

Vi = Ver(t)

i (t) = Lyt L (t=t1) + 1, (1) 4)
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Mode 3(t2~t3): M, has been turned on and the energy is transferred from the input voltage to
LED bar 2. D, is conduction. The inductor currents and the voltage across the magnetized inductor
can be expressed as follows, with the same operation mode as mode 1.

irr(t) = I, (t2) cos

1 L, . 1
m(f —t) - (VCr(fz) + n(Voz + Veq))/ \/grsm m(t —t) (5)

vpri(t) =-n(Ve + VCeq_DC) (6)

Mode 4(t3~t4): Since the resonance between L, and C; is finished, the power is not transferred
from the input to the output, and D; and D, are turned off. The primary current can be shown

as follows.
Ve (ts)

iLr(t)

2.2. Current Balance Mechanism

The current between LED bar 1 and LED bar 2 can be equalized by the balancing capacitor, Cey.
During one switching cycle from fy to t4, the net changes in capacitor voltage V,; are zero. The voltage
difference between LED bar 1 and bar 2 can be compensated for by the DC voltage of C¢. The voltage
of C¢; is determined by the leakage inductance of secondary transformer windings and the equivalent
resistance of LED bars. The equivalent circuit to determine the DC voltage of C,; is shown in Figure 3,
where the current equations for ipj and ip, can be obtained by using Kirchhoff’s voltage law for LED
bar 1 and LED bar 2 for each half cycle.

di
LKsecl% + Vo + Veq =0 (8)
di
LKsecZ% + Vo - Veq =0 (9)
o, Loy

- KVL, <v>
LKsecl D —
X: LED Bar,;

o ()

LKseCZ i ;
% LED Bar,

.
ip2

W

A

Figure 3. Equivalent circuit during one switching cycle.

Since the current-sec balance of C, is satisfied for one period, the DC voltage of Ce; can be
expressed as follows:

ILED
Veg = m(LKseczRLEm — LisectRLED2) (10)

Vo1
Rrep1 = ﬁ (11)



Electronics 2020, 9, 529 6 of 11

1%
Riep2 = 1—02 (12)
LED
where Lgg.c1 and Lgge» are secondary leakage inductances of transformer T;. The DC voltage can
compensate for the voltage difference between the LED bars and the current of the LED bars can be

balanced by the capacitor, Ce;.

2.3. Extension of the Proposed Circuit for Multichannel LEDs

The proposed circuit is a very easy way to expand to drive multiple LED strings. Adding one LED
string requires only one secondary winding, one rectifier diode, one balanced capacitor and one output
capacitor as shown in Figure 4. The circuit limited to [18] requires the adding one LED string and three
rectifier diodes. Unlike the research in [15,16], as the number of LED strings increases, the number
of devices to be added is small, but it has the advantage that no current deviation occurs between
modules. The current balance capacitor DC voltage of the multichannel LED can be defined as follows:

I ED
Veg(k-1) = Lxectit) + LKseck<LI<seckRLED(k—1) _LKsec(k—l)RLEDk) (13)
Vo(k-1)
RiED(k-1) = D (14)
Vok
Rrepk = ILI:D (15)

where Lisec (k1) and Lkseck are secondary leakage inductances of transformer T4, and k is the number of
LED strings. Table 1 shows a comparison of the number of required components for k LED strings
using a resonant converter. Compared with the conventional resonant LED driver, the proposed driver
needs a smaller number of diodes when the number of LED channels is increased.
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Figure 4. Extension of the proposed circuit for multichannel LEDs.
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Table 1. Comparison of the number of required components for k LED strings using resonant converters.

[13] [14] [15] [16,17] [18] Proposed
Diode 4k 4k+2 4k K +1 3k k
MOSFET 4 2 1 2 2 2
Transformer 1 1 1 with k outputs K'/2 1 with k outputs 1 with k outputs
Inductor 2k +2 2k + 4 2 K +1 1 1
Capacitor 2k +2 2k +6 2k+2 3k/2 3k/2+1 2k -1

-
k': even number.

