
Received 17 February 2023, accepted 10 April 2023, date of publication 17 April 2023, date of current version 5 May 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3267508

Fully Decoupled Current Control and Current
Balancing of the Modular Structure for LED
Color-Mixing System
RUIHONG ZHANG 1, (Member, IEEE), ZHENG CAO 1, LINGLING CAO 1, (Member, IEEE),
AND E. PENG 2, (Member, IEEE)
1Harbin Institute of Technology, Shenzhen 518055, China
2Harbin Institute of Technology, Harbin 150001, China

Corresponding author: E. Peng (epeng@hit.edu.cn)

This work was supported in part by the Stable Support Plan for Shenzhen Universities under Project
GXWD20201230155427003-20200823171314001 and Project 20200823111955001.

ABSTRACT For LED color-mixing, the different color LEDs need to be controlled independently, so a fully
decoupled current control and current balancing of the modular structure is proposed for LED color-mixing
system. The capacitive current-balancing structure is combined with the quasi-boost converter to realize the
decoupled current control and current balancing in eachmodule. The capacitive current-balancing structure is
based on the relative reactance of the capacitor with respect to the equivalent resistance of the associated LED
string. The inductor in quasi-boost converter is used to further stable the output current flowing through each
LED string, and the switch in quasi-boost converter for controlling the current of each LED string adopts the
parallel connection to protect LEDs from the current-spike caused by the switch. The structure is modularity
and scalability so that the different color LEDs can be added and removed easily. Compared with SIMO
(Single-Inductor-Multiple-Output) structure, the proposed structure has no cross-coupling issues. The LED
string currents working with PWM mode have a good current-balancing performance since the equivalent
resistance of LED string is much smaller than the reactance of capacitors. In addition, the resonant capacitors
separate the grounds of the power source and LED strings, so all the switches in parallel with LED strings
do not need the isolated gate drivers. A prototype with RGB modules has been built and evaluated, and the
experimental results have a good agreement with the theoretical analysis.

INDEX TERMS Decoupled current control, current balancing, lighting technology, color-mixing.

NOMENCLATURE
dk : The duty ratio of k-th LED string.
dSk : The duty cycle of the switch Sk .
vLSk : The voltage of k-th LED string.
VLSk : The voltage amplitude of k-th LED string.
iLSk : The current of k-th LED string.
ILSk : The current amplitude of k-th LED string.
vLk : The voltage across the inductor Lk .
vSk : The voltage across the switch Sk .
RLSk : The equivalent resistance of k-th LED string.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jiajie Fan .

fk : The switching frequency of the switch Sk .
fQ : The switching frequency of the switches Q1 and

Q2.
ωQ : The angular switching frequency of the switches

Q1 and Q2.
dQ : The switching duty cycle of the switch Q1.
Pk : The output power of k-th LED string.

I. INTRODUCTION
The research of Psychology presents that colors can cre-
ate certain mood, influence the decisions people make
and even affect the appetites of some people [1]. Study
on visible light communication suggests that RGB-mixed
white light can provide higher rate of communication than

42970

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023

https://orcid.org/0000-0002-1541-8835
https://orcid.org/0000-0002-1636-4744
https://orcid.org/0000-0001-8441-7652
https://orcid.org/0000-0002-8731-3055
https://orcid.org/0000-0001-5400-737X


R. Zhang et al.: Fully Decoupled Current Control and Current Balancing of the Modular Structure

phosphor-converted white LEDs [2]. Meanwhile, RGB-
mixed white light will have higher color rendering index
(CRI) than phosphor-converter LED light. More chan-
nels, such as RGBA (Red-Green-Blue-Amber), RGBAW
(Red-Green-Blue-Amber-White), RGBAOCP (Red-Green-
Blue-Amber-Orange-Cyan-Purple) etc. for color mixing are
constantly emerging [3]. Therefore, the research on the multi-
channel color-mixing systems drawsmore andmore attention
in recent years.

