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A Nonisolated Wide Input Series Resonant Converter
for Automotive LED Lighting System

V. K. Satyakar Veeramallu

and B. L. Narasimharaju

Abstract—In this article, a reconfigurable nonisolated buck—
boost (BB) integrated full-bridge series resonant converter (FB-
SRC) based light emitting diode (LED) driver is proposed for wide
input voltage automotive lighting applications. The proposed LED
driver is derived by the integration of BB operation with FBSRC.
It can be reconfigured into three different resonant converter
topologies such as BB integrated FBSRC, BB integrated half-bridge
series resonant converter (BB-HBSRC), and conventional HBSRC
and, hence, produces three levels of voltage gains. By transfor-
mation from one topology to other based on the input voltage
range and with asymmetrical pulsewidth modulation control, it
can operate for wide input voltage range while maintaining the
soft switching. The main advantages of the proposed configuration
are smooth transformation into three different topologies without
any additional switching devices, no topological transitions within a
switching cycle in steady state, use of simple proportional-integral
controller, soft switching, and wider voltage gain with buck/boost
operation. In addition, dimming control is also achieved using
pulsewidth modulation technique. Detailed theoretical analysis of
the proposed converter is presented. To verify the analysis and
performance, a prototype of 22.7 W, 22.5 V LED driver is designed,
simulated, and tested for a wide input voltage range of 18 to 120 V.

Index Terms—Light emitting diode (LED), series resonant
converter (SRC), wide gain, wide input.

I. INTRODUCTION

ITH effective utilization of lighting energy, more energy
W can be saved. In this perspective, lighting technology in
various fields is modernized with light emitting diodes (LEDs)
due to their enormous advantages like high efficiency, low
maintenance, long life, dynamic response, etc. The LED lights
are driven and, thus, regulated from LED drivers. Improved
performance can be achieved from LEDs with an optimized
design of LED drivers.

A battery of 12/24 V in automotive applications may vary
up to 64 V during transients and can be even more [1], [2].
Further, there are different battery voltage systems available
in the automotive system. Hence, there is a requirement of
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LED drivers that can operate for wide input voltage ranges.
There are few LED drivers [3]-[10] available with a wide input
voltage range. LED drivers [3]—[7] are hard switched and, hence,
have limitations like reduced power density, increased switching
losses, and limited operating voltage range. The complex and
costlier technologies like CMOS and BCDLite are employed
in [3], [4], [6], and [8]-[10].

Indeed, there are many wide input converters developed for
photovoltaic (PV), fuel cell applications, etc. High gain boost
dc—dc converters [11], [12] are employed for wide input range
fuel cell applications. An accurate adaptive constant on-time
control scheme is used in [13] to improve the stability and per-
formance under wide input/output voltage range applications.
However, these converters are hard switched. Soft switched
converters become popular as they are compact in size with high
efficiency. An isolated buck—boost (BB) converter with a hybrid
three-level full-bridge (FB) primary side circuit is used in [14]
to achieve wider voltage gain regulation. Resonant converter
(RC) with asymmetrical pulsewidth modulation (APWM) for
voltage doubler rectifier is reported in [15] for wide input PV
applications.

RCs have become popular due to their soft switching capa-
bility, high power density, etc. A multilevel LCC RC with more
control flexibility [16] and LLC RCs with two split branches
and variable magnetizing inductance [17], [18] are presented;
however, two transformers are employed, which increases the
size and cost. A double pulse duty cycle modulation that boosts
the low input voltage and provides wide voltage regulation is
reported for dc microgrid applications [19]. Several authors
have developed reconfigurable converters [20]-[25] to achieve
wide voltage gain with soft switching by modifying the LLC
RCs with respect to the configuration or modulation or both. A
hybrid control with frequency modulation (FM) and phase shift
modulation (PSM) is employed in [20]. In [21] and [22], the
diode bridge rectifier is replaced with semiactive rectifier. In [23]
and [24], bidirectional switches are placed at the secondary side
resonant tank and primary side, respectively. The dual bridge
LLC RC [24] is a combination of half-bridge (HB) and FB RCs,
where the voltage is regulated by the transition between HB and
FB with respective time durations in one cycle. A series resonant
converter (SRC) that provides four configurable operation states
depending on input and output voltage levels [25] is reported for
grid-connected PV systems. Boost or BB integrated RCs have
become popular as they can produce a wide gain, thus suitable
for wide input applications [26]-[30]. In [26], interleaved boost
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operation is integrated with FB LLC RC and simple pulsewidth
modulation (PWM) control is employed. But there is a high
startup current in these converters due to the boost operation
that results in high switching stress across the devices. Thus,
BB integrated RCs are gaining importance as they have a small
startup current due to the characteristics of BB operation [27].
In [27], BB operation is integrated with HB LLC RC where both
the primary side and secondary side switches are modulated to
operate for wide input voltage applications without affecting
the zero voltage switching (ZVS) across devices. In [28], BB
operation is integrated with HB LCC RC, where hybrid control
combination of PWM and FM controls are employed. In [29],
a four-switch noninverting BB operation is integrated with FB
LLC RC. In [30], BB operation is integrated with dual bridge
LLC RC. PSM control is employed for adjusting the gains and
FM control is employed to regulate the output voltage. All
these converters are of isolated type. Some of them have control
complexity either due to hybrid control or due to transition from
one configuration to another in each cycle. Some topologies have
increased component count that increases the conduction losses.
Some topologies require additional gate driver circuits due to the
replacement of switches with diodes.

