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Abstract—A new rectifier for multioutput LED driver is pro-
posed based on a charge exchanging and balancing principle in the
secondary resonant capacitors. Combined with common ground
rectifier and LLCC resonant topology, a four-output dc–dc LED
driver is proposed with minimum quantity of secondary charge
balancing capacitors. In the LLCC topology, the secondary side
resonant capacitors can be used as dc blocking and charge balanc-
ing capacitors. The proposed LED driver can automatically share
the average output currents by the charge balancing and exchang-
ing among secondary resonant capacitors. The operating principle
and the brief design guidelines for the four-output LLCC resonant
dc–dc converter are presented. The guaranteed current sharing
capability of the proposed four-output LED driver is also analyzed
thoroughly. Finally, a 150 W four outputs LLCC resonant dc–dc
LED driver is built-up to verify the theoretical analysis.

Index Terms—Charge balancing, charge exchanging, current
sharing, LED driver, LLCC resonant, multioutput.

I. INTRODUCTION

IN recent years, high-brightness LED has been widely used
in many applications, such as street lighting, automobiles,

and backlighting, for its high luminous efficacy, long lifetime,
etc. The maximum current rating of individual LED module
is limited by packaging technology and thermal management.
Most applications require a large number of LEDs in a single
system to achieve expected luminance value [1], [2]. Because
the forward current of LED luminous quantity determines its
luminance, it is important to keep the current in each LED
identical for the same luminance and exotherm [3]. The series
connecting structure is the easiest way to balance the current in
LEDs. But, this results in high bus voltage and poor reliability.
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Therefore, using LED strings in parallel has been a common
practice [4]. But the current sharing ability is poor in LEDs
because the LED’s exponential voltage–current characteristic
and the negative temperature coefficient of its forward voltage
drop, current balancing technique is necessary in multistring
LEDs.

One method to achieve current sharing of paralleled LED
strings is using a linear or switching circuit to form a current
post regulator in each string. With linear regulator [4]–[8], the
power loss is a major problem even employing bus voltage
adaptive control especially when the voltage differences of the
LED strings are high. With the switching-mode post regula-
tor [9]–[13], the efficiency can be improved by sacrificing the
cost. Another method is using the passive components like ca-
pacitive or magnetic components to attain current sharing capa-
bility. The current sharing transformer-based method is simple
and low cost [14]–[20], [32], but the magnetic component is
usually bulky. Furthermore, it introduces additional power loss
and needs custom design for different output specifications.
The capacitor impedance-based method [21], [33] needs high
impedance capacitance which causes high reactive power and
circulating energy in LED driver. Moreover, the current sharing
accuracy is low when the LED’s voltage drops of multistrings
are different. In [22]–[25], a charge balancing principle in ca-
pacitor is simple, precise, and low cost to achieve precise current
sharing. However, one capacitor can only realize current sharing
between two LED strings, and additional magnetic components
have to be introduced for more LED strings [25], [26].

Based on the charge balance principle, literatures [27]–[30]
presented multichannel LED drivers based on charge balanc-
ing in secondary blocking capacitors without additional mag-
netic components. These structures inherit the advantages of
the charge balancing method and can be easily extended to
multistring LED lighting applications with charge exchanging
between the blocking capacitors. An isolated dual-output dc–dc
LED driver composed of an LLCC resonant inverter was dis-
cussed in [23]. With the second resonant capacitor at secondary
side, the current overshoot in LED strings at dynamic and the
size of the capacitor can be reduced. In this paper, an LLCC
resonant dc–dc LED driver with multiple secondary resonant
capacitors and multioutput is proposed. This paper puts em-
phasis on the circuit derivation, operating principle, and current
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Fig. 1. Multioutput LED driver with charge balancing method. (a) Dual out-
puts [21], [22]. (b) Multiple outputs [29].

Fig. 2. Improved multioutput LED driver with minimum capacitors. (a) Circuit
structure. (b) Winding structure.

sharing capability of the multiple outputs LLCC dc–dc LED
driver.

