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In this paper, a light emitting diode (LED) driver with multiple outputs, suitable to use with DC grid
supply, is proposed. The proposed LED driver provides the ability to individually control the bright-
ness of each output channel. In order to control the output power of each channel, a burst control mode
is employed resulting in reduction of conduction losses. Moreover, the half bridge switches are turned
on and off at zero voltage (ZV) with a fixed switching frequency; therefore, the switching losses is re-
duced and efficiency is further increased. Design and implementation have been simplified by choosing
the same structure of the resonant series for outputs. A two-channel DC/DC converter is simulated and
experimentally tested to verify the theoretical analyses. © 2021 Journal of Energy Management and Technology
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1. INTRODUCTION

Nowadays, Lighting consumes a huge percentage of the world’s
energy. So improving the quality of LED drivers is an important
issue. Some of the applications of LEDs are general architectural
lighting, traffic lights, displays, street lighting, car lighting,
greenhouse lighting, decorative lights, and display backlighting.
LEDs have high lightening efficiency, compared to conventional
lamps, and they consume low energy and have long lifespan
(about 100,000 hours), also they do not have environmental
contamination (no harmful elements such as mercury), have
good colour rendering properties and high colour rending index
(CRI), high reliability, low maintenance costs, compact size
flexibility, and easy control [1-3].

Conventionally, the LED drivers are composed of AC-DC
converters and DC-DC converters [4, 5]. Typically, the AC-DC
converter is in charge of power factor corrections (PFC) and the
DC/DC converter regulates the current of LED string to avoid
LED flickering [6]. DC/DC converters play a very important
role in power electronics converters [7-9]. Conventionally,
multiple single-channel converters were used for multi-channel
drivers [10, 11], which increased the circuit volume and price
but today, a converter with multiple outputs is designed
instead of multiple single-channel drivers. This type of design
reduces the size of the control circuit and simplicity of control
in intelligent lighting systems. Different multi-output AC-DC
LED driver topologies are presented to apply in LED lamps;
however, a few LED driver topologies are specially developed

for DC grids could be found in literature.

Some other multi-channel DC/DC converters introduced in
[10-13] that are not able to independently adjust the channel
light and only have the ability to share the current between
several channels equally. There are some converters that
can adjust the channel light independently, but have a hard
switching and as a result will have high losses and low efficiency
[14-16]. Another multi-channel LED driver employing trans-
former and series switches with the LED strings is introduced
in [10]. Using transformers need extra control circuits and
increase complexity of structure and in addition electromagnetic
devices have much losses and decrease efficiency. These
converters suffer from many components and complexity. This
driver also operates under hard switching and is bulky. A
multichannel driver suitable for DC grid is proposed in [11].
This converter develops the half-bridge inverter by variable
inductor (VI), transformer, and rectifier which is accompanied
by soft switching operation. The use of variable inductors
in each channel provides independent control of the light of
each channel, but will be accompanied by an increase in the
number of control elements and the complexity of the circuit.
As the output power increases, the efficiency of these converters
will decrease, especially in the case of multiple LED channels.
In addition, in this method, the failure of an LED string in a
channel seems to cause the imbalance of circuit, and the circuit
efficiency decreases.

Normally in the conventional circuits, for each LED branch, a
dimming switch is placed in series with the LED which operates
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under hard switching and could lead to shock signals, damage
to the LED bulb, and reduction in LED and the dimming switch
lifespan. Furthermore, these methods have large pulsating
problems of input/output and the electromagnetic interference
(EMI) problem.

A multi-channel LED driver with half-bridge series resonant
structure is presented in [12]. Current in different channels
is balanced with main switches operating at below resonant
frequencies. Switching below resonant frequency would result
in discontinuous current mode (DCM) condition, which limits
high power applications especially in multichannel drivers and
further increases the harmonics of the output current. Moreover,
the dimming capability is possible by replacing the resonant
circuit components which means that online dimming is not
done and requires new designing. As this driver operates in
switching frequencies below resonant frequency, there is an
increase in components size and the weight.

In this paper, a single-input multi-output (SIMO) half-bridge
series resonant based LED driver with multiple outputs suitable
for DC grid is proposed. The presented converter operates
above resonant frequency to decrease total harmonic distortion
and reduce the size and weight of the components. Therefore, it
is suitable for high power application of multi-channel drivers.
The dimming switch is employed in the series with SRC and
it is controlled by burst control mode. In burst control mode,
dimming switch is drive by number of pulses. In burst control
mode method, switching frequency of main switches is fixed
and EMI problems is eliminated [13]. In the Sections 2 and 3, the
proposed converter is analysed and in Section 4, design sample
is presented. In Section 5, simulation results are discussed to
verify theoretically analysis and finally conclusion is presented
in Section 6.

