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Abstract: This study presents a light emitting diode driver circuit topology based on a full-bridge configuration with dimming
control. It is more suitable for high power lighting loads. The proposed configuration has advantages of zero-voltage switching,
reduced component count and high efficiency. It can power multiple lighting loads. Operation of the proposed circuit
configuration is explained in detail and it is validated through simulated and experimental results on the 145 W experimental

prototype with dimming control.

1 Introduction

Lighting loads consume around 19% of the electrical energy
generated [1]. In order to save electrical energy, the lighting system
should be designed with high efficiency. Usage of light emitting
diodes (LEDs) for lighting application is one of the ways of
making the system efficient. Recently, LEDs have become a
popular source of illumination due to their long lifetime, higher
luminous efficiency, ease of controllability, compactness and good
colour rendering property [2—4]. LEDs are used in applications like
traffic lighting, street lighting, domestic lighting, automotive
lighting, decorative lighting and so on [5, 6].

The illumination level of LEDs directly depends on its forward
current [7]. Hence, this current needs to be controlled accurately.
LEDs can be powered with either linear or switching power
regulators. Switching regulators are more preferred due to high
efficiency [8—10]. A good number of converter configurations have
been proposed for powering LEDs [11-15]. Desirable features of
the LED power drivers are high conversion efficiency, ease of
control of dimming and so on. Converters without electrolytic
capacitors are preferable. In [16], a two-input buck converter-based
LED driver has been proposed, with reduced voltage stress of
switching devices and improved efficiency. Garcia et al. [17]
propose an interleaved scheme for LED driver where ripple current
reduction is possible with relatively lower values of reactive
components. In [18, 19], a virtual voltage source and a series
connection of current regulator are proposed which helps in
reducing the power loss in LED drivers. Converters with soft
switching techniques are also used in LED drivers to increase the
power conversion efficiency. A switched capacitor converter with
zero-current switching (ZCS) is proposed in [20] for LED driver
applications. Wang et al. [21] propose a dc—dc resonant converter
for powering LEDs. In [22, 23], a class-D resonant converter with
zero-voltage switching (ZVS) is proposed for outdoor applications.
Driver circuits are proposed for multiple LED string applications
based on full-bridge dc—dc resonant topology in [24, 25]. A low
power and cost effective resonant assisted buck converter is
designed for LED applications in [26].

Dimming feature is incorporated in lighting applications which
helps in saving of electrical energy. Commonly used dimming
techniques for LEDs include amplitude modulation (AM) [27],
pulse-width modulation (PWM) [28, 29], hybrid AM/PWM control
[30], double PWM [18, 19], multiphase PWM [31], integral cycle
control [32], and bi-level current control [33]. These techniques
have their own advantages and limitations.

Despite the availability of several converter configurations and
control techniques, there is enough scope for further research in
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making a compact LED power driver with reduced components
count, high efficiency and dimming control to suit various
application needs. This paper proposes an LED driver using bridge
configuration with ZVS [34]. It can be used for high power lighting
applications like street lighting application with dimming control.
It uses on—off technique for dimming control. It offers high
efficiency due to reduced switching and conduction losses. It does
not require any additional rectifier stage. The principle of operation
of the proposed circuit is explained in Section 2. Analysis of the
operation of proposed LED driver is discussed in Section 3. In
Section 4, the design procedure is described. Dimming and
regulation features are presented in Section 5. Simulation and
experimental results are presented in Section 6. Section 7 states the
conclusions of the proposed LED driver.

2 Principle of operation of proposed LED driver

Fig. la shows the circuit diagram of the proposed LED driver. This
circuit uses a full-bridge configuration consisting of four power
metal-oxide—semiconductor field-effect transistors (MOSFETs) S,
Sy, 83, and Sy. D1—Dy4 are the intrinsic body diodes of power
MOSFETs and C;—Cjy indicate either the output capacitances of
power MOSFETs or external capacitors. The series connection of
LEDs and an inductor is in parallel with each switch. Each LED
lamp represents a dc load and can be considered as one street light
lamp. In proposed circuit, four LED lamps are present. The number
of LED lamps can be increased by the addition of more legs. The
inductors Ly, Ly, L3, and L4 are designed to provide continuous
current through lamp-1, lamp-2, lamp-3, and lamp-4, respectively.
The inductor L, is used to obtain ZVS in all the four switches. The
switches S and S, are alternately turned on and off at a switching
frequency f;=1/T with 50% duty ratio. Similarly, S5 and S, are
alternately turned on and off at the same switching frequency with
50% duty ratio. To avoid short circuit across the dc power supply, a
dead time is provided between switching pulses of S| and S,. As
the dead times are very small, the lamp currents and inductor
current iy, are assumed to be constant during dead time. The switch
S4 incorporates dimming feature by using a low-frequency gate
signal. The input voltage Vj, to the bridge is obtained from three dc
voltages Vpci, Vpeo, and Ve, Vpea is the input voltage to the
buck-boost converter and V¢ is its output voltage. Vpc; must be
far greater than the summation of remaining dc voltages, i.e. (Vpca
+ V) to reduce the power handled by buck—boost converter. The
dc voltage sources Vpc; and Vpcp can be obtained from
rechargeable batteries. For any variations in supply voltage, input
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Fig. 1 Continued

