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Abstract: A dimmable LED driver along with an extendable series structure and interleaved capacitive
current sharing is presented herein, the LED connection of which is changed from the traditional
series structure to the proposed parallel structure. The number of LED strings can be extended.
As the number of LED strings is increased, the output voltage of this LED driver and the voltage
stress on the main switch are ideally not influenced. Moreover, only one current sensor is needed to
achieve current control and dimming. In this paper, the basic operating principle of the proposed
LED driver is described and analyzed. Finally, the effectiveness of this LED driver is demonstrated
by experiment based on the field-programmable gate array (FPGA).

Keywords: capacitive current sharing; current-sharing interleaved capacitor; dimmable; extendable
parallel structure; FPGA; LED

1. Introduction

As generally recognized, LEDs are getting more attractive in the world due to their small size,
light weight, and long life [1,2]. An LED is driven by the current due to its behavior like a diode [3].
The higher the current in the LED, the higher is the forward-biased voltage across the LED [4].
Furthermore, the higher the temperature in the LED, the lower is the forward-biased voltage across
the LED. In general, the arrangement of LEDs is first in series and then in parallel, so as to avoid
a high voltage across the output of the LED driver. And hence, the current balance among LED
strings is very important so as to avoid uneven currents in the LED strings. These uneven currents
will affect the LED luminance and cause the temperature in the LED to be increased and the life
of the LED to be reduced. Therefore, many literatures have presented current-sharing methods for
LED strings [5-21] so as to make currents distributed among LED strings as identically as possible.
The LED current-sharing methods are classified into two types. One is active [5-9], and the other
is passive [10-21]. As for the active current-sharing method, each LED string contains one current
regulator and one current sensor to balance currents among LED strings. The main demerit of this
method is the high complexity of the circuit. Hence, the passive current sharing method is presented
to overcome this disadvantage. This method can be classified into two types. One is based on the
differential-mode transformer, and the other is based on the energy-transferring capacitor. For the first
type to be considered [10-14], as the currents in two LED strings are not identical, this transformer
will be activated, and hence, the two currents will be forced to be regulated as identically as possible.
In [10], an LED driver is constructed of one Zeta converter with several current-balancing transformers
such that the magnetizing energy can be recycled. In [11], several daisy-chained transformers are
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applied to current-balance multiple LED strings. In [12], only for two LED strings to be considered,
an LED driver is made of one traditional boost converter with one differential transformer used as a
current-sharing device. In [13], the LED driver is the same as that shown in [11], except for isolation
capacitors used in the former. In [14], an LED driver is established by one twin-bus converter along
with several differential transformers such that the voltage stress on the switch is reduced. However,
in practice, the current-sharing error comes from the magnetizing current of the transformer. For the
second type to be considered [15-21], the current balance between the two LED strings is based on the
ampere-second balance. In [15], an LED driver constructed of an isolated LCLC resonant circuit along
with capacitive current balance. In [16], an LED driver is built from one traditional boost along with one
coupled inductor and capacitive current balance such that the output voltage can be upgraded. In [17],
an isolated CLL resonant converter with several balance capacitors is applied to driving multiple LED
strings. In [18], isolated and non-isolated LED drivers are constructed by the traditional converters
with switched capacitors used. In [19], an LED driver is constructed by one voltage-boosting converter
with automatic current balance and zero-voltage switching such that the switching loss can be reduced.
In [20], an LED driver is built from one traditional boost converter along with capacitive current
balance, input ripple cancellation, and passive clamp such that the input current ripple is reduced and
the voltage gain improved. In [21], a two-channel LED driver is established by one coupled-inductor
converter along with capacitive current balance and one passive regenerative snubber such that the
voltage gain is upgraded and the leakage energy can be recycled. However, in actuality, the current
sharing error comes from the leakage current of the current-sharing capacitor.

Based on the aforementioned literatures, each circuit from [10-21] has the capability of extending
the number of LED strings to two or more, if necessary, except for [12,20,21]. Since the current balance
based on the differential transformer will occupy a relatively large space, the current balance of the
proposed LED driver is based on the capacitor. The proposed LED driver is used to improve the LED
driver in [18]. In [18], due to the LED strings connected in series, the voltage gain is the sum of all the
voltages across the output capacitors as shown in (4) in [18] divided by the input voltage. Furthermore,
the number of LED strings cannot be increased to more than four. To overcome this problem, by means
of current-sharing interleaved capacitors, the voltage gain of the LED driver is not influenced at all as
the number of LED strings is increased. Above all, the voltage stress on the main switch is always the
same for any number of LED strings used.

