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Abstract

A full bridge driver circuit with modulated input voltage us-
ing buck-boost converter for LED lighting systems is proposed.
A dc voltage source, which is in series, processes portion of
lamp power without conversion. Small controlled power is sup-
plied through full bridge circuit. In the proposed configuration,
current stress of switches in full bridge is greatly reduced. In
addition, zero-voltage switching (ZVS) is accomplished in full
Input voltage variations can be compensated
All LED lamps are
The circuit de-

bridge devices.
to maintain constant LED lamp current.
dimmed simultaneously using on-off control.
scription and analysis are discussed in detail and it is validated

experimentally.

Keywords: Buck-boost converter,
switching, Full bridge LED driver

Zero-voltage

1 Introduction

Energy conservation can be improved with effi-
cient use of electrical energy in lighting applica-
tions [1]. Thus, use of light emitting diodes (LEDs)
in lighting applications is being increased significantly.
This is due to their promising features like high effi-
cacy, long life, compact size, solid state characteris-
tic, good colour rendering property, etc.  [2]; [3];
[4]. LEDs require DC voltage. For constant illumina-
tion LEDs must be operated by either constant cur-
rent linear regulators or switched mode power regula-
tors [5]. Switched mode power regulators are typically
preferred due to their high efficiency [6].

Several types of driver circuits for LED lighting ap-
plications have been proposed by researchers based
on the availability of driving sources, such as AC fed
LED drivers [7]; [8]: [9]; [10]; [11] and DC fed LED
drivers [12]; [13]; [14]; [15]; [16]; [17]; [18]. AC
fed LED drivers and DC fed LED drivers have dif-
ferent requirements. That said, high efficiency, LED
load current regulation, dimming control, compact

size and high reliability are the main requirements
any LED driver circuit must meet, irrespective of the
driving source. Recently, there has been increased
use of soft-switching converters in LED lighting ap-
plications due to their high efficiency, compactness
and low EMI. There is a family of dimmable dc fed
zero-current switching (ZCS) quasi resonant convert-
ers [19]. A resonant driver is proposed for powering
two different LED lamps with independent dimming
and regulation [20]. A variable inductor based half
bridge LED driver with zero-voltage switching (ZVS)
is introduced in [21]. Both dimming and control of
lamp current are achieved by variable inductor. In-
put controlled CLL based resonant dc-dc converter
is used [22] for power multiple LED strings. For
driving multiple LED loads, a buck-boost integrated
half-bridge (HB) series loaded resonant converter is
proposed [23]. In [24], a two output coupled induc-
tor (Cl) high step down buck converter with ZVS is
proposed. Class-E resonant converter with modifica-
tion is used as the current regulator for an LED lamp
in [25]. A high frequency resonant LED driver is intro-
duced in [26]. This driver features independent load
current with high efficiency for wide range. This paper
proposes a full bridge driver, which integrates advan-
tages such as a small amount of processed power,
reduced switch current stress, soft-switching opera-
tion, high efficiency and a dimming and regulation
feature. This driver can power multiple LED lamps.
This study is organized as follows: Section 2 describes
the proposed full bridge driver. Section 3 presents the
LED driver working principle and analysis. Section
4 presents the design procedure. Section 3 explains
the regulation and dimming feature of LED current.
The simulation results and conclusion are provided in
sections 6 and 7 respectively.

2 Proposed Full Bridge Driver

The proposed full bridge driver for LED lighting sys-
tems is shown in Fig. 1. It consists of four power
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MOSFETs Sy, S, S3, and S4.  Each MOSFET is
represented with an intrinsic body diode and output
capacitance. This driver powers four identical LED
lamps. An inductor, in series, is used to reduce ripple
in each LED lamp current. An inductor Lg is con-
nected between two legs of full bridge. The current in
Ls helps to achieve ZVS in full bridge devices. To uti-
lize v-i characteristics of LED, each LED lamp has a dc
voltage source, which is in series. It provides most of
the lamp’s power directly. Full bridge circuit supplies
require controlled power. In the proposed LED driver,
a buck-boost converter is used to regulate LED lamp
currents. It modulates V;, which is the input voltage
to the full bridge circuit. Switch Sy turns on and off
the full bridge circuit at low frequency for the purpose
of dimming the LED lamps.
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Figure 1. Proposed full bridge LED driver circuit
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Figure 2: Operating waveforms of proposed LED
driver circuit

3 Principle of Operation and
Analysis

3.1 Principle of Operation

The operating waveforms are shown in Fig. 2. The
switching period is divided into four operating modes
and the equivalent circuit in each operating mode is
shown in Fig. 3. In this section, the operating modes
are explained.