The studies indicate that it is essential for LED
color-mixing to use the independent current-controlled struc-
ture. A straightforward structure with independent current
control capability is based on using a dedicated converter,
such as buck, boost and buck-boost, for each LED string.
The input of these converters shares the same DC bus [4],
[5], [6]. This structure has high efficiency and is easy for
modular design. However, it suffers from huge number of
components and high cost. In order to decrease the number
of components, the current regulator working under PWM
mode is proposed in [7], [8], and [9]. Adding a switch for
each output and regulating the duty cycle of this switch
can achieve independent current adjustment. The current
ratio of LED strings with different color is regulated by
PWM signal. However, the power loss in this structure is
greatly dependent on the forward voltage of LED string and
becomes more severe when the forward voltage is low, so it
suffers from high power loss. In order to decrease form factor
while maintaining or improving power efficiency, a Single-
Inductor-Multiple-Output (SIMO) structure was proposed
in [10], [11], [12], [13], [14], [15], [16], [17], [18], and [19].
However, the achievable number ormaximum current of LED
strings is practically limited with this structure. The structure
based on buck, boost or buck-boost converter, in which LED
strings are series with switches, was proposed in [10], [11],
[12], [13], [14], and [15]. The most distinctive advantage of
this structure is that the switches have common source. Thus,
non-isolated gate-driver is needed. However, the switching
noise will decrease the life-span of LEDs. In order to solve
this problem, reference [18] puts the switches in parallel with
LED strings. However, many isolated driving circuits are
required. In addition, whether the switches are in series or
in parallel with LED strings, the common characteristic of
SIMO LED drivers is that there is only one switch operating
in ON-state at any time with the time-multiplexing fash-
ion. Therefore, sophisticated switching sequence is required.
In particular, it is necessary to consider the effect of cross-
coupling. In order to address this issue, reference [19]
proposed a fully Switched-Capacitor-Controlled LCC (SCC-
LCC) resonant network for the independent control using two
switches for each LED string, so it also suffers from huge
number of components and high cost.

In color-mixing system, the cross-coupling among the
different color channels and the isolated drivers for all the
switches will increase the control complexity. Meanwhile,
since compared with the same color LEDs, the currents of
the multi-color LEDs will be much more unbalanced as the

voltages and thermal sensitivities of different color LEDs
have a big difference, the current-unbalancing is another issue
for LED color-mixing. In addition, PWM dimming is prefer
for color-mixing as the current amplitude will cause the color
shift. However, it is easy for PWM dimming to cause the
current spike which will shorten the lifespan of LEDs. At last,
it is better to have the galvanic isolation between the LED
modules and the power module to enhance the safety of
product. So far, it is difficult to build such a structure to
solve all the above-mentioned issues in the prior-art technolo-
gies. Based on this, a new structure capable of independent
current control and current balancing for multicolor LED
strings based on [20] and [21] is proposed to solve most
above-mentioned problems at once. Compared with [20] and
[21], the proposed structure has the following characteris-
tics: (1) having the capability of independent current control;
2) capable of PWM and amplitude dimming; 3) without
requiring the energy-recycling circuit. The proposed structure
is based on using a half-bridge resonant driver to drive mul-
tiple dimming modules. The input current of each dimming
module is balanced by a capacitive current-balancing circuit.
The capacitive current-balancing circuit is combined with the
quasi-boost converter to realize the fully decoupled current
control and current balancing in each module. The inductor
in quasi-boost converter is used to further stable the output
current flowing through each LED string, and the switch in
quasi-boost converter for controlling the current of each LED
string adopts the parallel connection to protect LEDs from the
current-spike caused by the switch. The system works in the
inductive-region to realize the soft-switching. In the proposed
structure, any LED string can be totally turned on or off when
the system is running. Table 1 shows the comparison of the
various independent current-controlled structures for LED
color-mixing. It is found that the proposed structure is ideally
suited for color mixing. Moreover, the control complexity
of the proposed structure is greatly reduced because of no
cross-coupling issues, non-isolated drivers and self-balancing
current function. Thus, although the number of components
is not reduced, the overall cost of the proposed structure will
be not too high.