2. Proposed LED Driver Circuit

Since the number of LED strings shown in [18] is four, in order to effectively describe the behavior
of the current-sharing interleaved capacitors used in the proposed LED driver, the number of LED
strings is set to six. The proposed LED driver circuit in Figure 1 is constructed of one switch, Qs;
one input inductor, L; five current-sharing interleaved capacitors, C1, Cy, C3, C4, and Cs; six diodes, Dy,
Dy, D3, D4, D5, and Dg; and six output capacitors Cy1, Co2, Co3, Coa, Co5, and Cyg. In addition, six LED
strings are used as load.
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Figure 1. Proposed LED driver.
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Prior to analysis of the basic operating principle of this circuit, some associated symbols and some

assumptions are to be given in the following.

)
@
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All the capacitors are large enough such that the voltages across them can be regarded as constant.
The input voltage is signified by V;, and the output voltages are represented by Vy1, Vo, Vo3,
V04, V05, and V06-

The currents in L and Q; are indicated by i} and iy, respectively.

The currents in Cy, Cp, C3, C4, and Cs are denoted by icq, ic2, ic3, ica, and ics, respectively.

The currents in Co1, Cop, Co3, Cos, Cos5, and Cy are signified by io1, iop, 103, foa, Io5,
and 7,4, respectively.

The voltages on L and Q; are represented by vy, and vy, respectively.

The voltages on Cq, Cy, C3, C4, and Cs are expressed by V1, Vo, Vs, Ve, and Vs, respectively.
The switching period is denoted by Ts.

The turn-on time interval of Q; is DTs, where D is the duty cycle.

The switch, the inductor and all diodes and capacitors are viewed as ideal, and all the LED strings
are identical.

The gate driving signal for Q is signified by vgs.

The circuit is operated in the continuous conduction mode (CCM), that is, there are two operating
states over one switching cycle, as shown in Figure 2.
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Figure 2. Proposed LED driver.

2.1. Operating Principle Analysis

@

State 1: [fp <t < t1]: As shown in Figure 3, Q; is turned on. At the same time, Dy, D3, and Ds are
turned off, whereas D;, D4, and Dy are turned on. During this state, the voltage across L is Vj,,
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L is magnetized, whereas Cy, Cy, C3, C4, and Cs are discharged through Q; and provide energy to
LSy, LS4, and LSg and Cop, Coy, and Cog. In addition, the energy required by LS, LS3, and LS5 is
provided by C,1, Co3, and Cos, respectively.

Figure 3. Circuit operating behavior of state 1.

(2) State 2: [t; <t < fp]: As shown in Figure 4, Q; is turned off. At the same time, D;, Dy, and Dg
are turned off, whereas D1, D3, and Ds are turned on. During this state, the voltage across L is
Vin — va, where v, = V1 + V1. The inductor L, together with V;,, charges C;, Cy, C3, Cy4, Cs,
Co1, Co3, and C,5, whereas the energy required by LS, LS4, and LS¢ are provided by Cyz, Cos,
and Cog, respectively.

Figure 4. Circuit operating behavior of state 2.

2.2. Voltage Gain
As Q1 is turned on, the voltage across L, vp (o), can be expressed as
UL(on) = Vin- @
As Q) is turned off, the voltage across L, UL (off), Can be expressed as
VL(off) = Vin — Va- 2

According to the voltage-second balance over one switching cycle, the following equation can
be obtained:

DV, + (1 - D)(Vin _Ua) =0. 3)
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By rearranging (3), the input voltage V;,, can be obtained as
Vin = va(1-D). 4
During the turn-on period of Q1, the following equations can be found:
Ver+Vea =V =0
Ve +Ves=Vu =0 . ©)
Vez = Vo =0

During the turn-off period of Q3, the following equations can be found:

Ver+ Vo =1,
Voo + Ve + Ve =1, . (6)
Vs + Vs +Ves =1,

By summing the equations shown in (5), the following equation can be obtained:
Ver+ Ve +Ves+Ves+Ves = Vo = Vou = Vg = 0. @)

By summing the equations shown in (6), the following equation can be obtained:
Ver+ Ve +Ves + Ves + Vs + Vo + Vs + Vs = 30,. ®)