II. MULTIOUTPUT CIRCUITS DERIVATIONS BY UTILIZING

CHARGE BALANCE

Fig. 1(a) shows a simple two-output driver using the charge
balancing principle of capacitance [22], [23]. Based on the
charge balance and charge exchanging, a multioutput rectifier
can be derived in Fig. 1(b) [29].

With intermediate capacitors C1−1 , C2−2 , etc., the neighboring
LED strings can be connected directly by inserting an intermedi-
ate capacitor. For multiple output rectifiers, more capacitors are
needed. In order to reduce the number of capacitors, a current
source ip is split into multiple sources with 180◦ phase shift be-
tween neighboring current sources shown in Fig. 2. The amount
of secondary blocking capacitor is reduced significantly com-
pared to the circuit in Fig. 1(b). Although more current sources
are needed, they can be implemented by multiple windings in
one transformer. The structure is shown in Fig. 2(b) for the
purpose of reducing the leakage inductance among secondary
windings. The multiwinding transformer for circuit in Fig. 1(b)
is also necessary in order to avoid circulating current when
common-ground rectifier is used.

In practical applications, the LED strings are connected with
common ground because of the control system and safety re-
quirements. A simple dual-output rectifier with common ground
was proposed in [22]. Using a split bridge rectifier, two LED
strings can be connected with the common ground and con-
trolled with one current reference signal. By integrating the
method in Fig. 3 and the multioutput rectifier in Fig. 2, an im-
proved four-output rectifier with common ground is constructed
in Fig. 4, where three capacitors are needed to achieve the charge
balance among outputs. For the purpose of comparing the size
and cost of multioutput LED drivers with charge balance tech-
nique, the numbers of key components of previous topologies

Fig. 3. Common ground dual-output rectifier [22], [23].

Fig. 4. Four-output common-ground rectifiers [30].

TABLE I
COMPONENTS COMPARISON AMONG TOPOLOGIES WITH COMMON

GROUND OUTPUTS

with common ground outputs are listed in Table I. The number
of components of the proposed converter is low and the current
sharing performance is perfect owing to the charge balancing
principle.

Because the capacity of each capacitor depends on the pri-
mary inverter topology, in order to reduce the size and cost of
the series blocking capacitors, a multioutput resonant LLCC
converter is proposed where the series blocking capacitors are
used as the resonant components. Hence, the secondary side
charge balancing capacitors are parts of resonant tank of the
LLCC resonant converter. A four-output half-bridge LLCC res-
onant converter with proposed multioutput rectifier is shown
in Fig. 5, whose outputs have common ground. The capacity
of balancing capacitor can be reduced to the similar value of
primary side resonant capacitor. In order to achieve dc output
currents in LED strings, the output capacitance of each output
is large enough. Hence, the output can be assumed to be voltage
source during a switching cycle. There is a resonant capacitor Cr

and a resonant inductance Lr at primary side. The magnetizing
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Fig. 5. Proposed four-output LLCC resonant LED driver.

inductance Lm of transformer is utilized as the second resonant
inductance. The secondary side resonant capacitors are C1 , C2 ,
and C3 . The turns ratios of three secondary windings S1 , S2 ,
and S3 are the same.

III. OPERATING PRINCIPLE OF THE FOUR OUTPUTS LLCC
RESONANT CONVERTER

Since the secondary side capacitors are integrated into the
series resonant tank, namely, the primary capacitor is in series
with the secondary side capacitors. Therefore, the series res-
onant frequency is determined by the equivalent capacity of
series connected Cr and reflected secondary side capacitor. Ac-
cording to the relationship between the switching frequency fs

and the first series resonant frequency fr , whose resonant tank
includes Lr , Cr , C1 , C2 , and C3 , the circuit operating condition
can be divided into continuous current mode (CCM, fs ≥ fr )
and discontinuous current mode (DCM, fs < fr ).

The key waveforms are shown in Fig. 6 for DCM and CCM
operations. And, the corresponding equivalent circuits of DCM
and CCM operating condition are shown in Figs. 7 and 8, re-
spectively. For both CCM and DCM operating conditions, the
operation in half switching cycle can be divided into three
modes in terms of the switching transition and the currents
waveforms in the transformer windings. Detailed circuit opera-
tions of each mode during half switching cycle are described as
following.