voltage vy, is controlled to be constant by the buck—boost converter.
To understand the working principle of the proposed LED driver,
the simplified circuit diagram shown in Fig. 1b, where the input
voltage Vi, is represented by a voltage source. Fig. 1¢ shows the
operating waveforms of the proposed LED driver. Fig. 1d shows an
extension of proposed configuration to multiple LED lamps. The
equivalent circuits in different working modes in a switching cycle
are shown in Figs. 2 and 3. The working modes are explained in
this section.

2.1 Mode I: (to—t1)

At time instant #,, switches S; and Sy are turned on at zero voltage.
LED lamp-2 and lamp-3 are powered by input voltage Vj,. LED
lamp-1 and lamp-4 are supplied by energy stored in inductors L,
and L4, respectively. Due to the nature of inductor L, the current
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i;, linearly increases through the switches S; and S4. Currents
through lamp-2 and lamp-3 increase and currents through lamp-1
and lamp-4 decrease linearly. As all LED lamps are identical,
average Imp current values are equal. The difference of i;, and iy
which is of a small value flows through S;. Similarly, a difference
of i;3 and 774 flows through S4. Hence devices are conducting only
a small value of current. This reduces device current stress and
conduction losses. This mode ends when inductor current iy,
becomes zero.

2.2 Mode Il (t;~tp)

The explanation in Mode I is valid for this mode also except that
the current iy, increases from zero to positive maximum through
the switches S and S;. This mode ends at #,.
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Fig. 1 Circuit diagram and waveforms

(a) Proposed LED driver, (b) Simplified circuit diagram, (¢) Operating waveforms, (d) Extension to multiple LED lamps
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Fig. 2 Equivalent circuits of proposed LED driver when S| and S4 are ON
(a) Mode-1, (b) Mode-11, (c) Mode-II1
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stress and conduction losses are reduced. This mode ends when
current iy, becomes zero.

2.5 Mode V: (t4—t5)

The explanation in Mode IV is valid for this mode also except that
the current i;, decreases from zero to negative maximum through
the switches S, and 5. This mode ends at #s.

2.6 Mode VI: (ts—tg)

This mode begins after removing gate signals for switches S, and
S3, which are carrying positive currents. The process of turning off
of switches S,, S3 and turning on of switches S;, S; with zero
voltage is similar to that in Mode III. This mode ends when
capacitors Cy and Cy are discharged from Vj, to zero or C, and Cj
are charged from zero to V.

3 Analysis of the proposed LED driver

The analysis of the proposed LED driver is carried out by
considering the following assumptions:

i. The proposed converter is operating in steady state.
ii. The circuit components are ideal.

iii. All four LED lamps are identical.

iv. The voltage across each LED lamp is constant.

The switches are operated with a fixed duty cycle at a fixed
frequency. Each switch is on for 50% duty cycle and off for a
remaining period. To calculate the voltage across each LED lamp,
it is essential to examine the inductor currents and voltages. As the
LED lamps and their operating currents are identical, the analysis
is shown for a single LED lamp, i.e. LED lamp-2. When the
switches S| and S are ON and S, and 3 are OFF, the LED lamp-2
is supplied by input dc voltage Vj, through the inductor L,. The
corresponding equivalent circuits are shown in Figs. 2a and b.

3.1 Mode-I and Mode-II (ty—to)

The voltage across inductor L, is expressed as

diz,

VL2=Vin_V02=LzT Lh<t<h (€))]

The current through the inductor L, is
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. 1 ! .
in(t) = E[ vi()dt + ip(t)
0
2
Vi - Voz . ( )
= T(l —t) tinl) Hh<t<h

where i75(fy) is the initial current in the inductor L, at time = f,.
At t=t,, ir(?) reaches maximum value, which is

Vin - Vi

ipo() = T(fz — ty) + ina(%) 3

The duration (f, — 1) is the ON period of switches S; and S. Hence
(3) can be written as

Vin - Voz .
inn(t) = TDT + ia(to) )

where D is duty ratio of switches S and S4 and 7 is the switching
period.