2. ANALYSIS OF THE PROPOSED LED DRIVER

Fig.1 shows the schematics of the proposed dimmable multi-
channel LED driver suitable for DC grid applications. The
proposed driver is composed of a half bridge and a separate
circuit for each LED channel which include a SRC, a dim-
ming switch, and an H-bridge rectifier. The multi-channel
structure is presented by the modular structure for each LED
channel, simplifying the design and manufacturing of the driver.

5,4 :
(DV e . Rectifier 1
C r Lr S dim LED
S, C.

Fig. 1. Proposed dimmable multi-channel LED driver.

For analysing and better comprehension of the proposed
driver, a detailed structure with one channel is illustrated in
Fig.2. For ease of calculation, input voltage is assumed to be
2Vy. Sy and S; is switched at 50% duty cycle and provides

symmetrical pulses with V; amplitude. Dimming switch is
called S;;,, that controls the current of each LED channel.

Burst control mode is used for controlling of dimming switches.
This strategy S;;,,, gate driving signal is shown in Fig.3. In order
to regulate the brightness of each LED channel, an appropriate
duty cycle is chosen to drive the dimming switch. The burst
duty cycle Dy, is presented as Dpyrst = Ton/Tpurst where
Tourst = 1/fdim .

Fig. 2. The structure of the proposed driver with one channel.
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Fig. 3. Burst mode control of dimming switch.
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In this manuscript T, is constant for all outputs and
Dyuyst(j) is set according to the required brightness of each
output. Whenever the dimming switch is on, there are four
different operational modes for the proposed driver; each
mode is explained as follows and the relative topologies under
different operational modes are shown in Fig. 4.

Mode 1 Fig. 4(a): During this mode, Qq, D4, and D3 are
conducting. This mode is finished when the switch S; is turned
off.

Mode 2 Fig. 4(b): This interval begins by turning off switch S;.
As S; turns off, diode Dy starts to conduct in order to resume
the current of L. During this interval, switch S could be turned
on under ZVZCS. In this mode diodes D1, D5, and Dg are on.
This interval terminates whenever the current i;, reaches zero.

Mode 3 Fig. 4(c): As switch turns off, the antiparallel diode
turns on. During this mode the switch could be turned on under
ZNZCS. In this interval, Dy, D3 and D, are on. Whenever the
current decreases to zero, this mode ends.

Mode 4 Fig. 4(d): As soon as current iy, reaches zero, the
direction of current iy, is reversed and Q» starts to conduct. In
this mode, Q;, D5, and Dg are on. At the end of this interval
switch S, turns off.

For better comprehension of the driver’s operation, the current
of inductor L,, voltage and current of switch S; during different
operation modes are illustrated in Fig. 5. Equivalent and
simplified circuits of the proposed driver in the different
operational modes are shown in Fig. 6.
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(d)

Fig. 4. The proposed driver’s topology in (a) mode 1 (b) mode
2 (c) mode 3 (d) mode 4.

As indicated in the Fig. 6, equivalent circuits of the driver in
different operational modes is an RLC circuit in series with dif-
ferent corresponding DC voltages. This DC voltage in different
intervals is shown in Fig. 7.

Fourier series of Fig. 7 is figured out as follows:

o(t) = %0 + ). Cusin(nwt+¢u) ; Cp= W
n=135,..
1)

where a,,, and b, are Fourier coefficients and are calculated
as following.
2

1
1= / o(wh)d(wt) @
0
then:
2V .
ay = - sin [n¢1 (1 — cos(nm))] (3)

Therefore, if n is even, then 4, = 0 and if n is odd, then
ay = % sinngj.
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Fig. 5. (a) Current of resonant inductor. (b) Voltage and cur-
rent of switch S; during different operation modes.

| AV —
C, L R C, L

Ly

r

R
V, T

1l
1
=<
<
I
II
1l

I
Il
CL<
<
/|
|
I
Il
Q_<
<
|
II

(© (d)

Fig. 6. Equivalent circuit in different operational modes:
(a)mode 1 (b) mode 2 (c) mode 3 (d) mode 4.