For low power applications, a nonisolated SRC is a better
choice due to its easier implementation, reduced cost, and size.
Thereby, in this article, a reconfigurable nonisolated BB inte-
grated full-bridge series resonant converter (FBSRC) based LED
driver is proposed for automotive LED lighting applications with
wide input voltage variations. By proper switch configurations, it
can be reconfigured as BB integrated FB SRC (BB-FBSRC), BB
integrated half-bridge series resonant converter (BB-HBSRC),
and conventional HBSRC. Thus, when compared with conven-
tional HBSRC, it can produce three levels of gain viz., four
times the gain with BB-FBSRC configuration, two times the
gain with BB-HBSRC configuration, and the same gain with
HBSRC configuration. By transformation from one topology to
other based on the input voltage range and with APWM control,
the proposed configuration can operate for wide input voltage
range while maintaining soft switching. As LED load is constant,
and automotive applications have wide input voltage variations,
the proposed configuration is well suitable as an LED driver in
automotive applications. PWM dimming is used for illumination
control that controls the average LED current. Description of the
proposed configuration and its working principle are presented
in Section II. Analysis of the converter is presented in Section III.
Design aspects of the converter are discussed in Section IV.
Simulation and experimental results are presented in Section V.
Efficiency analysis and comparative study are carried out in
Section VI, and Section VII concludes the article.

II. PROPOSED CONFIGURATION AND WORKING PRINCIPLE
A. Description of Proposed Topology

The circuit diagram of the proposed LED driver is shown in
Fig. 1, which consists of a synchronous BB converter integrated
with FBSRC. S to Sy are the four MOSFET switches with body
diodes and snubber capacitors. Dg; to Dy are the diodes that
constitute the diode bridge rectifier. L, and C). are the series
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Fig. 1. Proposed wide input voltage LED driver.

resonant elements. C,, is the output capacitor. Cgg, S1, So, and
inductor Lgp are the elements of integrated synchronous BB
converter. Vy., Vg, and ¢ gg are the input, output voltages, and
inductor current corresponding to the BB operation. Vip is the
input voltage applied to the SRC and ¢,. is the resonant current.
V, and I, are, respectively, the LED voltage and current.

B. Different Reconfigurations

In order to operate for wide input voltage range, the input
voltage and switches of FB converter are effectively utilized
in the proposed configuration. The two switches S; and Ss
in the FB RC are also shared for BB operation. Hence, the
proposed configuration can be reconfigured into three different
RC topologies based on the input voltage ranges. The first
configuration is BB-FBSRC topology as shown in Fig. 2(a),
where BB operation is integrated with FBSRC. Thus, with the
voltage Vrg = Vg + Vg, BB-FBSRC produces four times the
voltage gain compared to conventional HBSRC. The second
configuration is BB-HBSRC topology, which is obtained by
continuously maintaining switch S in OFF state and switch
S, in ON state as shown in Fig. 2(b), where BB operation is
integrated with HBSRC. Thus, with the voltage Vg = V. + Vig,
BB-HBSRC produces two times the voltage gain compared with
conventional HBSRC. The third configuration is conventional
HBSRC topology, which is obtained by continuously maintain-
ing switch S7 in ON state and switch Sy in OFF state as shown
in Fig. 2(c), where the voltage Vg = Vj.. Thus, the three levels
of voltage gains obtained are well utilized for operating under
wide input voltage.

C. APWM Control Using PI Controller

Generally, FM, PSM, and APWM control schemes are em-
ployed in RCs. Compared with FM control, PSM and APWM
control can achieve a wide voltage conversion ratio [25]. In the

Authorized licensed use limited to: Narasimharaju B.L. Downloaded on January 28,2021 at 04:38:08 UTC from IEEE Xplore. Restrictions apply.



5688

A

.+ LED
load

A

Vi h 4]
Vrn_l | ﬂ Lis A,
]o o :‘EdD
l0a
Voeoe s_] 3
(b)
h £
io! LED
load
¥y

Fig.2. Differentreconfigurations of proposed LED driver under different input
voltage ranges. (a) BB-FBSRC. (b) BB-HBSRC. (c) HBSRC.

proposed converter, PSM control can only be implemented in
BB-FBSRC configuration as the remaining two configurations
are HB-based topologies. However, by using only BB-FBSRC
with phase shift control, ZVS can be achieved in all the switches
for only smaller input voltage range. Hence, a simple APWM
control is optimal and is employed in all the three configurations
of the proposed converter for output voltage regulation. The
schematic of the closed-loop control is shown in Fig. 1. Digital
control is employed using digital signal processor (DSP). Three
different PI controllers are employed for the three configura-
tions. The input and output voltages are measured and fed to
the DSP. The required illumination level is set in terms of dim-
ming signal duty cycle Dp;,, and corresponding low-frequency
dimming signal is generated. Based on the input voltage range,
the switches are configured to one of the three configurations
and the corresponding PI output is enabled. The PI controller
develops the required duty cycle (D) of high-frequency PWM
signals based on the actual output voltage and reference voltage.
These PWM signals and the dimming signal are combined using
AND logic, producing the gate signals V1 to V4 for the switches
S1 to Sy respectively.

D. Principle of Operation

The operations of BB-FBSRC and BB-HBSRC are similar
and HBSRC is the conventional converter. Hence, the principle
and modes of operation are discussed only for BB-FBSRC. The
key waveforms of BB-FBSRC are shown in Fig. 3(a). The gate
signals Vg1 and Vo are complementary to each other and the
gate signals V3 and V4 are complementary to each other. Vi
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is the sum of two voltages, V. and Vg, which is applied across
the FB inverter. The FB inverter output voltage v 41— 42 results
in 7,- that flows through the LED load after rectification.

The operation of BB-FBSRC is divided into six modes and
the equivalent circuit of each mode is shown in Fig. 3(b)—(g) and
explained as follows.

