IET Power Electronics '
The Institution of

Research Article Engineering and Technology

ISSN 1755-4535

Received on 22nd November 2015
Revised on 1st September 2016
Accepted on 3rd September 2016
doi: 10.1049/iet-pel.2015.0945
www.ietdl.org

Single-stage electrolytic capacitor less
non-inverting buck-boost PFC based AC-DC
ripple free LED driver

Udumula Ramanjaneya Reddy ™, Beeramangalla Lakshminarasaiah Narasimharaju

Department of Electrical Engineering, National Institute of Technology, Warangal, India
= E-mail: urreddy89@gmail.com

Abstract: This study proposes electrolytic capacitor (EC) less power factor correction (PFC) light emitting diode (LED)
driver with reduced current ripple. Generally PFC LED drivers need massive ECs to diminish output current ripple. The
life-span of LED driver significantly reduces due to short life-span of ECs, and hence demands for EC-less LED drivers.
The proposed LED driver is composed of non-inverting buck-boost PFC converter and bi-directional converter (BDC) for
ripple current cancellation which replace the short-life ECs with long-life film capacitors. The PFC converter is designed
with discontinuous conduction mode in order to ensure unity power factor operation. The role of BDC is to absorb
second harmonic ac ripple current of PFC converter and allow the dc current to LED load. In addition, the desired BDC
output voltage (vpc) is higher than the PFC output voltage (V| gp) irrespective of ac source voltage, hence, simplifies the
control complexity. Theoretical analysis and predictions of the system have been validated using MATLAB/Simulink
simulation, and experimentally validated with a prototype of 7 W. The results evident that PFC integrated BDC provide
reduced ripple current with film capacitor as compared with EC counterpart and hence increase the life-span of LED driver.

1 Introduction

Globally one fifth consumption of electricity in lighting system
demands for energy efficient lighting sources [1]. With rapid
advancement in semiconductor technology, light emitting diodes
(LEDs) are gaining more popular than conventional lighting
systems. The advantages of LEDs over conventional lighting
systems are high luminous efficacy, long-life, lesser power
consumption, compact size and environmental friendly etc. [2, 3].
A direct ac-grid fed LED lighting system involves ac—dc power
converter with power factor correction (PFC) to attain near unity
power factor (UPF) with less total harmonic distortion (THD).

In literature several types of PFC based LED drivers such as
single-stage, two-stage etc., are reported. Two stage PFC LED
drivers are used for medium power applications. The first stage is
to achieve UPF, whereas second stage is to maintain desired
voltage regulation. However, two stage drivers suffers from several
demerits such as bulky, lesser efficiency, high cost and require two
control circuits [4]. These drawbacks can be overcome by use of
single-stage drivers, where in which both PFC stage and dc—dc
stage is merged into single stage to achieve compact size with
desired power factor (PF). Further, single-stage PFC based LED
drivers using various converter topologies have been addressed
[5-8]. Among all topologies the buck converter is cheapest
converter but it serves only when output voltage is less than ac
source voltage. The negative input current would occur when the
rectified input voltage is less than output voltage. This is not
allowed because the rectifier will block negative current. As a
result the input current is zero near zero crossing point of line
voltage; it exhibits more distortions of ac source current and
electromagnetic interference problems [5-8]. Therefore, this
converter is not good for PFC applications. Although, the boost
converter is a best choice for PFC applications due to its source
side inductor, but still it suffers from higher device voltage stress
for universal input applications. Moreover, as a consequence of
higher boost voltage, more number of LEDs needs to be connected
in series, which lead to higher driver cost [6]. Flyback converter is
a good choice for low power applications due to its less
component count and inherent device protection with isolation.
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However, transformer design is complex and its leakage
inductance leads to ringing oscillation. Cuk, SEPIC and Zeta
converters have more number of storage devices, which increases
the size of driver [7]. A classical buck-boost converter works in
step-up/step-down mode and capable of giving high PF is a better
choice for low and medium power applications and hence, able to
fulfil most of the LED driver specifications. However, it suffers
from various drawbacks such as high switching stress due to
inverted output, need of isolated gate driver circuit, independent
grounding of source side and load side [8]. These drawbacks can
be overcome by the proposed non-inverting buck-boost (NIBB)
converter. Generally, LED driver requires bulky electrolytic
capacitors (ECs) to balance the dc output power and instantaneous
input power. The life-span of ECs ranges from 5000 to 10,000
hours (1/10th of LED life-span) and it leads to reduction in overall
life-span of LED drivers [9, 10]. In order to improve the life-span
of drivers, EC-less LED drivers are essential [11]. In consequence,
several techniques to eliminate ECs are reported [12-22]. EC-less
LED driver is implemented by replacing EC with magnetic storage
device [12, 13]. However, the storage device is associated with
various drawbacks such as less energy density, reduction in
efficiency due to core and winding resistance loss [22]. Another
method is by reducing the power imbalance to be handled by ECs
between ac input and dc output [14]. Few authors have addressed
third and fifth harmonic injecting techniques to eliminate ECs and
minimise peak to average ratio [15-17]. However, by injecting
third and fifth hormonics component into source current results in
reduced PF and high THD and significant flickering effect in LED
light due to second harmonic ripple [15, 16]. Moreover, the
additional control circuit is required to generate third and fifth
harmonics. Thus, it increases the overall driver cost and
complexity of control circuit which needs to be further investigate.
A pulsating current driver technique is presented to reduce the EC
size [18]. However, all these methods eliminate ECs with the
penalty of poor PF. In [19-21] the bi-directional converter (BDC)
is connected in parallel with PFC converter to absorb the second
harmonic ripple, whereas BDC is operated with feed forward
closed loop control which increases the control complexity. This
paper proposes ripple-free LED driver using EC-less NIBB PFC
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integrated BDC. The proposed driver provides various advantages
such as improved PF, lesser THD, ripple free LED current,
compact size and increased life-span due to elimination of EC and
simple BDC control because of its fixed duty operation. Section 2
presents operation and design of proposed converter with an
introduction from Section 1. Section 3 presents operation and
design of proposed EC-less LED driver. Finally, Section 4
presents simulation, result analysis and performance comparisons
of various parameters of the proposed system.