In summary, the proposed structure has the following
advantages:

1) No cross-coupling issues— different modules are fully
decoupled with each other without cross-interference
and cross-regulation problems;

2) No current spike — life-span of LEDs is not affected
because the switch is in parallel with each LED
string;

3) Current-balancing function — currents of LED strings
with different color can be balanced automatically;

4) Non-isolated gate-driver circuits — All the switches
share the same ground;

5) Modularity — module can be added and removed eas-
ily;

6) High stability— the structure can be working normally
even if all the LEDs fail;
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TABLE 1. Comparison of the various independent current-controlled structures for LED color-mixing.

FIGURE 1. Generalized structure of the proposed LED driver.

7) High safety — The input and output are all isolated by
capacitors.

The paper is organized as follows. In Section II, the oper-
ating principle is illustrated, including the derivation of the
equivalent circuit of module, the analyses of whole system
and the illustrative example of RGB strings. The experimental
results are presented in Section III, and the conclusions follow
in the last section.

II. OPERATION PRINCIPLE
Figure 1 shows the generalized structure of the proposed LED
driver having N modules. Each module consists of capacitors
C1,k , C2,k and C3,k , diodes D1,k , D2,k and D3,k , inductor Lk
and switch Sk . The grounds of the power source and LED
strings are separated by the capacitors C1,k , C2,k and C3,k .
The values of C1,k and C2,k are the same. The diodes D1,k
and D2,k are used to rectify the currents, and D3,k is used
to limit the reverse current upon turning on the switch Sk .
The switch Sk is used to control the LED string current. The
inductor Lk is used to provide current source for the LED
string and decrease the current ripple flowing through the
strings. Though there is one inductor in each module, its
value is very small. The inductor Lk , switch Sk and diode
D3,k can be seen as a quasi-boost converter. All modules have
their inputs connected to the output of half-bridge switching

network, formed by switchesQ1 andQ2, through inductor Lr .
The capacitors C1,k and C2,k serve as part of the resonant
components. As C1,k and C2,k are small, their reactance are
designed to be much larger than the equivalent resistance of
the LED strings for current balancing.

A. EQUIVALENT CIRCUIT OF K-TH MODULE
Figure 2 shows the steps of deriving the equivalent circuit.
The circuit of k-th module has been shown in Figure 2(a).
As the function of capacitor C3,k is used to block DC current,
and the diode D3,k is only used to limit the reverse current
upon turning on the switch Sk , they are all neglected in this
analysis as shown in Figure 2(b). The switch Sk , inductor
Lk and k -th LED string can be equivalent to a resistor RL,k
as shown in Figure 2(c). The waveforms of vSk and iL,k are
shown in Figure 3. The voltage of vSk is square wave, and
its amplitude is LED string voltage, VLSk . The current iL,k
is fairly constant, and equal to the amplitude of LED string
current, ILSk .

The switch Sk is used to control the LED string current,
and the average value of voltage across the switch Sk , vSk is:

v̄Sk =
(
1 − dsk

)
VLSk = dk VLSk (1)

where dsk is the duty cycle of the switch Sk , and dk and VLSk
are the duty ratio and the voltage amplitude of k-th LED string
respectively.

By using KVL in Figure 2(b),

v̄L,k = v̄Sk − v̄Lk (2)

where v̄L,k , v̄Sk , v̄Lk are the average values of voltage vL,k ,
vSk , vLk .

As the average voltage across an inductor is zero,

v̄Lk = 0 (3)

By putting (3) into (2),

v̄L,k = v̄Sk (4)

The equivalent resistor in Figures 2(b) and (c), RL,k is

RL,k =
v̄L,k

īL,k
(5)
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FIGURE 2. Equivalent circuit of module k .

The average value of current iL,k , īL,k is equal to the current
amplitude of k-th LED string, ILSk , that is

īL,k = ILSk (6)

FIGURE 3. Waveform of vSk and iL,k .