A. DCM Condition

Mode 1 [t0–t1]: This mode begins when primary switch M2
turns OFF at t0 . Current iLr in the resonant inductance Lr equals
the magnetizing current iLm of Lm . Therefore, the current ip
keeps at zero. Because magnetizing inductance Lm is large
enough, it can be seen as a current source in this interval and
charges the intrinsic capacitances Com1 and Com2 of M1 and M2 ,
who are assumed to be line capacitances during this interval. The
equivalent circuit of this mode is shown in Fig. 7(a). This mode
ends when the voltage vdsM2 across M2 reaches Vin .

Mode 2 [t1–t2]: When voltage vdsM2 reaches Vin , the sec-
ondary side diodes D1 , D4 , D5 , D6 , and D10 begin to conduct.
Because the current iLr is negative, it flows through the body

Fig. 6. Key waveforms of the proposed four-output LLCC resonant converter.
(a) DCM. (b) CCM.

diode of M1 after t1 , which creates the zero voltage switch-
ing (ZVS) condition for M1 . Hence, M1 is turned ON with ZVS.
Then, the resonance between inductor Lr and capacitors Cr , C1 ,
C2 , and C3 begins. During this interval, the outputs VO1 , and
VO4 are charged by the current iS1 and iS2 , respectively. This
mode ends when current iLr reaches iLm again. The equivalent
circuit of this mode is shown in Fig. 7(b).

Mode 3 [t2–t3]: Since switching frequency fs is lower than
the series resonant frequency fr , when the current iLr reaches
iLm at t2 , the secondary side diodes are off and the magnetiz-
ing inductance Lm joins into the second series resonant tank,
which includes Lr , Lm , Cr , C1 , C2 , and C3 and whose reso-
nant frequency is much less than the first resonant frequency fr .
This mode ends when primary switch M1 turns OFF at t3 . The
equivalent circuit of this mode is shown in Fig. 7(c).
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Fig. 7. Equivalent circuits of modes in DCM operation. (a) Mode 1(t0 −t1 ).
(b) Mode 2(t1 −t2 ). (c) Mode 3(t2 −t3 ).

Fig. 8. Equivalent circuits of modes in CCM operation. (a) Mode 1(t0 −t1 ).
(b) Mode 2(t1 −t2 ). (c) Mode 3(t2 −t3 ).

After t3 , primary switch M1 is turned OFF and the next half
cycle begins. The next half switching period is similar to earlier
description because of the symmetry of the circuit. During next
half cycle, the outputs VO2 and VO4 are charged by iS1 and iS3 ,
respectively.

B. CCM Condition

Mode 1 [t0–t1]: Since switching frequency fs is higher than
the series resonant frequency fr , when the current iLr reaches
iLm at t0 , the secondary side diodes D2 , D3 , D7 , D8 , and D9
are off, and diodes D1 , D4 , D5 , D6 , and D10 begin conducting.
The primary capacitor Cr and inductance Lr resonant with sec-
ondary side capacitors C1 , C2 , and C3 . This mode ends when
primary switch M1 turns OFF at t1 . The equivalent circuit of this
mode is shown in Fig. 8(a).

Mode 2 [t1–t2]: After t1 , because the diodes D1 , D4 , D5 , D6 ,
and D10 are still on, the resonant inductance Lr charges the
intrinsic capacitances of M1 and M2 during this interval. The
equivalent circuit of this mode is shown in Fig. 8(b). This mode
ends when the voltage vdsM1 across M1 reaches Vin .

Mode 3 [t2–t3]: When voltage vdsM1 reaches Vin at t2 , the
current iLr flows through the body diode of M2 , which creates
the ZVS turn-on condition for M2 . Hence, M2 is turned ON after
t2 and ZVS on is achieved. This mode ends when current iLr

reaches iLm , and diodes D1 , D4 , D5 , D6 , and D10 are off. The
equivalent circuit of this mode is shown in Fig. 8(c).

After t3 , the diodes D2 , D3 , D7 , D8 , and D9 begin to conduct.
The next half switching cycle is similar to earlier operations
except that the polarity of the currents reverses because of the
symmetrical operation of the converter.

Fig. 9. Simplified equivalent circuits with an ac current source ip in one
switching cycle. (a) Charging interval. (b) Discharging interval.