By subtracting (7) from (8), the voltage v, can be obtained as

(Vo1 + Vo + Viz + Vs + Vs + Vi) )

Q=

va:

Finally, by substituting (9) into (4), the corresponding voltage gain can be found to be

6
Y Vom
Ua - m=1 1

Ve Vi,  1-D

(10)

From (10), it can be seen that the required duty cycle is determined by averaging all the voltages
across LED strings and then multiplying this result by two. If all the LED strings are identical, then (10)
can be simplified to be

[ 2V01 - 1
Vie Vi 1-D’

From (11), it can be seen that the duty cycle can be determined by the output voltage of one LED
string. That is, the output voltage and duty cycle of the proposed LED driver are kept constant as the
number of LED strings is increased, and Equation (11) still holds.

(11)

2.3. Boundary Condition of Input Inductor L

The boundary condition for L is described as

{ 2I; > Aip = L works in the CCM (12)

2I; < Ai;, = L works in the DCM ’

where I} and Aij are DC and AC components of i .
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For analysis convenience, it is assumed that the input power is equal to the output power,
and hence, the input current [;;, can be represented by
1 Vo

Iy=——=x== 1
"= 1D Ry’ (13)

where R, is the equivalent output resistance.
The average current of iy, I}, can be expressed as

Ip =1 (14)

L Ve

I =—— .
T 1-D Ry

(15)

Furthermore, the current ripple of iy, Aij, can be represented by

. ViAt VDT
Aif = = . 16
LT L (16)

Therefore, as 2I; > Aij, the input inductor L will operate in the CCM, and hence, the following

equation can be obtained:
2[1 > Aig,

A w Yo 5 ViuDIs
:>2><1_D><Req2

S , (17)

= KL > Kcrit_L (D)

where K| = ﬁ and Kt (D) = (1 - D)ZD.
From (17), it can be seen that as K > K 1 (D), the input inductor L operates in the CCM; otherwise,
in the DCM. Therefore, the operation boundary curve of L can be drawn as shown in Figure 5.
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Figure 5. Operation boundary curve of the input inductor L.

2.4. Current Sharing Concept

For convenience of analysis, only the current-sharing interleaved capacitor C is taken into account.
According to the ampere-second balance, the absolute value of the electric charge during the turn-on
period of Q1, Qc1_on, is equal to the electric charge during the turn-off period of Q1, Qc1_of; namely,

|Qc1 off| = Qct_on (18)
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1 DT, 1 Ts
ij(; lict (o) dt = ?stTs ic1(off) At. (19)

The current in the LED string LS, is equal to the absolute average value of the negative part of icq
during the turn-on period of Q;, and the current in the LED string LS, is equal to the average value of
the positive part of ic; during the turn-off period of Q;; therefore:

lci(on] = Ievorpy = ILs1 = Isa- (20)

3. System Control Strategy

Figure 6 shows the systems configuration of the proposed LED driver. This system contains the
main power stage and the feedback control loop. The main power stage is constructed by the proposed
LED driver. As for the feedback control loop, the current in the last LED string is sensed by the current
sensor and then sent to the analog-to-digital converter (ADC), which transfers the analog signal to
the digital signal. Afterwards, this digital signal is transferred to the field-programmable gate array
(FPGA) to get a suitable control force after some calculations, so as to control the switch such that the
currents in all the LED strings can be controlled near a desired value.

l D, DA DY D& DY p,
i ) z . Y
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Figure 6. System block diagram of the proposed circuit.
4. Design Considerations

Prior to tackling this section, the system specifications are given in Table 1 as follows.

Table 1. System specifications.

Circuit Operating Mode CCM
Input voltage (Vi) 12 + 10%
Output voltage (V,) 27.6V(= 8x3.45V)
LED Rated current (I, ;q100)/Rated Power (P, y40q) 350 mA/29 W
LED Minimum current (I, i)/ Min. Power (P, ;i) 87.5mA/7.25 W
Switching frequency (fs)/Period (T5) 100 kHz/10 us
LED forward voltage (V) and current (Ir) at rated condition 3.45V/0.35 A
LED cut-in forward voltage (Vr1rp) at zero current 27V
LED strings 6 strings with 4 LEDs per string