By putting (1), (4), (6) into (5),

RL,k =
dk VLSk
ILSk

= dk RLSk (7)

where RLSk is the equivalent resistance of k-th LED string.
The current ik , sinusoidal waveforms, in positive or nega-
tive half-cycle all flows two parallel branches as shown in
Figure 2(c). One branch consists of a capacitor, and another
one consists of one capacitor and the equivalent resistance of
LED string in series as shown in Figure 2(d). Assume that
capacitors C1,k and C2,k are the same.

C1,k = C2,k = Ck (8)

Thus, RL,k is referred to the ac side of the diode half-bridge
circuit in Figure 2(d).

The equivalent impedance formed by Ck and RL,k is Zeq,k ,

Zeq,k = Req,k +
1

j ωQ Ceq,k

=
1

ω2
Q R

2
L,k C

2
k + 4

RL,k +
1

j ωQ
ω2
Q R2L,k C

2
k + 4

ω2
Q R2L,k C

2
k + 2

Ck

(9)

where ωQ = 2 π fQ.
According to (9), Req,k and Ceq,k as shown in Figure 2(e)

are

Req,k =
1

ω2
Q R

2
L,k C

2
k + 4

RL,k (10)

Ceq,k =
ω2
Q R

2
L,k C

2
k + 4

ω2
Q R

2
L,k C

2
k + 2

Ck (11)

The equivalent resistance of k-th LED string, RLSk is
designed much smaller than the reactance of the capacitors
C1,k and C2,k for current-balancing, by using (7) and (8),

RL,k ≪
1

ωQ Ck
(12)
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FIGURE 4. Equivalent circuit of whole system.

By putting (12) into (10) and (11), Req,k and Ceq,k can be
further simplified into

Req,k =
RL,k

4
(13)

Ceq,k = 2 Ck (14)

B. STRUCTURAL ANALYSIS
Figure 2(e) shows the final equivalent circuit for k-th mod-
ule, and the equivalent circuit of whole system is shown in
Figure 4. The voltage source vXY is a high-frequency square-
wave voltage produced by a half-bridge switching network.
The equivalent current-balancing network is composed of
capacitors and resistors. As the reactance of capacitor is
much larger than the equivalent resistance of LED string, it is
possible to balance the currents i1, . . . , ik , . . . , iN by ensuring
that a considerably larger proportion of vo appears across
the equivalent current-balancing capacitors Ceq,k , hence the
LED string current is mainly determined by the capacitive
impedance, and is less sensitive to the variation of LED
strings.

In Figure 4, the total current iT can be expressed as

iT =

N∑
k=1

ik (15)

Because of the current-balancing network, currents i1,
i2, . . . , ik are approximately equal.

i1
.
= i2 · · ·

.
= ik · · ·

.
= iN−1

.
= iN (16)

In Figure 2(d), since the equivalent resistor RL,k is much
smaller than the impedance of capacitors Ck , the current ik is
approximately equal to two times of the current iL,k .

iL,k =
1
2 π

∫ π

0
ik d ωst =

1
π

|ik | (17)

where |ik | is the amplitude of ik .
According to Figure 2(b), the current iL,k is equal to the

current amplitude of k-th LED string, ILSk ,

iL,k = ILSk (18)

For current-balancing network,

ILS1
.
= ILS2 · · ·

.
= ILSk · · ·

.
= ILSN−1

.
= ILSN = ILS (19)

FIGURE 5. Equivalent resonant of whole system for mathematic analysis.