Mode-l (to-t;): At t = to, gate control voltages
are given for switches S; and S4. Inductors L, and
L3 charge linearly and inductors L; and L4 discharge
linearly. As the voltage across Ls is +V;,, current
through it increases linearly through the devices S;
and S4. At the same time, the current (i2 - i1) flows
through S; and current (i3 - iL4) flows through Sy.
Hence, switch conduction losses mainly depend upon
iLs. This feature reduces switch current stress. This
mode ends when inductor current i s reaches positive
maximum.

Figure 3: Equivalent circuits of proposed LED driver.
(a) Mode-l. (b) Mode-Il. (c) Mode-IIl. (d) Mode-IV.

Mode-Il (t;-tz): At t = t;, the gate control voltages
for devices S; and S; are removed at zero voltage.
During t; to tp, current (iLs + iL2 —iL1)/2 charges Cy
and discharges C;. Similarly, capacitor C4 is charged
and capacitor C3 is discharged (i.s + i3 — iLa)/2.
After this, switch body diodes D, and D3 are turned
on. Now the gate control voltages for S, and S3 may
be given for zero voltage turn on. This mode ends at
t = tp.

Mode-Ill (t-t3): Gate control voltages are applied
for S, and Sz at t = t. Inductors L, and L3 discharge
linearly and inductors L; and L4 charge linearly. In this
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mode, current through L reduces linearly and it flows
through S; and S3. At the same time, the current (i1
- iL2) flows through S, and current (ii4 - i3) flows
through S3. Hence S, and S3 carry ripple current in
the inductor, which is very small and i 5. This feature
reduces switch conduction losses. This mode ends
when current i s reaches negative maximum.

Mode IV (t3-t4): During t3 to t4, switches S, Ssare
switched off and switches Sy, S4 are switched on at
zero voltage. This process is similar to that in mode
Il. This mode ends at t = t4.

3.2 Analysis

The following assumptions are made to analyze the
proposed full bridge LED driver:

e The LED driver is operating in steady state.

e The switches used are ideal.

e Continuous conduction mode.

e Four LED lamps are identical.

e The output voltage across each LED lamp is con-
stant.

In the proposed LED driver, the on and off time of
switches S; to Sy is equal and constant. In addition,
the switching frequency of S; to Sy is also constant.
It is assumed that four LED lamps are identical and
their operating currents are the same. Hence the anal-
ysis is shown only for LED lamp-1. At t = to, gate
voltages are applied for switches S; and S4. From the
equivalent circuit shown in Fig. 3 (a), voltage across
inductor L, is expressed as

vpr = Vo1 + V1

:L1dfilil,t0§t<t1 (1)
The current through inductor L; is obtained as
11 (t) = %1 ftto U1 (t) dt +irq (to)
= =YgtV (¢ —to) +ira (fo) (2)

to <t <ty

Where i 1(to) is the initial current in inductor L at
time t = to.

From Eqn. 2, the ripple current in inductor L is cal-
culated as

Nipy () =ip1 (t1) — iz (to)
= ;VOLTVI (t1 —to)
— VotV pp

Ly

Where D is duty ratio of switches S; and Sy, and T
is the switching period.

Due to positive voltage across L, its current increases
linearly and is given as

ips = Y (t —to) +iLs (to) 4)
to <t <ty

During t to t3, switches S; and S, are in off state.
From the equivalent circuit shown in Fig. 3(c), the
voltage across inductor L; is expressed as

vpr = Vin + V1 — Vou

= L%ty <t <ty 5)
The current through inductor L; is obtained as
11 (t) = % fttz V1 (t) dt +ir1 (tg) e
= 7Vm+l‘ﬁ* ul (t — tg) +ir1 (tz) (6)

to <t <tg

Where i 1(t2) is the initial current in inductor L;.

From Eqgn.
calculated as

(6), the ripple current in inductor L,is

Nipy (t) =ip1 (t3) — iz (t2)
s
— YutViolu (1 _ p)T

(7)

Where D is duty ratio of switches S; and S; and T is
the switching period.