C. Brief Introduction of Current Sharing Principle

Because the current sharing is achieved by the charge bal-
ancing principle of secondary resonant capacitor occurred in
whole switching cycle, one switching cycle should be consid-
ered. During the half switching cycle (t0−t3) of both operating
condition the charge should be equal to the charge in the other
half switching period for each series secondary capacitor, as
described in (1). Besides, C2 and C3 are connected in series in
the first half switching period, thus iS2 = iS3 . Hence, Q3 equals
Q5 . Similarly, iS1 = iS2 in the second half cycle, hence, Q2 is
identical to Q4 as described in (2). Because of the large capacity
of output capacitors, the currents in LED strings LED1 , LED2 ,
LED3 , and LED4 are the average values of Q1 , Q2 , Q3 , and Q6
over the switching period Ts in (3), where Ts = 1/fs . Accord-
ing to (1), (2), and (3), the output current of each LED string is
identical and the current sharing is achieved:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Q1 =
∫ T s/2

0 iS1dt = Q2 = ∫T s
T s/2 iS1dt

Q3 =
∫ T s/2

0 iS2dt = Q4 = ∫T s
T s/2 iS2dt

Q5 =
∫ T s/2

0 iS3dt = Q6 = ∫T s
T s/2 iS3dt

(1)

⎧
⎨

⎩

Q3 =
∫ T s/2

0 iS2dt = Q5 =
∫ T s/2

0 iS3dt

Q2 =
∫ T s

T s/20 iS1dt = Q4 =
∫ T s

T s/2 iS2dt
(2)

ILED = ILED1 = Q1/Ts = ILED2 = Q2/Ts = ILED3

= Q3/Ts = ILED4 = Q6/Ts. (3)

IV. DESIGN CONSIDERATIONS

A. Simplification of the Proposed Four-Output LLCC
Converter

In order to simplify the analysis of current sharing capability
and obtain the design guidelines of secondary side resonant
capacitors, the primary side can be modeled as a high frequency
ac current source ip . Whatever it is continuous or discontinuous
as depictured in earlier sections, there are a charging interval
and a discharging interval for each secondary side capacitor in
one switching cycle.

From Fig. 9(a), according to Kirchhoff’s voltage law, (4) can
be derived. And (5) can be derived from the discharging interval
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Fig. 10. Equivalent circuit where the dc components are separated from the
secondary series resonant capacitors.

of Fig. 9(b):
{

vS2 (t) − vC 3 (t) + vC 2 (t) + vS3 (t) = VO3

vS1 (t) − vC 1 (t) = VO1
(4)

{
vS2 (t) − vC 2 (t) + vC 1 (t) + vS1 (t) = VO2

vS3 (t) + vC 3 (t) = VO4 .
(5)

The average values of the winding voltages vS1(t), vS2(t),
and vS3(t) in half cycle are defined in (6). Because the duty cy-
cles of charging and discharging intervals are almost the same
and the turns ratios of secondary side windings are equal ow-
ing to their high coupling factors in Fig. 2(b), according to the
volt–second balance of the secondary windings during two inter-
vals, the average values of vS1(t), vS2(t), and vS3(t) in charging
and discharging intervals are the same VS1 = VS2 = VS3 = VS :

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∫ T s/2
0 vS1(t)dt = VS1 =

∫ T s

T s/2 vS1(t)dt

∫ T s/2
0 vS2(t)dt = VS2 =

∫ T s

T s/2 vS2(t)dt

∫ T s/2
0 vS3(t)dt = VS3 =

∫ T s

T s/2 vS3(t)dt.