4.1. Determination of Duty Cycle

According to the LED V-I curve shown in [22], the forward voltage V and forward current I at
rated condition are 3.45V and 0.35A, respectively, whereas the cut-in forward voltage Vg gp at zero
current is 2.7 V. Hence, the equivalent resistance Rrrp is 2.143 Q).
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4.1.1. Duty Cycles at Rated Load

The maximum duty cycle at rated load, D4y rated, is determined by the minimum input voltage
Vinmin and is shown as follows:

D —1_ Vin,min —1- 10.8
max,rated — Itep X ZRF,LED + ZVP,LED o 0.35x%x17.14 +21.6

= 0.608 (1)

The minimum duty cycle at rated load, D,y rateq, is determined by the maximum input voltage
Vinmax and is shown as follows:
Vin,max 13.2

D.. —1— =1= = 0.522 22
min,rated Itep X ZRF,LED + ZVP,LED 0.35%x17.14 + 21.6 ( )

4.1.2. Duty Cycles at Minimum Load

The maximum duty cycle at minimum load, D,y min, is determined by the minimum input
voltage Vi, min and is shown as follows:
Vinmin 10.8

D m=1- =1- =0.532 23
i 25% X It gp X ZRF,LED +2VrLED 0.25x0.35%x17.14 4 21.6 (23)

Also, the minimum duty cycle at minimum load, D,y in, is determined by the maximum input
voltage Vi, nqr and is shown as follows:
Vin,max 13.2

I —1- =0428 (24
minmin 25% X ILED X ZRF,LED =+ ZVF,LED 0.25%x0.35x17.14 +21.6 ( )

4.2. Design of L

In order to make sure that the input inductor L works in the CCM, the minimum average input
inductor current I} ,,;, should satisfy the following inequality:

Aip
IL,min = 71 (25)

where Aiy is the input inductor current ripple.
Via setting the efficiency equal to one, the following equation can be obtained as

P .
IL,min - Iin,min = V'OImm . (26)
in,max
Therefore, the inequality of L can be expressed as
2 -
I VinmaxDinminTs _ VinmaxPminminTs 1302 % 0.428 x 10 _ 51364 27)

2 X 11 in 2 X Py min o 2x7.25
Eventually, the value of L is set at 60 pH.

4.3. Design of Cy1—Co6

The values of C,1—Cy¢ are worked out at a rated condition. Since the voltages across the capacitors
Co1, Co2, Co3, Coa, Cos5, and C,¢ are clamped by the identical LED strings, Vo1 = Voo = Vi3 = Vs = V5 =
Voe. Furthermore, the capacitors Cy1, Co3, and C,5 are used to provide the energy for Lgy, Ls3, and Lgs
during the turn-on period of Qj, respectively, whereas the capacitors C,,, Cos, and C,4 are used to
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provide the energy for Lgy, Lg4, and Lgg during the turn-off period of Qy, respectively. In addition, it is
assumed that the voltage ripple for each output capacitor is set at 1% of its DC voltage. Therefore,

D X T
max,rated s — 0.35 % 0.608 x 1OLL

frg e > —_— -
Cor = Cos = Cos 2 I rated X Vo1 X 1% 13.8 % 0.01

= 15.4uF (28)

(1= Dyaxrated) X Ts 0355 (L™ 0.522) x 10p
Vor X 1% e 13.8x0.01

Finally, one 22 uF/25 V capacitor is for C,1 and also for Cy, Co3, Cos, Co5, and Cog.

Coz = Cos = Cop 2 Io,mted X = 12.1pF. (29)

4.4. Design of C;—Cs

The values of C;—Cs are figured out at rated condition. In this LED driver, the capacitors Cy, Cy,
and C3 have the same operating behavior, namely, V1 = Voo = V3, whereas the capacitors C4 and Cs
have the same operating behavior, namely, V4 = V5. From state 2 with the switch Q7 being off and
based on Kirchhoff’s law (KVL), the following equation can be obtained:

Vs =V =V +Ver + Ve =0 (30)

Hence, Vg = 0since Vo1 = Vep and Vi1 = V3. In the same way, Vs = 0.
From state 1 with the switch Q; being on and based on KVL, the following equation can be
obtained:
Ver = Vo + Ves = 0. (31)

Hence, V1 = Vop since Vg = 0. In the same way, Vcp = Vg and Vieg = Vg
In addition, it is assumed that the voltage ripple for each capacitor is set at 1% of its DC
voltage. Therefore,
Po,mted Dmax,mted X Ts 29 0.608 X 10

Ci=C=C3> X = X = 39.1uF 32
L T S B Vi min Vo X 1% 3x10.8 " 13.8x0.01 a (32)

Eventually, one 47 uF/25 V capacitor is for C; and also for C; and Cs. As for C4 and Cs, they have
the same capacitances as that for C; for design convenience.
In the following, the component specifications are tabulated in Table 2.