1) Mode-1 [t1—t2]: The zero voltage across S; and S5 due to
the prior conduction of diodes D5 and D3 results in ZVS turn-ON
when the gate signals are provided at ¢ = t;. The currents iy gg
and 7,- continue to rise in the positive direction and their resultant
flows in S5 as shown in Fig. 3(b).

2) Mode-2 [to—t3]: When S5 and S5 are turned OFF at ¢ = to,
C5 and Cj5 charge and C and Cy discharge respectively. Reso-
nance condition takes place between the inductors and capacitors
for a short duration. Assuming 7, and 71 gg to be constant during
this short interval of operation, half of their resultant current
flows through each capacitor as illustrated in Fig. 3(c).

3) Mode-3 [ts—t4]: Att =ts3, as C7 and Cy are completely
discharged, D7 and D4 become forward biased. The inductor
Lpg starts demagnetizing and, also, ¢, starts decreasing. Thus,
the current in the diodes starts raising from negative value. The
diode D; current is the sum of i;gg and 7, as illustrated in
Fig. 3(d). The duration [to—t4] can be considered as dead time
(ta)-

4) Mode-4 [t4—t5]: The conduction of Dy and Dy prior to
this mode makes S7 and Sy ZVS turn-ON when the gate signals
are provided att = t4. i g and ¢, continue to decrease and their
resultant flows in S; as shown in Fig. 3(e).

5) Mode-5 [ts—tg]: At t = t5, when S; and S, are turned
OFF, C5 and C5 discharge and C; and C; charge, respectively.
Resonance condition takes place between the inductors and
capacitors for a short duration. Assuming %, and i gg to be
constant in this short duration, half of the resultant current shared
by each capacitor as illustrated in Fig. 3(f).

6) Mode-6 [ts—t7]: At t =tg, Cy and C3 are completely
discharged and, hence, Dy and Dj start conducting. The current
1, starts raising. Also, due to magnetization, the current iy gg
increases linearly. Thus, the diode currents start increasing from
negative value. The resultant current due to ¢; g and ¢, flows
in Dy as illustrated in Fig. 3(g). The duration [t5—t7] can be
considered as dead time (¢4). This mode ends when gate signals
are provided to switches S5 and Ss.

III. ANALYSIS OF PROPOSED CONVERTER
A. Voltage Gain

Analysis of BB-FBSRC is carried out under steady state
with the assumption of ideal devices (MOSFETs and diodes) and
constant output current. The voltage Vg due to integrated BB
operation is obtained as

D
(1-D)
The total input voltage Vg applied to the BB-FBSRC is ex-
pressed as

Ve = Vie- (D

Vac
(1-D)

%B:%c+VBB:%c+ V:ic: (2)

(1-D)
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Fig. 4. (a) AC equivalent circuit. (b) LED symbol and equivalent circuit.

Square wave voltage with a magnitude of Vgp that is obtained
from FB inverter is applied across L, — C,. network. As the
fundamental components of the voltage and current of the res-
onant network is sinusoidal in nature, classical ac analysis can
be carried out [31]. The ac equivalent circuit of the proposed
configuration is shown in Fig. 4(a).

From Fig. 4(a), the voltage gain can be expressed as

VA37A2 - RaCSin(’R‘D) (3)
Var—az  Rae +Jj(Xor — Xev)
where
Xpr=2nfsLy; X —71 'R—ER 4)
Lr = &T Jglip; Cr — Zﬂ_fscrv ac — 2 O- (

Va1-42 and Vyu3_ 40 are input and output voltages of the
resonant network, respectively.

BB-FBSRC key waveforms and operating modes. (a) Key waveforms. (b) Mode-1. (c) Mode-2. (d) Mode-3. () Mode-4. (f) Mode-5. (g) Mode-6.

The voltage gain of BB-FBSRC can be expressed in terms of
circuit parameters as

Vi sin(w D
Gy = V—f - ( X) < .6
' (1-D) 1+j<“_ C)]
Rac
Quality factor ()) can be defined as
wy Ly 1
= = : ©)
@ Ry WO Rye
The angular resonant frequency w,. is given by
1
Wy = 27rfr e (7)

v L,.C,
where f,. is the resonant frequency in Hz. By substituting (4)
and (6) into (5), the gain of BB-FBSRC is obtained as

G = % _ s1n(72rD) C®
“u-phi+iTo(L L&
8 "\ Jfr fs
Similarly the gain of BB-HBSRC is obtained as
Gy — Vo _ sin(7 D) ©)
I PR
RV

and the gain of HBSRC is obtained as
Vo sin(rD)

Gs = = .
Ve 2 i
d 1+]7T8Q<f:_?>]

(10)
2
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B. Switch Currents and Critical Inductance Lgp

Analysis of soft switching operation and device peak current
stress is based on the instantaneous values of switch currents.
The current in resonant inductor 7, at any instant for BB-FBSRC
can be given as

_ 4Vgesin(mD)sin(wst + a — ¢)

ir1(t) = (1-D)nZ (b
where
¢ =tan! (XLTE;CXCT>
(12)

o — tan- sin(27 D)
1 —cos(27D)

Zin - Rac +](XLT‘ - XCT’)

Similarly, the current 4, at any instant for BB-HBSRC can be
given as
o () 2Vaesin(m D)sin(wst + « — @)
- =

2 (1= D)rZp

13)

and the current ¢, at any instant for HBSRC can be given as

) 2Vgesin(wD)sin(wst + « — ¢)
1r3 (t) = 7 .