Moreover, by, is calculated similar to 4, as following:

by = % [1 —cos(nm)] [Vy — 2V, cos(ng1)] @

Accordingly, if n is even, then bn=0 and if n is odd, then

b, = % [Vi — Vg cos (ngq)].

Combining the above equations, Cn could be calculated as
following:

2
Co = Va2 0% = 2\ V2 1V VgV cos(ngr) 9)
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Fig. 7. Equivalent DC voltages in a period.

Therefore:

2V, sin(ngq) } ©)

P AP |
n = tan (bn) tan |:Vd*2V0COS(}’Z§01)

The fundamental harmonic of v (¢) is as following;:

vi(t) = %\/4%2 + V2 — 4V, V; cos ;.

sin [Wt +tan~! (M)] @)

Vi—2V, cos ¢4

The mentioned equivalent circuit steady state model could
be simplified as one circuit indicated in Fig. 8.
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Fig. 8. Steady state model of the proposed driver.

where: v/
¢
= ®
R+j(XL — Xc)
thus:
11| = v ; LI =¢—tan"! (%) )

R? + (X1 — Xc)?

then the output power could be achieved as:

P =R|I)? = ———5 (10)

out(max)

where,
|Z| Xy — Xc

, The output power in j# channel is obtained as:

P Ns p

out(j) = Ns max out(max)” Ngmin < Ng < Ngmax (11)

where Ngpax = fs/fdim and Ns(j) = Ton(j)/wast then:

fa
Pout(j) = (}1(15m : Ton(j)Pout(max);

0< Ton(j) < Tpurst  (12)

3. POWER ANALYSIS

In this section, LED driver circuit is simplified as Fig. 9 and
analysis with assuming high quality series resonant tank.

C,|LED D,
: dlm D

Fig. 9. Simplified circuit of the proposed driver.

LED

Y

Fig. 10. Simplified equivalent circuit of the proposed driver.

Fig. 9 is simplified as Fig. 10 that ry is the total resistance
between the drain and source of dim switch and V g is threshold
voltage of the parallel inverse diode of the switch and R g is
conductance resistance of reverse diode of dim switch and V¢ p
is forward voltage of diode and RED is conductance resistance
of diode.

Output current is:

I = 1 /27(1' (H)d(wt) = Irl nsinwtd(a}t) _ 2lm (13)
O "ol 7 oo o7n
where I, is the maximum peak value of output current.
The input power is:
p = ki _ TR (14)

2 8

Where R; is the rectifier input resistance. The rms value of the
current through each diode is:

2
1 7T‘ 2 %, f .2 Irm 7l
0 0
(15)

The power loss in the diode forward resistance RF is calcu-

lated as: )
“R
PRF = RFIIZDrms = ?pro (16)

Power loss in each diode due to diode forward voltage Vr is:

_ _ VFIo _ VF
Pvp=Vrlp = — = 57 Po a7
Thus, the total conduction loss per diode is:
Pp = Pyp + Prr = Po(F- 7TZRF) (18)
D = HvE+IRF = Foloye + Ter)
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Current through the output capacitor can be approximated by:
. ) T
ico~ir—I, =1, (E |sin(wt)| — 1) (19)

And its rms value is:

1 27T o 712
Teotrms) = \| 52 /0 2dwt) = oy =1 @0

Then the power loss in capacitor’s ESR (r¢,) is calculated as:

2

_ 2 _ 27T _ T (T
Prco = rCaIco(rms) - rCoL)(? - ) - R7L (? - 1) P, (21
The total conduction loss is as:

3Ve  3m2Rp  mr r
pcond:6PD+2Psw+PrCo:Po[ E E ds Co

'V, ' 8R; 8R, ' Rj
(22)
The input power is expressed as:

SVF 37'[2RF 7'L’21’L-]S TCo 2
P; = Py+ Peopg = Po[1+ —— Tlas | TCo (Tt 4
i o+ Peond 0[ + v, + SR, SR, + RL( ) )]
(23)
So the bridge rectifier efficiency is achieved as:
P, 1

R = = = (24)

P 14 3 4 3Re 4 me y re (2 )

The bridge rectifier efficiency could be achieved from
the above equation. The used specifications are assumed
as: ro = 0.05Q, R, = 20Q), Vg = 125V, Rp = 0.21Q) and

s = 0.27Q). Accordingly, the estimated efficiency of bridge
rectifier is obtained 0.87.