Table 2. Component specifications.

Components Specifications
MOSFET: Q; IRF3250Z
Diodes: Dlr Dz, D3, D4, D5, D6 STPS30L60C
Current Sharing Capacitors: Cy, Cp, C3, C4, Cs 22 uF/25V
Output Capacitors: Co1, Cop, Co3, Coa, Cos, Cog 47 uF/25V
Inductor Core: T106-18B, L = 60 uH
Gate Driver TC4420

5. Experimental Results

Figures 7-13 shows the waveforms related to the proposed LED driver at rated condition. Figure 7
shows the gate driving signal for Q1, vgs, the voltage on Q1, v4s, and the current in L. Figure 8 shows the
gate driving signal for Q1, vgs, the voltages across Cy, Cy, and Cs, called V1, Vcp, and V3, respectively.
Figure 9 shows the gate driving signal for Q1, vgs, and the voltages across C4 and Cs, called V4 and
Vs, respectively. Figure 10 shows the gate driving signal for Qy, vgs, and the voltages across Dy, D,
and Dj3, called vp1, vpy, and vpg3, respectively. Figure 11 shows the gate driving signal for Qy, vgs,
and the voltages across Dy, D5, and Dy, called vpy, vps, and vpg, respectively. Figure 12 shows the
gate driving signal for Q1, vgs, and the currents in Cy, C;, and C3, called ic1, ic2, and ic3, respectively.
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Figure 13 shows the gate driving signal for Q1, vgs, and the currents in C4 and Cs, called icy4 and ics,
respectively. Figure 14 shows the voltage across LS1, V,1, the current in LSy, i1g1, the voltage across
LSy, Vo, and the current in LSy, irsp. Figure 15 shows the voltage across LS3, V3, the current in LS3,
irs3, the voltage across LSy, V4, and the current in LSy, i;g4. Figure 16 shows the voltage across LSs,
Vs, the current in LSs, i1 55, the voltage across LSg, Vo6, and the current in LSg, i s¢.
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Figure 16. Measured waveforms at rated load: (1) Vys; (2) irss; (3) Vog; (4) irse-

From Figure 7, the input inductor L operates in the CCM. From Figures 7, 10 and 11, the voltages
across Q1, Dy, Dy, and Dg have voltage rings during the turn-off transient of Qi, due to resonance
among the body capacitance of Q, the diode parasitic capacitances of D,, D4, and Dy, and the line
parasitic inductances. From Figure 8, the voltages across C;, Cp, and Cs are fixed at some values,
whereas from Figure 9, the voltages across C4 and Cs are kept close to zero. From Figures 10 and 11,
the voltages across Dy, D3, and D5 have voltage rings during the turn-on transient of Q1, due to
resonance among the diode parasitic capacitances of D1, D3, and Ds, and the line parasitic inductances.
From Figures 12 and 13, the currents flowing through C; to Cs have negative current rings since the
voltages across Dy, D3, and D5 have voltage rings during the turn-on transient of Q1, whereas the
current flowing through C; to Cs have positive current rings since the voltages across D, Dy, and
D¢ have voltage rings during the turn-off transient of Q;. From Figures 14-16, the current sharing
between LEDs performs well, and the corresponding voltages across LSq to LS are almost the same
due to all LED strings being almost identical.

In addition, Tables 3-5 show the current sharing error percentage (CSEP) under an input voltage
of 12 V and different current levels in LED strings. The definition of CSEP is shown as follows:

m
Iisy = (X Isy) +m
CSEP, — _ x 100% (33)
(X Iisy) =m
x=1

where CSEP, is the CSEP of the y-th LED string, m is the total number of LED strings, I1.s, is the current
m
flowing through the y-th LED string, and }. Ijs, is the sum of all the currents flowing through the
x=1

LED strings.
Based on the calculated measurements from Tables 3-5, the CSEP values for any load locate
between —1% and 1%. Therefore, the proposed LED driver has a good capability of current sharing.