The average source current can be expressed in terms of average
inductor current as [27]

(14)

Iy = (Igs + 1) = Iigs (15)
For 100% efficiency
Vzic-[dc = VoIo - Po~
Hence,
P
Iie = ==, 16
dc Vdc ( )

The minimum and maximum currents in Lgp are expressed as
Airpgp
2
Airpp
2

where the inductor ripple Aiigg = (/LBBmax — ILBBmin) 1S
expressed as

IiBBmin = ILBB — a7

(18)

I BBmax = BB +

Vac DT
Lgg
Thus, by substituting (15), (16), and (19) in (17) and making

IiBmin = O, the critical inductance of BB inductor Lgg.; is
expressed as

Airgg = (19)

VieD
2POfs

where f; is the switching frequency.
For continuous conduction, Lgg > Lggc;-

LBBcr = (20)
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The instantaneous current of Lgg can be expressed as

A
'LBB, 11 BBmin, 0<t< DT
) DT
iuea () = Airgs
_2MBB_( _ DT) 4 Liggma, DT <t <T.
(D—l)T( ) + ILBBma <
(21)

From Fig. 3(a), the instantaneous currents in the switches can
be expressed as follows.
is1(t) in BB-FBSRC and BB-HBSRC operation is

_ 0, 0<t< DT
”ﬂw{(um4iwﬂw% pr<t<r.
is1(t) in HBSRC operation is
isi(t) = —ir(t). (23)
ig2(t) in BB-FBSRC and BB-HBSRC operation is
isalt) = {(z‘LBB<t) tir), 0<t<DT
0, DT <t<T.

ig2(t) = 0 in HBSRC operation. ig3(t) in BB-FBSRC and
HBSRC operation is

o ir(t), 0<t<DT
iss(t) =
5 0, DT <t<T.

ig3(t) = 0 in BB-HBSRC operation. ig4(t) in BB-FBSRC and
HBSRC operation is

(25)

‘ 0, 0<t<DT
is4(t) = , (26)
—i(t), DT <t<T.
is4(t) in BB-HBSRC operation is
154(t) = —i,(¢). (27)

C. ZVS Condition

Due to the BB integration, along with resonant current 4,., the
inductor current 4; gg also flows in the switches S and S>. As
both the currents are positive, the turn-ON current of switch S
from (22) att = to =~ DT is more negative. Thus, ZVS turn-ON
can be inherently achieved by it. But, due to the difference of
currents, i.e., positive current of i gg and negative current of
i, the turn-ON current of switch So from (24) att =t5 ~ T is
affected. Thus, for achieving ZVS turn-ON across the switches
S1 and Ss, the ZVS criteria is considered with switch Sy at
t =t5 ~ T and is expressed as

1 . 1
Coss Vi < §LBBZI%BB(t5) — s Lyi}(ts) (28)

2
where Cl is the output capacitance of MOSFET switches.

The condition of ZVS in (28) must be satisfied for all the
voltage ranges in order to achieve ZVS turn-ON across S7 and
Ss devices.

The switches S5 and Sy are independent of BB operation.
However, due to PWM control, ZVS turn-ON is affected for the
switch operating for duration <(T/2). For D < 0.5,ZVS turn-ON
of switch Ss is affected and for D > 0.5, ZVS turn-ON of switch
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S, is affected. Thus, the ZVS criteria for D < 0.5 is considered
with switch S5 at ¢t = t5 &~ DT in Fig. 3(a) and is expressed
based on (25) as
1
CossVip < 5 Loy (t2). (29)
Similarly, the ZVS criteria for D > 0.5 is considered with switch
Sy att = t5 ~ T in Fig. 3(a) and is expressed as based on (26)

1
Coss Vil < ier’z(t5). (30)

If one of the above two equations that are having lower duty
cycle among all the three configurations is satisfied, then S5 and
Sy have ZVS turn-oN for all other configurations with different
input voltages. Thus, if (28), (29), and (30) are satisfied, ZVS
can be achieved across all the switches.

D. Conduction Losses

In the proposed converter, the rectifier diodes are soft switched
and ZVS turn-ON is achieved in the switches due to the series
resonance. The switch turn-OFF losses are less. Hence, the
main losses in the proposed converter are conduction losses in
the switches and diodes. These conduction losses play a vital
role in estimating the efficiency of the converter. The current
expressions for estimating the conduction losses are expressed
as below. The peak current of 7, in BB-FBSRC is given by

4Vesin(mw D)
Ir max — 74 31
1 (1 — D)rZ (D
Similarly for BB-HBSRC
2Vgesin(w D)
Ir max — 73 32
> (1- D)nZ, (32)
and for HBSRC
2Vyesin(mw D
I3 max = M_ (33)
7TZi

The inductor current irgg flowing in BB-FBSRC and BB-
HBSRC can be split into ac rms and dc currents and expressed
as follows:

Po ) 1
Tips ae = Igp = ~2; Iipg ac = Aivgpy | —. (34
LBB_d e = 5 Jien BB/ 75 (34)

In BB-FBSRC, the currents 4, and 41 gg flows in S5 for a duration
of DT and then flows in S for the remaining duration. Similarly,
the current i,. flows in Sy for a duration of DT" and then flows in
Ss for the remaining duration. Thus, the total conduction losses
of the four switching devices can be given as [32]

2 2 2
Pl_cond_Switches = ([rl_max + ILBB_dc + ILBB_aC) DS (35)

where rpg is the MOSFET drain to source ON-resistance.