Due to negative voltage across L, its current de-
creases linearly and is given as

ips (t) = == (t — ta) +iLs (t2) 8)

to <t <t3
By applying volt-sec balance on L, the voltage across
LED lamp-1 is obtained as

lir1 (t1) —ip1 (to)] + [iza (t3) —ir1 (t2)] =0 (9)

Vo1 + W1 Vin + V1 — Viu

OLilDT-FL—IO(l—DT) =0
(10)
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VOl = D‘/in + Vl (11)
The above analysis is also applicable for other LED
lamps. Hence by using eqns. (3), (7), and (11), the
ripple current through each LED lamp and voltage
across each LED lamp are given by

Vor = DV +V (12)
Nipy, = Yot i=Vor () — Dy 13)
—Vi+V;
= =1 DT

where k =1,2,3,4andj=1,2

After selecting ripple current, Eqn. (13) can be used
to calculate the values of Ly, Ly, L3, and Lg.

4 Design Considerations

The equivalent parameters of LED lamp are required
to calculate the component values in the proposed
LED driver. LED can be modelled as series connec-
tion of a cut-in or threshold voltage Vi, a dynamic
resistance rqy and an ideal diode. In the proposed LED
driver, 4 LED lamps are used. Each LED lamp is op-
erated at 33 V, 1.1A and has a cut-in voltage of 23.6
V. The power rating of each lamp is 36 W.

The input voltage V;, to the full bridge can be ex-
pressed from (12) as

Vor =V
Vip = ———2
D

(14)
As the LED lamp does not produce illumination below
cut-in voltage, V; is chosen as 24 V. All switches in
full bridge are operated with fixed duty ratio of 0.5.
With Vo of 33 V, the input voltage is calculated as

=18V

_ 33-24
Vin = 203
From Eqn. (13), the value of inductor Ly is expressed
as

Vin+V;—Vo;
Nipk (1

Ly = -D)T (15)

For a switching frequency of 200 kHz and ALy of
10%, the value of Ly can be calculated from (15) as

1842433

L
k 0.11

(0.5) (5-10 ~°)

= 205uH

Inductor Ls was used to achieve zero-voltage switching
in switches in full bridge during dead time. Since the
shape of current in Lg is triangular, only peak current
needs to be considered for ZVS. This peak current
charges and discharges switch output capacitors dur-
ing dead time for ZVS. And it is assumed that during
dead time peak current through Lg is constant and its
value is obtained as

(16)

For Vi, of 18 V, T of 5 us and Ls value of 33uH,
iLs-pk is calculated as

(18)(5)(107°)

Z-Ls—pk = @ (33)(10-5) =0.684

5 Regulation of LED Lamp Cur-
rent and Dimming Control

Dimming control is a key feature in present LED light-
ing applications. In the proposed LED driver, pulse
width modulation (PWM) dimming is provided by us-
ing switch Sy, which entirely switched ON and OFF
the full bridge. Thus the average illumination level
in each LED lamp can be changed without changing
the nominal current. To minimize flickering, the op-
erating frequency of switch Sy is selected to be 100
Hz.

The switches in full bridge are operated with fixed
duty cycle. Hence LED lamp currents must be regu-
lated against variations in Vpc, V1, and V,. A buck-
boost converter with Vpc as input produces control-
lable voltage V¢ at the input side. This controllable
voltage V¢ compensates the variations in Vpc, Vi,
and V5. The gate voltage of switch Sgin buck-boost
converter must be synchronized with gate voltage of
dimming switch Sy to avoid overshoots in V;,. Gate
voltages of switches Sy4 and Sg, LED lamp voltage and
current under dimming control are shown in Fig. 4.
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ILED lamp Table 1: Parameters of the proposed LED driver
DC Input voltage, Vin 18V
. DC voltage source, V1, V2 24 V
7
t Number of LEDs 80
Figure 4: Waveforms under dimming control LED operating current 550 mA
Switching frequency, fs 200 kHz
oy Duty ratio of switches in full 0.5
Vgl [OF Vg4 Vg2 OF|Vg3 bridge
1ov L1, L2, L3, and L4 205 pH
ov Ls 33 uH
V4000 8002 8004 8006 8008 8010 8012 8014 8016 8018 8020 PWM dimming frequency 100 Hz
Time (ms)
(a) Duty ratio of dimming switch Oto1l
3.0A7 30V Sd
2.0A 20V
1.22 lgz N A N Capacitor, C 330 pF/25 V
-1.0A{-10V \/ /
) Frequency of buck-boost 100 kHz
-2.0A1-20V
-3.0A 730y converter
1 2 8.000 8.002 8.004 8.006 8.008 8.010 8.012 8.014 8.016 8.018 8.020
Ivis 20 Time (ms) Switching devices used MOSFET
®) IRF640N

Figure 5: Simulation waveforms (a) Gate voltages of
switches in full bridge. (b) Voltage and current in L.