Table 3. Associated current sharing error percentage (CSEP) measurements at minimum load.

LS LS, LS; LSy LSs LSe
I;s (mA) 85.4 86 85.2 86.6 85.3 86.5
Viep (V) 10.7 114 10.6 115 10.6 115

Error (%) -0.5 0.2 -0.73 0.9 -0.62 0.78
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Table 4. Associated CSEP measurements at half load.

LS LS, LS; LSy LSs LSe
Iis (mA) 172 175 172 175 172 175
Viep (V) 11.3 12.1 11.2 12.1 11.2 122
Error (%) -0.86 0.86 -0.86 0.86 -0.86 0.86

Table 5. Associated CSEP measurements at rated load.

LS LS, LS3 LS, LS5 LSe
I1s (mA) 348 352 348 347 349 351
Viep (V) 12.4 13 12.3 13.2 12.3 13
Error (%) -0.33 0.81 -0.33 -0.62 —-0.04 0.53

In the following, how to measure the efficiency of the proposed LED driver is described. As shown
in Figure 17, one current sensing resistor is in series with the input current path. First, a digital meter,
called Fluke 80504, is used to measure the voltage across this resistor so as to obtain the value of the
input current. Sequentially, another digital meter, also called Fluke 80504, is used to measure the input
voltage. Accordingly, the input power can be worked out. As for the output power, six LED strings
with the same number of LEDs, manufactured by Everlight Lighting Co., are used as the load of this
LED driver. At the same time, the voltages across these six LED strings are measured by the other
digital meter, also called Fluke 8050A. After this, the currents in these six LED strings are measured by
a current probe, named TCPA 300, manufactured by Tektronix Co. Accordingly, the output power can
be worked out. Finally, the corresponding efficiency can be figured out based on the calculated input
and output powers. Figure 18 shows the curve of efficiency versus load current percentage. From this
figure, it can be seen that the efficiency is above 90% all over the load range and can be up to 97.6%.

Voltage Meter: Voltage Meter: Voltage Meter:
Fluke 8050A Fluke 8050A Fluke 8050A
Current
1’L> Sensor: i»
10mQ .
DC Source: 0.5% + + LED Strings:
PSW o0 v,,| Main Power Stage |y, EHP-AXO0S8EL/GTO1H-
800-4.23 - - P01/5670/Y/K42
A
Gate Feedback
Signals v Signal
Digital Control: Current Probe:
FPGA &Gate Drivers TPA 300

Figure 17. Block diagram for efficiency measurement.
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Figure 18. Curve of efficiency versus load current percentage.
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6. Further Discussion on Current-Sharing Performance

In this section, to further demonstrate the current performance of the proposed LED driver,
the number of LEDs for all the LED strings are not identical, e.g., three LEDs for LS, one LED for LS,,
three LEDs for LS5, two LEDs for LSy, four LEDs for LS5, and three LEDs for LS¢. The waveforms
shown in Figures 19-22, based on the PSIM software, are obtained under the rated LED current of 350
mA. Figure 19 shows the gate driving signal for Q1, vgs, the voltage on Q1, v4, and the currentin L, 7.
Figure 20 shows the voltage across LSy, V,1, the current in LS4, i} g1, the voltage across LS, Vyp, and
the current in LS, iy g». Figure 21 shows the voltage across LS3, V3, the current in LS3, i1 g3, the voltage
across LSy, Vo4, and the current in LSy, i1 54. Figure 22 shows the voltage across LSs, V5, the current in
LSs, i 55, the voltage across LSg, V6, and the current in LS, i1 56, since the voltage across each LED is
assumed to be 3.45 V at rated current. Accordingly, based on (10), the calculated duty cycle, close to
the simulated value shown in Figure 19, is

~0.35 (34)

o L L [ 1 1|
2ﬁﬁﬂﬁfh

Sus

Figure 19. Simulated waveforms at rated load with LED counts being not all the same: (1) vgs; (2) vgs;

(3) ir.
| \: Izov
[ N S N
! IO.SA
P [N N SR S S s :
Izov
N Vo
% IO.SA
Y SRS SR SOURNNS SN NSNS /90 S SO SR

—
Sus

Figure 20. Simulated waveforms at rated load with LED counts being not all the same: (1) Vy1; (2) irs1;
(3) Vo2; (4) is2-
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Figure 21. Simulated waveforms at rated load with LED counts being not all the same: (1) Vy3; (2) irs3;
(3) Vou; (4) irsa.
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Figure 22. Simulated waveforms at rated load with LED counts being not all the same: (1) Vys5; (2) irs5;
(3) Voe; (4) iLse-

In addition, from Figures 19-22, it can be seen that even though the LED counts for individual
LED strings are not the same, the currents flowing through all the LED strings are almost identical due
to current control and current-sharing interleaved capacitors.