In BB-HBSRC, the currents i,. and i;gg flow in S5 for a
duration of DT and then flows in S; for the remaining duration.
Further, S5 is continuously OFF and S, is continuously ON
carrying the current of ¢, in it. Thus, the total conduction losses
of the three switching devices can be given as

P27cond7Switches = (1327max + IEBdeC + II%BBfaC) DS- (36)
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In HBSRC, 5 is continuously ON carrying the current of 4, in it
and S5 is continuously OFF. Also, the current 7, flows in Sy for a
duration of DT and then flows in S5 for the remaining duration.
Thus, the total conduction losses of the three switching devices
can be given as

PS_cond_Switches = (Izg_lnax) TDs. (37)

The rectifier diode conduction losses in all the three configura-
tions can be expressed as

212 Ry

Pcond_Diodcs = 2Vf-[o + (38)

where V; and 12 are the diode forward offset voltage and diode
forward resistance, respectively.

IV. DESIGN CONSIDERATIONS

A. Design Parameters for LED Lamp

The LED lamp symbol and its equivalent circuit are shown in
Fig. 4(b) where V4, is its threshold voltage and Ry gp is the LED
resistance. The LEDs used for experimentation are TMX HP3W
white LEDs. Each LED considered is having a Vi, of 2.321 V.
Two strings of seven LEDs each are considered to design a load
of 22.77 W/22.505 V that results in a Vi of 16.247 V and a
current of 1.012 A.

B. Resonant Elements and D Limits of HBSRC

The input voltage and resonant elements are selected based
on HBSRC configuration, as this topology is simple without
BB operation integrated. In order to operate an LED load with
voltage V, of 22.5 V in all the three configurations, the input
voltage Vi is selected as 96 V with the converter operating
as HBSRC at D = 50%. The design of resonant elements is
similar to conventional procedure. From (10), the output voltage

versus nominal frequency (=) has been plotted at D = 50%

with different O values as shovsT/n in Fig. 5. To obtain the required
V, of 22.5 V with Vg, of 96 V, from the graph, the Q-factor,

frequency ratio (é) are selected as 4.14 and 1.2, respectively.

With f, of 200 kHz and the ratio f/f, as 1.2, L, is obtained as
88 H from (4) and (6). From (7), the L, and C,. product can
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Fig. 6. ZVS condition of switches (a) S3 and Sy under duty cycle variation
in HBSRC and (b) S; and S3 with different Lgg values in BB-FBSRC and
BB-HBSRC at D = 50%.

be expressed as

L,C,. =0.91344 x 10712, (39)

From (39), C.. is obtained as 10.31 nF'. The turn-ON currents of
switches S3 and S, are estimated from the instantaneous current
equations (25) and (26) at t ~ DT and t ~ T, respectively.
Fig. 6(a) shows the variation of switch turn-ON currents of S3 and
S, with duty cycle variation. As can be observed, ZVS turn-ON
is affected for the switch operating for duration <(772). As the
switch currents are symmetrical to each other, for D < 0.5,ZVS
turn-ON of switch S5 is affected and for D > 0.5, ZVS turn-ON
of switch Sy is affected. The safe duty cycle operating region
for ZVS turn-oON for the switches S5 and S;i80.2 < D < 0.8 as
shown in Fig. 6(a) with HBSRC and is true even for BB-FBSRC
and BB-HBSRC. Thus, the HBSRC is operated from 96 V at
D=05t0120VatD =0.3.

C. Computing Lpp and D Limits of BB-FBSRC and
BB-HBSRC

The input voltage Vi, of BB-FBSRC and BB-HBSRC at
D = 50% are computed from (8) and (9), respectively, with
same resonant circuit parameters to produce V,, of 22.5 V.

In BB-FBSRC and BB-HBSRC configurations, the ZVS
operation of switches 57 and S is affected as these devices
are integrated with BB operation. Fig. 6(b) shows the turn-ON
currents of switches S; and S for different values of Lgg
under BB-FBSRC and BB-HBSRC operation with Vg, = 24
and 48 V, respectively, at D = 0.5. The turn-ON currents of
switches S7 and S5 are estimated from the instantaneous current
equations (22) and (24) at t ~ DT and ¢t ~ T, respectively. It
can be observed from Fig. 6(b) that the switch S is having
less negative current compared to S7, and, hence, ZVS turn-ON
in Sy ensures the same in S;. Also, it can be observed that
as Lpp increases beyond Lggp., the turn-ON currents remain
almost constant. But, as Lgp decreases less than Lgg., the
switch currents decrease and become more negative. Hence,
ZVS turn-ON capability increases. The absolute values of peak
currents in the switches S; and S5 are estimated from (22)
and (24) in the range of 0 < ¢ < T and using which the cor-
responding conduction losses are estimated from (35), (36), and
(38). Fig. 7 shows the peak currents of S; and S2 and the total
conduction losses of the converter for different values of Lgg
under BB-FBSRC and BB-HBSRC operation with V4. =24 and
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S5 in BB-FBSRC and (b) S and S5 in BB-HBSRC.

48 'V, respectively, at D = 0.5. It can be observed that even
though ZVS capability increases with Lgg < Lpg,, the switch
peak currents and, hence, the conduction losses are increasing.
Beyond Lgg,, the switch peak currents and conduction losses
are almost constant. This is true even with other input voltages.
Thus, to have better efficiency, Lgp is chosen as 262 ©H which is
little more than Lgg.,. However, even a lesser value of Lgg can
be chosen if the converter is to be compact in size as there is no
much deviation in the losses. Fig. 8 shows the turn-ON currents in
switches S7 and S, with BB-FBSRC and BB-HBSRC operation
at different duty cycles with Lgg = 262 pH. It can be observed
from Fig. 8(a), the safe range of duty cycle for ZVS turn-ON for
BB-FBSRC is 0.3 < D < 0.8. Similarly, from Fig. 8(b), this
range is obtained for BB-HBSRC as 0.2 < D < 0.9. Hence, the
range of input voltage for BB-FBSRC is selected as 18-36 V
with D = 0.68-0.34. The range of input voltage for BB-HBSRC
is selected as 36-96 V with D = 0.68 to 0.26. Fig. 9(a) shows the
input voltage Vg versus duty cycle D variation for all the three
configurations. Hence, the selected duty cycle limits results in
better control of the input voltages and provide ZVS turn-ON
of the switches in all the three configurations. Fig. 9(b) shows
the duty cycle versus gain variation, in which it can be observed
that there is a wide variation in the voltage gain and even it is
above and below unity, producing buck/boost modes. Thus, the
converter is operated optimally.