From (15)-(19),

| iT | = π

N∑
k=1

ILSk = N π ILS (20)

For simplicity, the following assumptions are made,

Req,1
.
= Req,2

.
= · · ·

.
= Req,N

.
= Req =

1
N

N∑
k=1

Req,k (21)

Ceq,1
.
= Ceq,2

.
= · · ·

.
= Ceq,N

.
= Ceq =

1
N

N∑
k=1

Ceq,k (22)

By putting (7) and (13) into (21),

Req =
1
N

N∑
k=1

Req,k =
1

4 N

N∑
k=1

dkRLSk (23)

By putting (14) into (22),

Ceq =
1
N

N∑
k=1

Ceq,k =
2
N

N∑
k=1

Ck (24)

Figure 5 shows the equivalent resonant circuit of whole
system for mathematic analysis. Lr , Rr and Cr are the equiv-
alent inductor, resistor and capacitor, respectively.

With (21) and (22), according to the structure as shown in
the Figures 4 and 5,

Rr =
Req
N

(25)

Cr = N Ceq (26)

By putting (23) and (24) into (25) and (26),

Rr =
1

4 N 2

N∑
k=1

dkRLSk (27)

Cr = 2
N∑
k=1

Ck (28)

In Figure 1, the switchesQ1 andQ2 are operated with duty
cycle 0.5, so the waveform of vXY is square wave. For the
sake of simplicity, the analysis only takes the fundamental
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switching frequency component into account. The fundamen-
tal component of vXY , vFXY is

vFXY (t) = V F
XY cos

(
ωQ t

)
=

2 Vdc
π

cos
(
ωQ t

)
(29)

where V F
XY =

2
TQ

∫ TQ
2

−
TQ
2

vXY (t) cos
(
ωQ t

)
dt =

2 Vdc
π

.

In Figure 5, by using Ohm’s law,

|iT | =

∣∣vFXY ∣∣√
R2r +

(
ωQ Lr −

1
ωQ Cr

)2 (30)

By putting (27)-(30) into (20), the current amplitude of
LED string current is

ILS

=
2Vdc

N π2

√√√√√√(
1

4 N 2

N∑
k=1

dkRLSk

)2

+

ωQ Lr −
1

2 ωQ
N∑
k=1

Ck


2

(31)

The power of k-th LED string, Pk is

Pk = vLSk iLSk (32)

The total power consumed by all LED strings, Pt , is

Pt =

N∑
k=1

Pk =

N∑
k=1

vLSk iLSk (33)

The switch Sk is parallel with the LED string k , so

vLSk = vSk (34)

By putting (1) and (34) into (33),

Pt =

N∑
k=1

Pk =

N∑
k=1

dk VLSk ILSk (35)

C. ILLUSTRATIVE EXAMPLE OF RGB STRINGS
As we all know, RGB color mixing is the most popular
solution, and the triangle surrounded by RGB color points
covers most area on CIE1931 chromaticity chart. Therefore,
the control for RGB color mixing is taken as an example,
so threemodules are analyzed, namely, k = 1, 2, 3. RGB color
strings are connected with Modules 1, 2 and 3. For a better
illustration to the analysis, Modules 1, 2 and 3 are substituted
withModules R,G and B, respectively. Thus, in the following
analysis, k = R, G, B. dsR , dsG and dsB represent the duty
cycles of switches SR, SG and SB, respectively. Based on
Equation (31), the relationship between LED string current
amplitude and switching frequency of Q1 and Q2 is shown
in Figure 6. As the structure can perform current-balancing
function, the currents flowing through all LED strings are
approximately equal as represented in Equation (19). Red,

FIGURE 6. Relationship between LED string current amplitude and
switching frequency of Q1 and Q2 with the different ratios of RGB LEDs.

FIGURE 7. Flow chart of the control strategy for the proposed structure.

green and blue lines in Figure 6 denote the amplitude of
LED string current when dsR = 0, dsG = 0, dsB = 0,
dsR = 0.5, dsG = 0.5, dsB = 0 and dsR = 0.9, dsG = 0.9,
dsB = 0.9, respectively. It can be seen that the amplitude of
LED string current decreasing with the switching frequency
of the switchesQ1 andQ2 increasing is basically independent
of the duty cycles of the switches SR, SG and SB. Based on this,
a flow chart of the control strategy for the proposed structure
is shown in Figure 7. Since the controls of switches Q1, Q2
and Sk are independent, the control of the proposed structure
can be divided into two independent loops. One is for the
control of Q1 and Q2, and another is for the control of Sk .
The two control loops are stopped until the whole system is
turned off.