7. Conclusions

For the circuits shown in the literature [10-21], each circuit has the capability of extending the
number of LED strings to two or more if necessary, except for [12,20,21]. Since the current balance
based on the differential transformer will occupy a relatively large space, the current balance of the
proposed LED driver is based on the capacitor. In this paper, an LED driver with extendable parallel
structure and automatic current balance is presented. This LED driver is modified from series-type
LED strings in [18] to parallel-type LED strings. The output voltage of the proposed LED driver with
parallel-type LED strings is determined by averaging all the voltages across LED strings and then
multiplying this result by two, different from the LED driver with series-type LED strings shown
in [18], the output voltage of which is the sum of all the voltages across LED strings shown in (4) in [18].
Therefore, in [18], the voltage rating of the main switch will be increased, causing the turn-on resistance
of the main switch to be increased. In addition, the number of LED strings cannot be increased to more
than four. For the proposed LED driver, if all the LED strings are identical, then the output voltage is
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kept constant as the number of LED strings is increased; if not, then the output voltage is changed
slightly. Moreover, only one current sensor is required to realize current control and dimming.
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Nomenclature

(o] Main switch

Cq1, Cy, C3, Cy, C5 Current-sharing interleaved capacitors
L Input inductor

Dl/ D2/ D3r D4/ D5/ D6

Colf Cozr Co3r Co4/ C05, Coé
LSy, LSy, LS3, LSy, LS5, LS
Ts

fs

D

tO/ 2]

Req

Vgs

Uds, Ua

ids

Ver, Vea, Ves, Ve, Ves
ic1, ic2, ics, ica, ics

iC1(on)

iC1(of

ICl(on)

Iciop

oL,

OL(on)

VL(off)

iy,

IL,min

Nij,

UD1, D2, VD3, VD4, UD5, UD6
ip1, ip2, iD3, ip4, iD5, D6
irs1, i1s2, 1183, iL54/ ILS5, iLS6
Irs1, Iso

Vi

Vin,max

Vin,min

Vo

Volf Vozr V03/ Vo4/ V05, Vo6
iColx iCoZ/ iCoS/ iCo4/ iCoS/ iCo6
Iin

Iin,min

Io,mted

Io,min

Diodes

Output capacitors

LED strings

Switching period

Switching frequency

Duty cycle

Time instants

Equivalent output resistance

Gate driving signal for Q;

Voltage across Qg

Current in Qq

Voltages across Cy, Cp, C3, Cy4, Cs

Currents in C1, Cp, C3, Cy4, Cs

Current ic; during turn-on period of Q;
Current ic; during turn-off period of Q
Constant value of i¢ during turn-on period
Constant value of ic; during turn-off period
Voltage across L

Voltage across L during turn-on period of Q
Voltage across L during turn-off period of Q1
Current in L

Minimum DC value of i

Peak-to-peak value of current ripple of i,
Voltages across D1, D, D3, Dy, Ds, Dg
Currents in Dy, D;, D3, Dy, D5, Dy

Currents in LSy, LSy, LS3, LSy, LSs, LSq

Dc values of i1 g1, ir50

Input voltage

Maximum input voltage

Minimum input voltage

Output voltage

Voltages across Co1, Con, Co3, Coa, Cos, Cog
Currents in Cy1, Co2, Co3, Coa, Cos, Cog
Input current

Minimum input current

LED rated current

LED minimum current
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Py min Minimum output power

Py rated Rated output power

Diyax, rated Maximum duty cycle at rated load
Diin,rated Minimum duty cycle at rated load

D, min Maximum duty cycle at minimum load
Diin,min Minimum duty cycle at minimum load
Qc1_on Electric charge in C; during turn-on period
Qci_off Electric charge in C; during turn-off period
VE LED forward voltage

VELED LED forward cut-in voltage

ReLED LED resistance

IreD LED dc current

Irsx Dc current in the x-th LED string

Irsy Dc current in the y-th LED string

CSEPy y-th CSEPy
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