D. Selection of MOSFET Switches

The drain—source peak voltage of the switches is the volt-
age Vg applied to the inverter. Fig. 10(a) shows the switch
drain—source peak voltages in the entire input voltage range
under different configurations. The peak voltages are equal
for all the switches at particular input voltage level and zero
for the switch which is continuously ON. In BB-FBSRC, the
switches (S7—54) have a maximum drain to source voltage of
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Fig. 10. In all the voltage ranges: (a) variation of switch drain—source peak
voltages; and (b) variation of switch drain—source peak currents.

Vi = 56.25V at Vg = 18 V and D = 0.68. Similarly, in BB-
HBSRC, the switches (S7, S2, and S4) have a maximum drain
to source voltage of Vgg = 131V at Vg = 96 V and D = 0.26.
However, in HBSRC, the drain to source voltage applied is
only Vg = Vi as Vg ~ 0. Thus, in HBSRC, the maximum
voltage across the switches (S3, S3, and S;) is the maximum
input voltage Vg, i.e., 120 V. Hence, the switches S7, So, and
S5 have maximum peak voltage stress of 131 V and the switch
S, has maximum peak voltage stress of 120 V. Hence, the peak
voltage stress across switches is not high and is on par with the
input voltage applied. The absolute values of peak currents in the
switches S; and S, are estimated from (22)—(27) in the range of
0 <t < T'.Fig. 10(b) shows the absolute values of switch peak
drain currents in the entire input voltage range under different
configurations. It can be observed that the switch peak currents
are more in BB-FBSRC configuration due to the increased BB
average current /1 gg with less input voltage. The maximum peak
currents in the switches are in the range of 1.8-2.8 A. Thus, it
can be observed from figure that the variation in peak currents
in switches S5 and Sy is very less in each configuration and they
are almost of the same magnitude in all the configurations. As

LED driver LED Load

Fig. 11.  Experimental setup of the proposed LED driver.

BB current also flows in switches S and Ss, the peak currents
increase a bit, compared with currents in S5 and Sy; however,
they are not of high value. Thus, the peak current stress in the
switches is not high and it is at a reasonable value. Based on the
peak voltages and currents, the MOSFET switches IRFP250NPbF
are selected in the proposed configuration having rpg of 75 mSQ.

V. SIMULATION AND EXPERIMENTAL RESULTS

The proposed configuration is simulated and tested for the
input voltage range of 18—120 V. The corresponding operating
voltage range and duty cycle of particular configuration are
considered as in Fig. 9(a) with the parameters shown in Table I.
Fig. 11 shows the experimental setup of the proposed LED
driver. CV 3-200/SP6 and CV 3-500 voltage sensors are used
for input and output voltage sensing. DSP-TMS320F28379D is
used for generating the gate signals using closed-loop control.
The proposed converter closed-loop behavior is simulated in
PSim Software. Fig. 12 shows the simulated dynamic behavior
of the proposed configuration with V4. varying from 18 to
120 V, where the proposed configuration shows that it can
well reconfigure in different configurations based on the input
voltage range and well regulated within particular reconfigura-
tion. Fig. 13 shows the experimental dynamic behavior of the
proposed configuration while transforming from one configu-
ration to another based on the input voltage. Fig. 14 shows the
experimental dynamic behavior of the proposed converter in
each configuration. As can be observed, there is significantly
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HBSRC to BB-FBSRC); (b) Vg, = 48-120-48 V (BB-HBSRC to HBSRC to
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less overshoot and faster response compared with simulation
results, which indicates that the proposed converter is stable
even under dynamic conditions. Thus, the proposed converter
can smoothly transform from one configuration to another and
can well regulate the output voltage in each configuration, and
it, thus, regulates the output voltage for the wide input voltage
variation from 18 to 120 V. To know the exact behavior of the
proposed converter in steady state, it is simulated in PSpice
software. Figs. 15-23 show the simulation and experimental
waveforms of proposed converter in steady state. The simulation
and experimental results of BB-FBSRC with V4. = 24, 18,
and 36 V and corresponding duty cycle as 50%, 68%, and
34%, respectively, are shown in Figs. 15-18. Fig. 15 shows the
waveforms of vgg, 7188, VA1- 42, and i, at various input voltages.
Figs. 16—-18 show the waveforms of drain to source voltages,
v51—Vg4 and drain currents ¢ g1 —i g4 of switches S1—S5 at various
input voltages. The ZVS turn-ON across the devices is observed
and zero current switching (ZCS) turn-OFF is partially achieved
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Fig. 14. Experimental dynamic behavior of proposed configuration in:

(a) BB-FBSRC with V. = 18-24-36-24-18 V; (b) BB-HBSRC with V4. =
37-48-96-48-37 V; (c) HBSRC with V. = 97-120-97 V.