The first control loop is used to regulate the amplitude of
LED string current for controlling the switching frequencies
of Q1 and Q2. The input current iT [i.e., iT (n)] is sampled
and is compared with two reference bands iref − 1iref /2 and
iref + 1iref /2, where iref is the reference input current and
1iref is the width of the bands. The switching frequency fQ in
the next sampling cycle [i.e., fQ (n+ 1)] is adjusted according
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TABLE 2. Switching state for switches Sk (k = R, G, B).

to the following rules:

fQ (n+ 1) =


fQ (n) − 1fQ , if iT (n) < iref −

1iref
2

fQ (n) + 1fQ , if iT (n) > iref +
1iref
2

fQ (n) Other
(36)

where fQ (n) is the switching frequency in the current sample
and1fQ is the predefined change in the switching frequency.
The second control loop is used to regulate the color

temperature of the color-mixing system for controlling the
switches Sk (k = R, G, B). The proposed structure is a
general structure which suits for various color-mixing algo-
rithm [22], [23], [24], [25]. Since switches SR, SG and SB are
independent of each other, they will have 8 switching states
as shown in Table 2. In Table 2, ‘‘1’’ represents the switch in
the ‘‘ON’’ state, and ‘‘0’’ represents the switch in the ‘‘OFF’’
state. Figure 8 shows the operating modes of RGB strings
in 8 modes. As the equivalent resistance of LED string is
designed to be much smaller than the reactance of capacitors,
the transitions among 8 operating modes have little influence
on the working of the system.

Mode 1 [000] — Switches SR, SG and SB are all turned off,
So the currents are all flowing through RGB LED strings.

Mode 2 [1] — Switches SR and SG are all turned off, and
only switch SB is in the ‘‘on’’ state, so the blue LED string is
bypassed by switch SB.

Mode 3 [10]— The green LED string is bypassed. The red
and blue LED strings are turned on, and the green LED string
is turned off.

Mode 4 [11]—Only Red LED string is turned on, so when
the red color is needed, the converter will work in this mode
all the time.

Mode 5 [100]—The green and blue LED strings are turned
on, and the red LED string is turned off.

Mode 6 [101] — Only green LED string is turned on,
so when the green color is needed, the converter will work
in this mode all the time.

TABLE 3. Component values used in the prototype.

Mode 7 [110] — Only the blue LED string is turned on,
so when the blue color is needed, the converter will work in
this mode all the time.

Mode 8 [111]— Switches SR, SG and SB are all turned on,
so the currents of RGB LED strings are all 0.

According to the above analysis, the proposed structure can
realize any chromaticity coordinate, including the boundary
and points of RGB triangular in CIE1931 chromaticity chart.
For the simplicity of the analysis, assume all the switches turn
on at the same time at the starting point of one switching
period. If 0 < dR, dG, dB < 1, there are 13 scenarios for
switching sequences, and if 0 ≤ dR, dG, dB ≤ 1, there are
38 scenarios for switching sequences. The analysis of the
switching sequences when 0 ≤ dR, dG, dB ≤ 1 is similar
with the analysis when 0 < dR, dG, dB < 1, herein they are
neglected.

Figure 9 shows the switching sequences of the switches
SR, SG and SB under the 13 scenarios when 0 < dR, dG,
dB < 1. It can be seen that the operating modes are switched
among 4 switching states at most in each scenario, and they
can be switched over among 8 modes arbitrarily. The dif-
ferent modules are fully decoupled with each other without
cross-interference and cross-regulation problems. The pro-
posed fully decoupled current-controlled structure simplifies
the color-mixing algorithm as it does not need to consider the
switching sequences. Therefore, any color mixing algorithm
can be verified based on the proposed fully decoupled current
control structure.