IET Power Electron., 2018, Vol. 11 Iss. 1, pp. 149-159
© The Institution of Engineering and Technology 2017

From (4), the ripple current in inductor L, is expressed as

. ) . Vin—V

Aip, = i) — i) = mTozDT (5)

During this interval, the voltage across L, is Vj,. The current
through it increases linearly and is expressed as

. Vi .
i (1) = Tn(t —t)+it) Hh<t<th (6)

3.2 Mode-1V and Mode-V (t3—t5)

When the switches S| and S, are switched-off and S, and S; are
switched-on, the LED lamp-2 is supplied by the stored energy in
the inductor L,. The corresponding equivalent circuits are shown in
Figs. 3a and b.

The voltage across inductor L, is
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diLz

VL2=—V02=LZW L<t<Is @)

The current through the inductor L, is expressed as

i) = i / Va1 + ity

_ =V
L,

©)
t—6)+inlt) 1<l

where i75(#3) is the initial current in the inductor L, at time 7=1f3.
At t=ts, ir»(?) reaches minimum value and is given by

inaty) = ‘Z‘“(rs C B+ ity ©)

Assuming that dead time f4; and f4p are negligible, the duration
(ts — t;) is the OFF period of switches S| and S4. Equation (9) can
be written as

it = 721 = DIT + i) (10)

From (10), the ripple current in inductor L, is expressed as

_VOZ
721 =D)T (11)

Aipy = ip(ts) — ipa(ts) =

During this interval, the voltage across L, is —Vj,. The current
through it decreases linearly and is given by

. Vi .
i) = — T‘“(t —n)+it) L<t<t (12)
,.

Under steady-state operation, the net change in current through
inductor L, is zero over the time period 7. Hence from (5) and (11)

Lira(t) — inx(t0)] + Lira(t5) — ()] = 0 (13)

Vin - Ve Voo _
:TDT—E(I -D)T=0 (14)
= Vp=DVy, (15)

Hence, the voltage across the LED lamp V, is D times the input
voltage Vj,. The analysis for other LED lamps is similar to the
aforementioned analysis. Equations (5), (11), and (15) are
applicable to other LED lamps also. Hence, the ripple current
through each LED lamp and voltage across each LED lamp are
given by

Vin — Vik _ _Vok,
I DT = I (1-D)T (16)

AiLk =

where k=1,2,3,4
Vot = DVi, (17)

where k=1,2,3,4
The value of inductor for specified current ripple can be
determined from (16) under continuous current.

4 Design considerations

An LED can be represented by a series connection of an equivalent
resistance 7y, an equivalent voltage Vy, and an ideal diode [35]. In
the proposed work four LED lamps are used. Each LED lamp
comprises of two strings of LEDs which are connected in parallel.
In each string, ten LEDs are connected in series. Each LED is
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operated at 3.3V, 550 mA, and 1.815W. Each LED lamp is
operated at 33V, 1.1 A, and 36.3 W.
From (17), input voltage V;, is given by

_ Vok
Vin="5" (18)

With a duty ratio of 0.5, and V, of 33V, the input voltage is
calculated as Vj, =66 V.
Rearranging (16)
Vin =V,

Li=—2_"%pT, k=1,234 (19)
Ay

With Vi,=66V, Vo, =33V, D=0.5, T=5 ps, peak-to-peak LED
current Aiy; of 13%, the value of inductor L; is calculated as
L = 577 uH.

To ensure ZVS during dead time, the appropriate current
magnitude is required to charge and discharge the output capacitors
of the switches [36]. The inductor L, is used to provide the required
constant current during dead time. The peak current through L, is
assumed to be constant during dead time. At 1=1,, i;,(¢) reaches a
maximum value. Hence from (6)

. Vi .
ir-pk = (= 1) + i, (o)
T

v v (20)
=00 — 1) — =2t —
70 = 1) = 0 = 1)
Ast,—t,=DT and t, — t, = DT/2, (20) can be written as
, Vi DT VinDT
lerpk=f(DT—T)= ;Lr (21

With a duty ratio of 0.5, the peak current through the L, is given by

. VinT
= 22)
The value of if,._, is inversely proportional to inductor L, for a
fixed value of V;j, and 7. For L, =120 uH, Vj, =66V, T=5 ps,
ir, pr 1s calculated as iz, _ ,x = 0.6875 A.