for the above voltages; thus, soft-switching is achieved by the
BB-FBSRC for the voltage range of 18-36 V. The simulation
and experimental results of BB-HBSRC with Vg, = 48, 36, and
96 V and corresponding duty cycle as 50%, 68%, and 26%,
respectively, are shown in Figs. 19-21. As ZVS turn-OFF across
the devices is observed and ZCS turn-ON is partially achieved
for the above voltages, soft-switching is achieved by the BB-
HBSRC for the voltage range of 36-96 V. The simulation and
experimental results of HBSRC with Vg, = 96 and 120 V corre-
sponding duty cycle as 50% and 30%, respectively, are shown in
Figs. 22 and 23. As ZVS turn-OFF across the devices is observed
and ZCS turn-ON is partially achieved for the above voltages,
soft-switching is achieved by the HBSRC for the voltage range
of 96—120 V. As discussed in Section III-C, the peak currents
of S; and Sy are varying in BB-FBSRC and BB-HBSRC as
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Fig. 16.  Voltage and current waveforms of switches in BB-FBSRC at V. of
24 V through: (a) S1, S2 through simulation; (b) S3, S4 through simulation;
(c) S1, So through experimentation; (d) S3, Sy through experimentation.

they have to carry ¢ gg along with ¢,. and the switch S5 is more
sensitive to ZVS turn-ON. Also, as discussed, the switches S4 for
D > 50% and S3 for D < 50% are sensitive to ZVS turn-ON in
BB-FBSRC and HBSRC configuration. However, irrespective
of inductor current and duty cycle modulation, the proposed
converter achieves ZVS turn-ON across all the switches. Further,
the simulation and experimental results are in good agreement.

In the proposed LED driver, dimming is implemented using
PWM technique to regulate the illumination of the LED lamp,
where the inverter is turned ON and OFF with a low dimming fre-
quency. Thus, without disturbing the operating point of the LED
lamp, its average current is regulated. The dimming operation
is achieved in all the three configurations with a frequency of
200 Hz. Fig. 24 shows the experimental results of LED voltage
and current at 40% and 80% dimming levels for BB-FBSRC,
BB-HBSRC, and HBSRC at Vg, = 24, 48, and 96 V, respec-
tively. Similarly, dimming control can be implemented when
the converter operated for other input voltage ranges.
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Fig. 17.  Voltage and current waveforms of switches in BB-FBSRC at Vg of
18 V through: (a) S1, S2 through simulation; (b) S3, S4 through simulation;
(c) S, S2 through experimentation; (d) S3, S4 through experimentation.

VI. EFFICIENCY AND COMPARATIVE STUDY

The total conduction losses of the switches and diodes are
estimated using (35)—(38) and efficiency curve for the entire
input voltage range of 18—120 V has been plotted as shown in
Fig. 26(a). Further, loss analysis using thermal modeling has
been carried out in PSim Software. Fig. 25 shows the simulated
loss analysis across switches for the entire input voltage range.
The total diode losses obtained through simulation is same in
entire voltage range and is 1.33 W. Corresponding efficiency
curve is shown in Fig. 26(a). As the turn-OFF switching losses
are also accounted in simulation, the simulated efficiency is low
compared with theoretical efficiency. Fig. 26(a) also shows the
practical measured efficiency. As there are core and winding
losses also in practice, the experimental efficiency is little less
compared to simulation efficiency. The efficiency is around
92%-94%. Thus, the proposed converter achieves high effi-
ciency in all the configurations. Fig. 26(b) shows the efficiency
curve of all the three configurations with 50% duty cycle at
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Fig. 19.  Waveforms of voltages and currents in BB-HBSRC at Vg, = 48 V:

(a) va1—A2, ir, UBB, LB through simulation; (b) S, So through simulation;
(¢)vA1-A2,ir, UBB, i1BB through experimentation; (d) Sp, S2 through exper-
imentation.

TABLE I
COMPARISON OF WIDE INPUT LED DRIVERS

. JSSC 2015 LM34052016 TIE 2017 TCAS12018 TPE 2019
Topologies i6] 7 [5] 9] [10] Proposed
0.35um 0.5pum 0.13um
Process cMos  NA NA CMOS BCDLite NA
Input
Voltage (V) 5-45 3-15 7-45 5-115 6-18 18-120
Auto
Switching Hard- Hard- Hard- Configurable Soft- Soft-
Mode Switching ~ Switching Switching Hard/Soft Switching Switching
Switching
Average LED
current (mA) 700 1000 1000 350 500-1300 1000
Max. Output
Power (W) 20 15 25 25 12 22.77
Switching 2.2MHz and
Frequency ~ “MHz 1.6MHz 500kHz  1"eMHZ 2.8MHz 200 kHz
Inductor . -
(uH) 8.2-39 6.8 & 22 10 10 0.68-1 88 & 260
Dimming
Frequency 20kHz 20kHz 1kHz 20kHz 20kHz 200 Hz
Max. Power 92.6 and
Efficiency 972 91 8296 ond 96.1 91.8-94.19

different dimming levels. It can be noticed that the efficiency is
nearly constant in all the three configurations.