4. DESIGN EXAMPLE

Temperature changes are ignored in the design of the converter
elements. The input voltage is assumed to be 380V and the out-
put voltage is 33V and switching frequency is chosen 65kHz.
Reference [17] has reported that switching frequency must be
more than 200Hz to prevent flicker. So in this paper, dimming
frequency is chosen 500Hz to eliminate all of flickering effects.
Dimming frequency was chosen low frequency to reduce switch-
ing losses and eliminate zero current control circuits. Following
steps is follow to design the resonant components. Resonant
frequency is presented as following;:

1
= i, @3

Switching frequency is selected four time of resonant fre-
quency to achieve ZVS condition [14]. Fig. 11 shows the block
diagram of the proposed driver, where Ri is input resistor and
MVR is voltage gain of bridge rectifier, MVS is half-bridge in-
verter’s voltage gain and R is total resistance of converter. Then
we have:

Switching frequency is selected four time of resonant fre-
quency to achieve ZVS condition [14]. Fig. 11 shows the block
diagram of the proposed driver, where Ri is input resistor and
Myr is voltage gain of bridge rectifier, My is half-bridge in-
verter’s voltage gain and R is total resistance of converter. Then
we have:

8R, 8 x20

R; = = —— ~18.6Q) 26
' omZyr - 0.877m2 (26)

+ o2 -

yr 0877

Myp = —I2 — ~ 0.97 (27)
VR0~ 2v2
2
Mys = V2 a5 28)
7T
' ] e : Recifir ES/ u
DCIF Mvs — Mvr —1 MvVR _
R R

Fig. 11. Block diagram of proposed converter.

1)]

My and My, are assumed total voltage gain of half-bridge
SRC and voltage gain of the SRC, respectively. Then we could
be obtained as following;:

V, 33
= = = 2
My Vo = 380 = 0.086 (29)
My 0.086
V' Mys.Myr 045 x 0.97 0 30)

Quality factor (Qy) is presented as equation (32) where 74
is estimated efficiency of half-bridge SRC with bridge rectifier.
Switching frequency and resonant frequency is shown with f;
and f; respectively. With a 71 of 0.99 and f; of 65kHz, quality
factor Q; and R are calculated as following:

’7
MZY
_ 022 01 17 @

L_

L f 65 _ 16 ‘ 3 816
F2 8
R; 186
R=—"1=_"~188 32
n 099 62)

Resonant inductance and resonant capacitor could be
presented as:

L QLR 127x188
"7 w, T 2mx16

C = 1 = 1 = 417nF (34)
2 2
Ly.wy 237 X (27‘[ X 16)

~ 237uH (33)

5. SIMULATION RESULTS

In this study, the proposed converter is drawn in PSCAD soft-
ware and is placed the values of the elements from the cata-
logue in the software to make the results closer to reality. A
two-channel adjustable converter with 10-W LED strings is sim-
ulated and the simulation results of the proposed converter are
presented, which confirms the theoretical issues.

Fig. 12 is shown the simulated LED driver with two 10-W
LED. The characteristics of the proposed driver and the simu-
lated values of the resonance inductor and capacitor close to
the computational values were selected according to Table 1.
D-flip flop, comparator, signal generator and mono-stable multi
vibrator are used to control the switches and brightness of each
channel is controlled by duty cycle of dim switches. Fig. 13
shows ZVS operating of two main switches and Fig. 14 shows
output voltage and current of two channels that the brightness of
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Fig. 12. simulated converter of two channel dimmable LED
driver.

channell and channel2 were adjusted to duty cycles 0.3 and 0.7,
respectively. As can be seen, the output voltage of channel 1 is
32V and its current is 160mA and the output voltage of channel
2 is 36V and its current is 370mA. Waveforms of the resonant
circuit currents were measured, as shown in Fig. 15(a) and 15(b)

Table 1. Circuit components and parameters

Description Symbol Value

Input DC voltage 2V, 380V

DC-link capacitors Cyand G, 220uF
Resonance inductor L, 240uH
Resonance capacitance C, 390 nF
Switches S; IRFP460
Switching frequency fs 65kHz
Output Capacitor C, 1000uF

Rectifier Diodes D3, Dy, Ds, Dg BY399
LED Lamp LED 2 x 10W

In Figs. 16-18 experimental results is shown. Fig. 16 shows
voltage and current of switch S1 and verifies ZVS operation of
switching like simulation result. Fig. 18(a) is regulated on 30%
duty cycle and Fig. 18(b) is regulated on 70% duty cycle. It is
shown output voltage in Fig. 18 (top) and output current in
Fig. 17 (bottom) that verify output DC voltage (top) and current
(bottom). All of these experimental results verify simulation
results.