For the calculation of the switch output capacitor value, the
currents through L; and current through L, during dead time are
assumed to be constant. Assuming that dead time #4) =1tgp =1y,
current flowing through output capacitors during #4; or #4, is given

by
2C;V;
iLr—pk+AiLk= l]—dm’ j= 1’2’394 (23)

From (23), the value of switch output capacitor is obtained as

O+ Aig)@a) .
€)= T j=1.23.4 4
For iz, ,;=0.6875 A, Az =13%, t; =100 ns, and Vj, =66V, the
value of Cj is calculated as C; = 629 pF. Hence in order to get the
ZVS within 100 ns, the switch output capacitor C; must be <629

pF.

5 Dimming control and current regulation

Dimming can be achieved by AM or PWM. In AM, dimming is
attained by controlling the dc current through LED strings. As LED
current is not constant, AM dimming causes chromaticity
variations which are undesirable for sensitive lighting applications.
Also, AM dimming does not provide a wide dimming range due to
non-linear current-voltage characteristics of LED. To avoid
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Fig. 4 Dimming control and control block diagram

o

(a) Gate signals of dimming and buck-boost switches, bridge circuit input voltage and LED lamp current,

(b) Block diagram of control circuit of proposed configuration

aforementioned limitations, PWM dimming methods have been
widely used. Here, the average current through LED is controlled
by turning on and off the LED at a low frequency at nominal
current. It offers high dimming range without chromaticity
variations and provides smooth dimming. To incorporate dimming
into the proposed LED driver, an ON-OFF control switch is
connected in series with input dc source. This switch turns ON and
OFF the whole converter by using a low-frequency gate signal.
Hence, the average current through each LED lamp is changed and
brightness of each LED lamp is controlled. The dimming
frequency is selected as 100 Hz, to overcome noticeable flickers.

A buck-boost converter is connected in series with input dc
source as shown in Fig. 1a. In order to regulate LED lamp currents
against input voltage variations. This is an essential feature

IET Power Electron., 2018, Vol. 11 Iss. 1, pp. 149-159
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required in battery operated systems. The buck—boost converter is
always in operation to provide control over variation in input
voltage and its control signal must be synchronised with that of on—
off switch. Gate signal (vgp) for switch Sp of buck—boost converter
is derived by ANDing a low frequency (100 Hz) control signal
(vgq) of dimming switch a high frequency (100 kHz) signal (v,) as
shown in Fig. 4a. Bridge input voltage Vi, and LED lamp current
during dimming control are also shown in Fig. 4a.

6 Simulation and experimental results

In order to verify the feasibility of the proposed LED driver, a 145
W prototype has been developed. The proposed driver is first
simulated using OrCAD PSpice software and then experimental
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Fig. 5 Experimental prototype of the proposed LED driver and
experimental waveforms at full illumination level

(a) Proposed LED driver with control circuit, (h) Experimental setup, (¢) Voltage and
current in switches S| and 87 (vds], vds2: 50 V/div; iqq, igp: 1 A/div; time: 1 ps/div),
(d) Voltage and current in Ly (vz,: 50 V/div; if,: 1 A/div; time: 2 ps/div)

prototype has been designed and tested. The parameters of the
proposed driver are given in Table 1. For convenience, the dc

voltages Vpc; and Vpep are selected as 48 and 12V, respectively.
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The low input voltage to buck—boost helps in operating it at high
duty cycle. The remaining 6 V is supplied by capacitor C. The
block diagram of control circuit of proposed circuit is shown in
Fig. 4b. The picture of the experimental prototype is shown in
Figs. 5a and b. In order to verify the soft switching feature of the
driver, experimental switch voltage and switch current waveforms
are shown in Fig. 5c. The current and voltage across L, are
indicated in Fig. 5d. Fig. 6 shows the simulation waveforms of the
proposed driver at full illumination level. Fig. 7 shows the
corresponding experimental waveforms. It is observed that
experimental results are in good agreement with simulation results.
It is also observed that switches are turned ON and OFF at zero
voltage. With ZVS, switching losses are reduced. Also, switches
are conducting only the difference in lamp currents and i,. Thus
conduction losses are also reduced. Hence the efficiency of the
proposed driver is high and efficiency of the driver at full
illumination level is found to be 93.88%.

Fig. 8 shows the simulation and experimental results with 60%
of dimming control. The switching devices of the bridge
configuration are operated at 200 kHz and at a duty cycle of 0.5.
The dimming switch and buck—boost switch operations are
synchronised to prevent input voltage fluctuations. The input
voltage Vj,, LED lamp currents, and voltages are at their operating
values when the dimming switch is ON and they become zero
when it is OFF. It is observed that experimental results are in good
agreement with simulation results and efficiency is found to be
94.96%.