The proposed configuration is compared with existing LED
drivers that operate for wide input applications as shown in
Table II. The component count is less in these topologies. But
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Fig. 20. Waveforms of voltages and currents in BB-HBSRC at Vg, = 36 V:
(a) va1-A2, ir, UBB, i1BB through simulation; (b) Sy, S2 through simulation;
(¢)va1-A2,ir, UBB, ‘LB through experimentation; (d) Sy, So through exper-
imentation.
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Fig. 21.  Waveforms of voltages and currents in BB-HBSRC at V. = 96 V:

(a) va1—A2, ir, UBB, iR through simulation; (b) S, S through simulation;
(¢)vA1-A2,ir, UBB, iBB through experimentation; (d) Sp, S2 through exper-
imentation.
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Fig. 22.  Waveforms of voltages and currents in HBSRC at Vg, = 96 V: (a)

VA1-A2s i, UBB, 2LBB through simulation; (b) S3, S4 through simulation; (c)
VA1-A2, ir, UBB, iLBB through experimentation; (d) S3, Sy through experi-
mentation.

in [5]-[7], the converters are operated with hard-switching that
either reduces the power density or increases the switching
losses. Also, in [6], [9], and [10], CMOS and BCDLite technolo-
gies are implemented which increase the cost and complexity.
Thus, compared with existing LED drivers, the proposed driver
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Fig. 23.  Waveforms of voltages and currents in HBSRC at V' = 120 V: (a)
VA1-A2. ir, UBB, LB through simulation; (b) S3, S4 through simulation; (c)
VA1-A2s i1, UBB, iLBB through experimentation; (d) Ss, Sy through experi-
mentation.
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Fig. 24.  Experimental dimming waveforms of vp, ¢o. (a) BB-FBSRC with

24 V input: 40% dimming. (b) BB-FBSRC with 24 V input: 80% dimming. (c)
BB-HBSRC with 48 V input: 40% dimming. (d) BB-HBSRC with 48 V input:
80% dimming. (¢) HBSRC with 96 V input: 40% dimming. (f) HBSRC with
96 V input: 80% dimming.
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Fig. 25. Simulated loss analysis of proposed configuration under different

input voltages in different reconfigurations.
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different reconfigurations and (b) dimming with all the three configurations for
50% duty cycle.

TABLE III
COMPARISON OF WIDE INPUT SOFT-SWITCHED CONVERTERS

Input Range of .
Sec. Rated PP ff.  Gain
Structure S DL C TF w;: Mod. Voltage  Switching
Win. Power Range (V) Frequency (%) Range
Isolated
BuckcBoost 8 4 14 1 1 PS oW 100400  60kHz  97.61 03
onverter E
PWM
380 v/ 1.97-
ggfll:]lg{letr“s] 512 4 1 1 PWM 300 W 25-35 135 kHz 98.9 276
M(ljxgilevel v/ 09
L 5k Vi .95-
gesunant el 8§ 4 13 2 1 PWM 100 kKW 40-75 50 kHz - 285
onverter
Active Boost
4 ; Double 380 V/ 1.73-
Eﬁf,‘v‘?f&?‘fi%‘]' 6023 1 1 potde sy 2535 140kHz  98.61 543
Structure-
200V,
Reconfigurable 7 0.5-
Series Resonant 73 1 3 1 1 PWM  400V/ 30-60 100 kHz 954 2
Converter [25] 500 W
Interleaved
1 Boostt o 234 1 2 pwm 2% 120240 100kHz 96 SO
N .
T - N
E bt 4023 1 2 pwm RBY sen 100kHz 9396 0%,
G
R g‘l’;cf‘gg"[sz'g] 24 34 1 1 PWMy BNE 100200 os-tiskHz 94 9%
T dswitch 24V 0.116-
g E]“;c[lfi%]?;;f 6 0 2 3 1 2 PWM 720 W 250-420 1 MHz 96.4 0.224
Proposed 22.5V/ 0.18-
Converter 4423 0 0 PWM 2w 18-120 200 kHz 94.19 1.25

S -No. of Switches, D -No. of Diodes, L -No. of Inductors, C -No. of Capacitors, T/F -No. of Transformers
Sec. Win. -No. of Secondary Windings, Mod. - Modulation, Eff. - Efficiency

provides benefits like wider voltage gain and ZVS under wide
input variations and, thus, results in reduced switching losses
and high efficiency with easier implementation. Also, the pro-
posed configuration is compared with existing wide input soft-
switched converters as shown in Table III, where the internal
voltage gain of the converters without transformer is com-
pared along with component count, modulation, voltage range,
efficiency, etc. It is evident from Table III that the proposed
configuration provides various benefits, such as smooth trans-
formation into three different topologies without any additional
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switching devices, no topological transitions within a switching
cycle in steady state, transformer less, compact in size, soft
switching and wider voltage gain with buck/boost operation,
and use of simple PI controller in contrast to these topologies.

VII. CONCLUSION

A reconfigurable nonisolated BB-integrated FBSRC-based
LED driver is proposed for wide input automotive applications.
BB converter operation is integrated with FBSRC and, hence,
can be reconfigured as BB-FBSRC, BB-HBSRC, and HBSRC
achieving three different levels of voltage gains. APWM tech-
nique is employed for voltage regulation. Based on the input
voltage range, the converter transforms to one of the three
configurations and the corresponding PI controller regulates
the output voltage against variations in the input voltage. The
proposed converter is analyzed with respect to the design, con-
duction losses, and voltage and current stress in the devices.
The performance has been verified with both simulation and
experimental results. It is observed that the proposed configu-
ration smoothly transforms from one configuration to other and
can provide voltage regulation with soft switching across the
devices in the entire voltage range. Thus, compared with existing
LED drivers, the proposed driver provides benefits like wider
voltage gain and ZVS under wide input variations and, thus,
results in reduced switching losses, easy implementation, and
high efficiency under wide input voltages and dimming levels.
Also, there are various benefits, such as smoothly transformation
into three different topologies without any additional switching
devices, no topological transitions within a switching cycle in
steady state, transformer less, compact in size, soft switching
and wider voltage gain with buck/boost operation, and use
of simple PI controller in contrast to the existing wide input
soft-switched topologies. Therefore, the proposed LED driver
is well suitable for automotive LED lighting applications with
wide input voltage variations.
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