3. Experimental results

A prototype of 260 W, two-channel LED bars with 400 V input voltage was built to verify the
operation and features of the proposed LLC LED driver. The components are shown in Table 2.
Figure 5 shows the experimental setup. Figure 6 shows the resonant inductor currents with 10%
difference of the equivalent resistance of the LED bars. The switching frequency is almost the same
as the resonance frequency, with no difference in the LED bars. When the equivalent resistance of
LED bar 1 is 10% greater than that of LED bar 2, the operation is above resonance. Conversely, the
operation is below resonance. This means that the LED current deviation can be compensated like
the conventional LLC average current control [17,19]. According to the variation of the LED bar’s
resistance between —10% to +10%, the current of the LED bars and the voltage of the C,; is measured
in Figure 7a,b. Even if there is a current deviation between LED bars, the switching pulse frequency
modulation can cause a DC voltage change of C,; to achieve the current balance. As shown in Figure 7b,
the experimentally-obtained current balance capacitor voltage is very similar to the theoretical value
using Equation (10), depending on the LED bar’s resistance deviation. Additionally, changing the
current-balance capacitor voltage with the LED bar’s resistance deviation means that the diode’s
voltage stress will be equal. High efficiency above 96% in high-voltage LED driving is shown in
Figure 7c. Table 3 shows a comparison between output power and efficiency using the prior resonant
and proposed converters. In the proposed circuit, current compensation according to the number
of channels can be easily achieved by adding current balancing capacitors, diodes and windings.
Therefore, even if the number of channels differs from the previous studies, the proposed circuit can
achieve high efficiency with a small number of devices, as shown in Table 3, despite the large variation
in the LED bar’s resistance. The proposed driver has the highest efficiency at 260W output power.
This results from ZVS switching of MOSFET and low diode conduction loss by reduction of the number
of components.

Table 2. Specific Components of Prototype.

Parameters Symbol Value/Part
Input voltage Viink 400V
LED Output power P, 260 W
Resonant inductor L: 62 uH
Turn ratio Np:Nj1:Ns2 1:1:1
Magnetizing inductor Lm 502.4 uH
Resonance capacitor C; 28 nF
Balancing capacitor Ceq 22uF
Primary switches M, W13NK100Z
Diodes Di, 15ETHO6FP

Transformer core T EI4035
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Figure 7. Experimental results. (a) Current according to the deviation of two LED bars’ resistance,
(b) Vceq according to deviation of two LED bars’ resistance (c) Efficiency.

Table 3. Comparison of output power and efficiency using resonant converters.

[13] [14] [15] [16,17] [18] Proposed
Power (W) 200 130 150 27 140 260
LED current (mA) 350 670 350 1000 100 650
The number of channel 10 1 4 10 4 2
Deviation of resistance o o o o
of LEDs (%) 6% - 35% 10% - 20%
Efficiency (%) >92% 90% 86% ~96.5% 93% ~95% 95% >96%

4. Conclusions

-: unknown.

The proposed LLC LED driver has lower voltage-stressed diodes due to stacked single-ended
rectifiers and a current balancing capacitor to compensate for the current difference in series-connected



Electronics 2020, 9, 529 10 of 11

LED bars. The current of the LED bars can be balanced by the balancing capacitor for the difference
of the leakage inductance and the impedance of the LED bars, and the proposed circuit can be easily
extended to a series channel LED driver circuit without increasing voltage stress. The proposed driver
needs a smaller number of diodes when the number of LED channels is increased. The proposed driver
has high efficiency due to low conduction loss, with a small number of diodes and low switching loss
due to the ZVS of the primary switches. The proposed LED driver is modulated with conventional
control methods used in typical LLC DC/DC converters for driving LEDs. Therefore, it is expected to
be suitable for series-connected LED applications using high power lighting.

Funding: This research was supported by the Daegu University Research Grant, 2019.
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