The proposed LED driver may be applicable to battery operated
systems. Consider that dc voltages Vpc and Vpcp are obtained
through batteries. Fig. 9a shows capacitor voltage when Vpc) =48
V and Vpcy =12 V. Now input voltage to the bridge circuit is 66 V.
If the battery voltages are reduced by 5%, i.e. V'pc1=45.6 V and
Vpca=11.4V, the capacitor has to compensate the reduction in
input voltage, i.e. 9 V. The duty cycle of buck—boost converter is
changed accordingly. The corresponding efficiency is found to be
92.46% and capacitor voltage waveform is shown in Fig. 9b.
Similarly, if the battery voltages are reduced by 10%, the duty
cycle is adjusted so that the capacitor can compensate 12 V.
Corresponding efficiency is found to be 91.37% and capacitor
voltage waveform is shown in Fig. 9c. The efficiency curve of the
proposed LED driver at various dimming levels is shown in
Fig. 9d. 1t is observed that a high efficiency is guaranteed at any
dimming level. A relative comparison between H-bridge LED
driver topologies and proposed topology is given in Table 2.
Proposed configuration does not use high frequency transformer
and rectifier stage. It considerably reduces the cost, weight, and
volume. Besides, proposed driver circuit features soft switching,
reduced current stress and high efficiency with dimming capability.

7 Conclusions

In this paper, a power converter to drive LEDs for high power
lighting applications has been developed. It is suitable for street
lighting applications. ZVS is obtained in high frequency devices
used in a bridge configuration. In addition to this, switches carry a
small current which is almost independent of LED lamp currents.
Thus switching and conduction losses both are reduced. Dimming
can be achieved for all the LED lamps at high efficiency. LED
lamp current can be regulated at the desired operating current. High
efficiency is guaranteed at any dimming level. This driver
eliminates output rectifier stage. It also reduces components count
per lamp as well as the cost of the driver. Addition of legs in the
bridge to increase the number of lamps is possible in this scheme.
The proposed converter may be powered from battery operated
systems.
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(a) Lamp-1 and Lamp-2 currents, (h) Lamp-3 and Lamp-4 currents, (¢) Lamp-1 and Lamp-2 voltages, (d) Lamp-3 and Lamp-4 voltages
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Fig. 7 Experimental waveforms at full illumination level

(a) Lamp-1 and Lamp-2 currents (current: 1 A/div; time: 4 ps/div), (b) Lamp-3 and Lamp-4 currents (current: 1 A/div; time: 4 ps/div), (¢) Lamp-1 and Lamp-2 voltages (voltage: 25

V/div; time: 8 us/div), (d) Lamp-3 and Lamp-4 voltages (voltage: 25 V/div; time: 8 ps/div)
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Table 1 Parameters of proposed LED driver

DC input voltage, Vin 66 V
number of LEDs used 80
LED operating current, loperated 550 mA
switching frequency, fs 200 kHz
duty ratio of switches in bridge configuration 0.5
L1, Lo, L3, and L4 577 uH
L, 120 pH
PWM dimming frequency 100 Hz
duty ratio of dimming switch Sy Oto1
frequency of buck—boost converter 100 kHz
switching devices used MOSFET IRF640N
control ICs used UC3875 and SG3525
driver ICs used IR2110, IR2117, and MIC4425
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Fig. 8 Simulation and experimental waveforms with 60% of dimming control
(a) Simulation waveforms of Lamp-1 and Lamp-2 currents, (b) Simulation waveforms of Lamp-1 and Lamp-2 voltages, (¢) Experimental waveforms of Lamp-1 and Lamp-2 currents
(current: 0.5 A/div; time: 4 ms/div), (d) Experimental waveforms of Lamp-1 and Lamp-2 voltages (voltage: 25 V/div; time: 4 ms/div)
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Fig. 9 Capacitor voltage waveforms and efficiency curve
(a) V¢ under nominal dc voltages (V: 5 V/div; time: 20 ms/div), (b) V under 5% discharge (Vc: 5 V/div; time: 20 ms/div), (¢) V' under 10% discharge (V: 5 V/div; time: 20 ms/

div), (d) Efficiency curve under various dimming levels
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Table 2 Comparison between H-bridge topologies and proposed topology

H-bridge topology

Branas et al. [23]

Luo et al. [24]

Qu et al. [25] Proposed topology

power switches 4

diodes

inductors

capacitors

high frequency transformer
high frequency rectifier stage
LED lamps

efficiency, %

A A AW Ww N

>87

4 6 6
8 4 1
6 2 6
6 7 1
1 1 0
2 4 0
2 4 4
>92 >91 >93
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