III. EXPERIMENTAL RESULTS
A 36W prototype with RGB channels as shown in
Figure 10 has been built and each LED channel is consisted
of 12 LEDs. The power circuit which consists of two switches
for half-bridge and the inductor Lr (Lr1 and Lr2) for reso-
nance is in the left half part of PCB board. Multi-channel
modules (e.g. RGBmodules) are in the right half part of PCB
board. It can be seen that the grounds of power source and
LEDs are separated by the film capacitors, so the grounds
of LED strings are connected together and the switches for
controlling RGBLED strings do not need the isolated drivers.
The different color LEDs can be added or removed as needed
with the power circuit remaining unchanged. In addition, the
Micro-Controller Unit (MCU) and the photo color sensor are
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FIGURE 8. Operating modes of RGB strings.

in the upper-right portion of PCB board. The input data of
MCU is from the photo color sensor and the output of MCU
is PWM signal to control the duty cycles of different color

LED channels. Table 3 shows the component values used in
the prototype. Figure 11(a)-(d) shows the waveforms of the
string voltages and currents of red and green strings or red
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FIGURE 9. Switching sequences when 0 < dR , dG, dB < 1.

FIGURE 10. Hardware implementation.

FIGURE 11. The voltage and current of the LED strings (iLSR
, iLSG

, iLSB
:

500mA/div, vLSR
, vLSG

, vLSB
: 50V/div, k = R, G, B, Timebase: 4µs/div).

and blue strings at different duty cycles. It can be seen that the
amplitudes of two strings’ currents are very close even if the
RGB strings’ voltages have great differences. Moreover, the
different color LED strings can be controlled independently
without the cross-coupling issues. Figure 12(a)-(d) shows the
current waveforms of the input module and LED strings.
It can be seen that the duty ratio of any LED string current
can be varied between 0 and 1, and the input current ik is
independent from the output LED string current. The pro-
posed structure has a good current balancing function and
the current amplitude can always be maintained constant. The
independence between the control of main switches and the
switches for controlling the LED strings is further verified.
Figure 13(a)-(d) shows the key waveforms at different duty
cycles. It can be seen that the input current iT always lags the
voltage vXY . Thus, the switches Q1 and Q2 are always soft
switched. Figure 14 shows the system efficiency versus the
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FIGURE 12. Current waveforms of the input module and LED strings
(iR , iG, iB: 2A/div, iLSR

, iLSG
, iLSB

: 500mA/div, Timebase: 4µs /div).

FIGURE 13. Key waveforms at different duty cycle of LED strings (iLSG
:

500mA/div, vXY : 50V/div, iT : 5A/div, SQ2
: 20V/div, Timebase: 4µs /div).

FIGURE 14. Efficiency versus the sum of all the duty cycles of RGB
channels.

sum of all the duty cycles of RGB channels. It can be seen that
the efficiency is higher than 80%when the sum of all the duty

cycles of RGB channels is larger than 1 (the output power is
about 12Wwhen dR+dG+dB = 1) Themaximum efficiency
is around 93.67% when the sum of all the duty cycle is 3 (the
output power is about 36W when dR + dG + dB = 3). The
minimum efficiency is around 65.78% when the sum of all
the duty cycles is 0.1 (the output power is about 1.2W when
dR + dG + dB = 0.1).

IV. CONCLUSION
A fully decoupled current control and current balancing of
the modular structure for LED color mixing system has
been proposed. Compared with the conventional structure,
the proposed topology has the merits of 1) no cross-coupling
issues, 2) no current spike flowing through LEDs, 3) Current-
balancing function for different color LED strings, 4) Non-
isolated gate-driver circuits and 5) modularity, high stability
and safety. The proposed structure has been evaluated with
RGB LED strings. Experimental results show that the pro-
posed structure has a good current-balancing performance at
different duty ratio of LEDs, the switches for controlling LED
strings are fully decoupled, and the main switches are always
soft-switching at the different diming levels.
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