(6)

Therefore, by replacing vS1(t), vS2(t), and vS3(t) in (4) and
(5) with Vs , the average values of the voltages across C1 , C2 ,
and C3 can be derived as follows:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

VC1 = −5VO1 − VO2 − VO3 − VO4

6

VC2 =
VO3 + VO4 − VO1 − VO2

6

VC3 =
5VO4 − VO1 − VO2 − VO3

6

(7)

where VC 1 , VC 2 , and VC 3 are the average voltages of C1 , C2 ,
and C3 , respectively. The average voltages can be separated
from the capacitors and be defined as the dc voltages sources
VC 1 , VC 2 , and VC 3 , separately, shown in Fig. 10. Hence, only
ac components, namely the voltage ripples on C1 , C2 , and C3 ,
are remained on the capacitors. Then, in order to simplify the
circuit further, three virtual voltages vS1

′(t), vS2
′ (t), and vS3

′ (t)
are defined as shown Fig. 10. The voltage vS1

′ (t) is the voltage
across the secondary winding S1 and the capacitor C1 without
dc voltage component, as well as vS2

′ (t) is across S2 and C2
and vS3

′ (t) is across S3 and C3 .
Obviously, because the outputs are dc voltages, vS1

′ (t),
vS2

′ (t), and vS3
′ (t) are square-wave voltages. And, they can

Fig. 11. Simplified equivalent circuit.

Fig. 12. AC equivalent circuit of single output LLCC converter.

be equalized to three parallel outputs shown in Fig. 11(a). Since
the equivalent capacitors C1 /n2 , C2 /n2 , and C3 /n2 are almost
the same, the amplitude of three virtual outputs n∗vS 1

′ (t),
n∗vS2

′ (t), and n∗vS3
′ (t) are equal, where n is the turns ratio

of the transformer n = Np/NS1 . Therefore, they can be merged
into one output n∗vS

′ (t) shown in Fig. 11(b), where n∗VSP is
the amplitude of n∗vS

′ (t) and Cb = C1 ≈ C2 ≈C3 . From (7)
and the equivalent circuit in Fig. 10 and the discharging interval
in Fig. 9(b), the amplitude VSP can be derived as follows:

n · VSP = n

(
VO1 + VO2 + VO3 + VO4

6

)

. (8)

According to the equivalent circuit in Fig. 11(b), the equiv-
alent output voltage is defined as Voeq = VO 1 +VO 2 +VO 3 +VO 4

6 .
Since the average current in half switching cycle for each sec-
ondary winding is ILED from (3), the equivalent total output
current of three parallel windings is 6∗ILED . Hence, the equiv-
alent load is defined as Req =Voeq /(6∗ILED ).

After the four-output LLCC converter is simplified into single
output converter, the fundamental harmonic approximation is
used to simplify the analysis of LLCC converter by referring
to the analysis methodology of LLC converter [31]. Fig. 12
shows the equivalent circuit of the single output LLCC resonant
converter [23].

The equivalent ac resistance Raceq can be deduced in

Raceq =
4

3π2

Voeq

ILED
. (9)

In terms of the simplified equivalent circuit in Fig. 12, the
steady-state voltage gain of the LLCC resonant dc–dc converter
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Fig. 13. Ranges of current sharing capability for the proposed four-output
LED driver.

can be derived as follows:

G=
n · Voeq

V in
2

=

∣
∣
∣
∣
∣
∣

Z1

z1 + 1
j ·2π ·fs ·Cr

+j · 2π · fs · Lr

· n2 · Raceq
n2

j ·2π ·fs ·Cb
+n2 · Raceq

∣
∣
∣
∣
∣
∣

(10)

where Z1 = j · 2π · fs · Lm //
(

n2

j ·2π ·fs ·C b
+ n2Raceq

)
.

In the practical design procedure of an LED driver, the steady-
state output of the converter is controlled to be a dc current
source by the output current control loop. Hence, the output
current in LED strings is constant and the output voltages for
LED strings depend on the voltage drop of LED strings.

B. Output Voltage Range of Current Sharing Capability

As mentioned in Section II, transformer windings S2 and S3
are in series in the first half cycle. But, there is a restriction
that voltage VX 1 shown in Fig. 9(a) in charging mode meets
(11), otherwise diodes D3 or D7 would conduct, which leads to
is2 �= is3 . Similarly, voltage VX 2 shown in Fig. 9(b) in discharg-
ing mode should meet (12). Combined with (4), voltages VX 1
and VX 2 can be solved in (13). Then, four inequalities for the
restrictions of the output voltage can be concluded in (14)–(17).
The set of inequalities can be used to judge and design the output
voltage ranges with guaranteed current sharing capability:

0 ≤ VX 1 ≤ VO1 (11)

0 ≤ VX 2 ≤ VO1 (12)
⎧
⎨

⎩

VX 1 = VS3 − VC3 =
VO1 + VO2 + VO3 − 2VO4

3
VX 2 = −VS2 − VC2 =

2VO1 + 2VO2 − VO3 − VO4

3

(13)

VO1 + VO2 + VO3 ≥ 2 · VO4 (14)

2 · VO1 + 2 · VO4 ≥ VO2 + VO3 (15)

VO1 + VO3 + VO4 ≥ 2 · VO2 (16)

2 · VO1 + 2 · VO2 ≥ VO4 + VO3 . (17)

Fig. 14. Output current control strategy for four-string LEDs.

Fig. 15. Photo of the prototype.

TABLE II
KEY PARAMETERS OF THE PROTOTYPE

Fig. 16. Output voltages and currents of four LED strings (350 mA/channel).

In practical applications, the voltage deviations of four LED
strings are mainly caused by the voltage tolerances of LED mod-
ules and temperature variations. Hence, the voltage deviations
among the outputs are random. In order to meet the random-
ness of LED voltage variations, the available voltage rangeof
each output should be the same. For the purpose of evaluating
the current sharing capability, we define the minimum real-time
output voltage among outputs as min{VOi , i=1,2,3,4} and the
maximum real-time output voltage as max{VOi , i=1,2,3,4}. The
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Fig. 17. Switching waveforms of primary switches and currents (gate, drain
to source voltage and primary current). (a) DCM. (b) CCM mode.

worst condition for inequalities (14) and (16) is that the vari-
ables on the left equal to min{VOi,i=1,2,3,4} and the variable on
the right is max{VOi,i=1,2,3,4}.With this condition, if the output
voltages can meet (14) and (16), they are easy to match the in-
equalities (15) and (17). Then, inequality (18) is derived for the
guaranteed current sharing ability from (14) and (16). It should
be noticed that when some of the output voltages beyond this
range, the current sharing ability have to be judged based on the
set of inequalities of (14) to (17) because the inequality (18) is
a sufficient condition for current sharing capability among four
outputs. From (18), the guaranteed current sharing condition
can be depictured in Fig. 13:

3 ∗ min {VOi,i=1,2,3,4} ≥ 2 ∗ max {VOi,i=1,2,3,4} . (18)

By defining another variable, the maximum output voltage
limitation, as VOlim , the guaranteed current sharing voltage
area (region I) of the proposed topology can be depictured in
Fig. 13, where the ratio of maximum real-time output voltage
max{VOi,i=1,2,3,4} over the specified maximum output VOlim
is used as the horizontal axis, the ratio of each real-time out-
put voltage VOi over VOlim is used as the vertical axis. For the
guaranteed region I, the lower edge means the minimum output
min{VOi} equals 2/3 of max{VOi}, which presents the critical
condition of inequality (18). For example, when the max{VOi}
is 90% of VOlim , a vertical line can be plotted. The cross point
of upper edge of region I and the vertical line is the max{VOi}.
When other three outputs are located in the solid section of the
vertical line, the current sharing ability is guaranteed. However,

Fig. 18. Currents flowing though the transformer windings. (a) DCM.
(b) CCM.

Fig. 19. Voltages across C1 and transformer winding S1 . (a) DCM. (b) CCM.

if there are other outputs at the dashed section, the current shar-
ing is not guaranteed. The region II is unguaranteed area for
current sharing ability, where the current sharing ability has to
be verified by the set of inequalities from (14) to (17). With
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TABLE III
MEASURED OUTPUT CURRENTS AT DIFFERENT OUTPUT VOLTAGES

Fig. 20. Measured efficiency versus different output voltages (VOlim =
100 V).

Fig. 13, the current sharing range can be designed when the
maximum output voltage max{VOi} is determined.