Moreover, the efficiency of the proposed driver versus output
power at different burst duty cycles is shown in Fig. 19. As
indicated, the driver efficiency is improved and maximum
efficiency of 90% is achieved at 10W output power and unity
burst duty cycle.

A comparison study of the proposed driver with other recent
topologies is done in the Table 2. As indicated, the proposed
driver is capable of single-stage power conversion, independent
dimming, and soft-switching even with reasonable number of
employed components.

According to Figs. 20 and 21, the number of switches per
channel and the number of windings versus the number of
channels in the proposed converter is better than the other
references. Only [10] has a smaller number of switches, which in
turn has a much larger number of coils. Table 2 summarizes the
comparison of the proposed converter with recent converters.
In this comparison, the number of circuit stages, the number
of switches, the number of inductors and transformers, the

= vast

400.00

(a)

= vos2
40000 ———

™

(A

(b)

Fig. 13. The simulated waveforms of switches voltage and
current and its ZVS operation. (a) S; waveforms (b) S, wave-
forms.
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Fig. 14. The simulated waveforms of output voltage and out-
put current (a),(c) Vot and I,y of channel 1 with duty cycle
30%, respectively (b),(d) Vout and Iy, of channel 2 with duty
cycle 70%, respectively.

dimming status, the switching status, maximum efficiency and
the dimming strategy are given. Generally, the other structure
that is provided in Table 2 has some advantages and some
disadvantages compared to the proposed structure. Switches
in power electronics converters have high losses and each one
requires control circuit. Decreasing the number of switches can
reduce losses and improve converter efficiency and reliability.
The number of switches used in the proposed converter is less
than recent papers [14, 15] and more than [10-12, 16]. The four
references [10-12, 16] have fewer switches than our proposed
converter, but [10, 16] are multi-stage and less efficiency. In
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@ ®

Fig. 15. The current of i} in two channel driver with burst
duty cycle of (a) 30% and (b) 70%.
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Fig. 16. The experimental waveforms of switche voltage (top)

and current (bottom) and its ZVS operation.
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Fig. 17. Output voltage (top) and current (bottom).

u’:.— =- =

< |

30!

U]]”‘!‘ug‘v \]”‘}”“”“‘ TULT;‘!]H;\HHN
b e “H o
(L1

Fig. 18. The current of i} in duty cycle of 30% (left) and 70%

(right).

addition, switching in [10] is hard and it has huge configuration
because of variable inductor. [12] has more efficiency than
our proposed converter but it has not independent dimming
capability and [11] has equal efficiency with proposed converter

but it has large volume because of variable inductor.
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Fig. 19. Efficiency of converter in 30, 70 and 100 percentage

duty.
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Fig. 21. (N7y41s & Inductor /NeganneL) versus NCHANNEL.

6. CONCLUSION

The proposed circuit provides a multi-channel LED driver
structure with independent dimming for lighting applications
in DC grids. The proposed driver consists of two switches with
half-bridge structure, two capacitors of voltage divider, SRC,
full-bridge rectifier and dimming switch. A 20-watt two-channel
LED driver was simulated with an input voltage of 380
volts, which confirmed the theoretical analyses. Independent
dimming capability and operation with constant switching
frequency and soft switching operation and the ability to easily
expand to multi-channel are the most important advantages of

this driver.
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Table 2. Comparison of the existing for n-channel dc/dc stage of led drivers

Reference | No. of Stage | Switch Number | No.of Transformer and Indicators | Independent Dimming Switching State Dimming Strategy DC bus Voltage (V) | Output Power (W) | Maximum Efficiency (%)
[10] 2 1 2N+1 Yes Hard Switching Variable Inductor 48V 54.4 88
[11] 1 2 2N Yes Soft Switching Variable Inductor 380V 50 90
[12] 1 2 N No Soft Switching Switching Frequency 100V 58 93.5
[14] 1 N+3 N+2 No Partial Soft Switching PWM 400V 100 94
[15] 2 2N+2 2 Yes Partial Soft Switching AM/BL-PWM 400V 60 85.5
[16] 3 N/2+2 N Yes Soft Switching AM 48V 20 90
Proposed 1 N+2 N Yes Soft Switching Burst Control 380V 20 90
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