=
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Figure 6: Experimental waveforms (a) Gate voltages
of switches in full bridge (vg1, Vg2, Vg3, Vga: 14 V/div;
time: 2 ps/div). (b) Voltage and current in Lg (vis:
14 V/div; is: 1 A/div; time: 2 us/div).
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6 Simulation and Experimental
Results

The proposed LED driver is simulated using OrCAD
PSpice software. The parameters used in the simula-
tion are given in Table 1. For experimental validation,
a 145 W prototype was developed. Fig. 5 and 6 show
the simulation and experimental results of gate volt-
ages of switches in full bridge, voltage and current
in Lg respectively. It is observed that the switches in
full bridge are operated with fixed duty at 200 kHz.
The voltage and current in Lg are in good agreement.
Fig. 7 and 8 show the simulation and experimental
results of voltage and current in four LED lamps at
full illumination level. It is observed that LED lamp
current and voltage waveforms have small ripples and
they are in good agreement. To show the ZVS feature
in switches in full bridge, experimental voltage and
current waveforms of switches in one leg are shown
Fig. 9 (a) and (b). It is clearly noted that turn ON
and turn OFF transitions are completed at zero volt-
age. Also, switches conduct only i and ripple cur-
rent in the LED lamp. Hence, conduction losses are
independent of lamp currents and they are minimized
significantly. Therefore the overall efficiency of the
proposed LED driver is high and found to be 95.16%
at full illumination level.

50v
40V 1
30V +

2OV T e T |

10v

ov
28,000 8.002 8.004 8.006 8.008 8.010 8.012 8014 8.016 8.018 8.020

1_ivi (or)iLs  2_vor (or) vos Time (ms)

(a)
3.0A1 50V : . . . : :
40V }

30V
20V
10v

ov.
1 2 8.000 8.002 8004 8006 8008 8010 8012 8.014 8.016 8.018 8.020

1_i2 (or) iz 2_voz (or) vos Time (ms)

(b)

Figure 7: Simulation waveforms (a) Vojtage and cur-
rent waveforms at full illumination in LED lamp-1 and
lamp-4. (b) Voltage and current waveforms at full il-
lumination in LED lamp-2 and lamp-3.

Fig. 10 and 11 show gate control voltage of Sq4, Sg
and all lamp currents at 60% and 80% dimming re-
spectively.lt is observed that lamp currents are at their
nominal values when the dimming switch is ON and
they become zero when dimming switch is OFF. Un-
der 60% and 80% dimming control, the efficiencies
of proposed LED driver are found to be 93.8% and
94.47% respectively.

i or ip4

®)

Figure 8: Experimental waveforms (a) Vojtage and
current waveforms at full illumination in LED lamp-1
and lamp-4. (b) Voltage and current waveforms at
full illumination in LED lamp-2 and lamp-3 (vo1, Vo2,
Vo3, Voa: 25 V/div; L1, iLo, iL3, iLa: 1 A/div; time: 8
us/div).

._\ «//[%Z ﬂ //Ifr—

A > e

(@ ‘ ®)

Figure 9: Experimental switching waveforms (a) Volt-
age and current in Switch S;(b) Voltage and current
in Switch Sy (Vgs1, Vds2.: 14 V/div; g1, ig2: 1 A/div;
time: 1 ps/div).

Figure 10: Dimming waveforms at 60% of lamp power
(a) Gate control voltages of Sy and Sg(b) Current
waveforms of all four lamps (iL1, iL2, i3, iLa: 1 A/div;
time: 4 ms/div)
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Figure 11: Dimming waveforms at 80% of lamp power
(a) Gate control voltages of Sy and Sg(b) Current
waveforms of all four lamps (iL1, iL2, i3, iLa: 1 A/div;
time: 4 ms/div)

7 Conclusions

This paper proposes an input controlled full bridge
LED driver circuit for driving multiple LED lamps.
The losses in full bridge are minimized due to lower
processing power. In addition, the current stress of
switches in full bridge is reduced. Thus, high on-
state resistance switches can be employed. Also, zero-
voltage switching feature in the proposed driver leads
to high efficiency. PWM dimming control is imple-
mented for all LED lamps. LED lamp currents against
input voltage variation can be regulated by using a
buck-boost converter at the input stage. This topol-
ogy may be suitable for PV or battery operated sys-
tems.
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