V. EXPERIMENTAL VERIFICATIONS

To verify the analysis of the proposed LLCC resonant multi-
output LED driver, a laboratory prototype with 50 V–100 V/
350 mA (ILEDrate = 350 mA) for each output was built
and tested. The total output current is controlled by a cur-
rent feed-back loop to regulate resonant frequency of LLCC
stage as shown in Fig. 14. An open-circuit protection circuit is
used to prevent voltage overshoot, which is the same to [30].
The prototype photo is shown in Fig. 15. The key parameters of
the prototype are given in Table II. The dc voltage stress of the
secondary resonant capacitors at normal condition is VOlim /2,
which can be calculated according to (7) by considering the
current sharing range in Fig. 13. Therefore, taking into account
the switching frequency ripple at full power, the voltage rating
of the capacitors in this prototype is less than 200 V.

With the control scheme in Fig. 14, the output voltages are
determined by the voltage drop of LED strings because the total
output current is controlled. In order to demonstrate the current
sharing ability, the counts of LED module for each string are
different. Hence, the output voltages are different as shown in
the measured results of Fig. 16, i.e., VO1 = 99 V, VO2 = 85 V,
VO3 = 63 V, and VO4 = 50 V. The average currents in all LED
strings are almost identical.

The gate signal and drain to source voltage of M2 is shown
in Fig. 17. ZVS turn-on is achieved at both operating con-
ditions, DCM and CCM. Because the CCM operating condi-
tion appears when the equivalent output voltage is much lower
than rated value, therefore, the output power decreases. The
currents flowing through the primary winding and three sec-

Fig. 21. Measured efficiency versus LED current when all output voltages
equal VOlim .

ondary windings of the transformer are given in Fig. 18. Both
DCM and CCM operating modes are provided. The amplitudes
of the current waveforms in secondary side windings are identi-
cal, which guarantees the average output current the same. The
voltages across the secondary winding S1 and secondary capac-
itor C1 are shown in Fig. 19. There is not only dc voltage, but
also switching voltage ripple on the capacitor C1 , which will
affect the voltage across the transformer. The voltage sum of
vC 1 and vS1 are also measured in Fig. 19. Owing to the existing
of dc voltage on C1 , volt-second of the voltage sum of vC 1 and
vS1 is unbalanced and its average value is the dc components on
C1 .

Table III lists measured average output currents and voltages
of four outputs at six load conditions. When the output voltages
are in the region I of Fig. 13, current sharing is achieved (cases
A, B, C, and D). While, when the voltages of LED strings are out
of guaranteed current sharing region (case F), current balancing
could not be achieved. However, in some cases, the current shar-
ing capability could be achieved. For example, although case E
is in region II, the current sharing is still achieved because the
output voltage conditions match the inequalities in (14)–(17). A
failure mode, open circuit, has been demonstrated in [30] with
a protection circuit. This protection circuit (functional building
block) can be used in the prototype of this paper. When open cir-
cuit happens in one of LED strings, the protection circuit works
and the LED string will be shorted. Hence, the output voltage of
the open-circuit string will be zero and the converter enters in
unguaranteed range when protection circuit works. Therefore,
the current sharing capability should be judged according to the
inequalities (14)–(17).

Finally, the efficiency of the prototype is measured when
four outputs are the same, in that the efficiency depends on
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the equivalent output voltage and current. The efficiency curve
versus different output voltages is given in Fig. 20, where the
load current is 350 mA/string. For the purpose of demonstrating
the efficiency when the output current is dimmed, the efficiency
curve with different LED current is also given in Fig. 21, when
all the output voltages are VOlim and ILEDrate is 350 mA.

VI. CONCLUSION

An improved multioutput rectifier with charge balance in the
secondary side resonant capacitors is presented and analyzed
in this paper. It utilizes charge balance in the secondary res-
onant capacitors and series–parallel autoregulated connection
of secondary windings to realize current sharing among LED
strings. With this concept, the amount of secondary balancing
capacitor can be minimized. Using this rectifying concept and
the common ground rectifier, an LLCC resonant dc–dc LED
driver with four common ground outputs is constructed, where
three balancing capacitors are needed for four outputs. The av-
erage currents of different LED strings are identical even the
voltage difference among the LED strings are large. Because no
additional magnetic components are introduced, the proposed
structure is simple, lossless. The design guideline for the out-
put voltage range with guaranteed current sharing capability
is provided. The experimental results on the four-output LED
prototype verify the analysis and design guidelines.
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