2 Operation and design of NIBB PFC converter

In the operation and design of NIBB PFC converter, the circuit
elements are considered as ideal.

2.1 Principle of operation

The PFC LED driver consists of uncontrolled rectifier followed by
PFC converter. Figs. la—c illustrates the NIBB PFC converter,
EC-less PFC integrated BDC for ripple cancellation and their
theoretical waveforms, respectively. The PFC converter is
designed with discontinuous conduction mode (DCM) to ensure
UPF with low THD. When the switches (Opre & Q) are
turned-ON simultaneously, the PFC inductor (Lyg) gets charged
from the dc-link voltage (v;,), while the charged capacitor (C,)
alone supplies power to the LED load. When the switches (Qpe &
O/,) are turned-OFF, the diodes (D & Dyy) get forward biased
and hence, the energy stored in Lyg will helps to charge C, and
also, supplies power to the load. When L, is completely
demagnetised both the diodes get reverse biased, while Oy &
O/, are already in turn-OFF position and inductor voltage (vafc)

becomes zero and hence operates in DCM. During this DCM
interval the charged C, alone supplies power to LED load until
next switching cycle begins. This topology is considered as
indirect energy transfer converter because its source is not
connecting directly to the load. Thus, it prevents the load from any
source faults and vice-versa.

2.2 Design considerations for DCM
When both the switches are turned-ON for time D7, the change in

inductor current is given by

. V;
Aiygy = ﬁDT 1)
pfc

When the switches are turned-OFF at ¢t = DT, diodes become forward
bias for time duration of D, T.
The change in inductor current is given by

. —V;
Aiyy = LLfED D,T ©)
pfc

At t = DT inductor energy resets to zero and hence diodes become
reverse bias. During the DCM interval of (1 — D — D)7, all the
switching devices are turned-OFF, hence charged C, alone will
supply power to the load. The current through inductor during
DCM operation is zero and is given by

Aiygy =0 3)

Under steady-state operation, net change in inductor current over a
cycle period is zero and is given by

, —¥,
ViDTﬁ—%DlT—l—O:O @)

Lpfc pfc
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By solving (4), the dc gain of NIBB converter is obtained as

M:VLED_D

=5 )

Vin
From the ig waveform shown in Fig. 1c, the average diode current is
equal to average output current and is given by

14 1 [k
Lipp = ;;ED :?[TPDIT] (6)

From (6), average load voltage is given by

v. DD, R
V. _ Jin 1 (7)
LD 2Lpfcfspfc
By equating (5) and (7)
2L
Dy =75 ®)
where,
R = VLED (9)
Ligp

From the waveform shown in Fig. 1c, the maximum switch current
(fswm) and maximum diode currents (igy,) can be calculated as
follows

iswm = ink - Lm DT (10)
pfc
. . "
lim = lek = —LL]iDD]T (11)
pfc

Assuming boundary condition, the critical inductor value is given by

VLED(I B D)

L fe (crit) —
pre(erty 2fprelLED

(12)

For DCM operation, the value of Ly must be less than the Lpgecrie)
value.

The output filter C, value must be adequate enough to provide
tolerable ripple output voltage and to supply continuous output load.

I gpD

Co=—7"""7— 13

° AVco .fspfc ( )
where, Av,, — output ripple voltage, V1 gp — voltage across LED load,
Jepte — switching frequency of PFC converter, M — dc-gain of NIBB
converter, C, — output filter capacitor, vi, — dc-link voltage, i;,; —
peak current of Ly, and D — duty ratio of PFC converter. R —
Equivalent output resistance of LED load. Filter capacitor (C,) is
designed to achieve a ripple voltage Av., of 5% with a switching
frequency of 20 kHz.

3 Operation and design of proposed EC-less LED
driver

Fig. 15 illustrates the proposed EC-less LED driver schematic, which
composed of NIBB PFC converter and BDC topology for ripple
absorption. The inductor (L,) is to provide desired ripple free
current to the load. In order to achieve ripple free output voltage,
film capacitors are used instead of bulky ECs which results in
increased life-span of PFC LED drivers. Fig. 2 depicts the key
waveforms of proposed EC-less LED driver.
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Fig. 1 Proposed converter circuits
a NIBB PFC converter
b PFC integrated BDC
¢ Theoretical waveforms
The instantaneous source voltage v, (¢) and source current i, (¢) can be calculated as
are given by
VI
Py, = ZmZPLED (17)
V() =V, sin wt (14)
where V,, — peak value of source voltage, /,, — peak value of source
i() =1, sinwt (15) current, p;,(f) — instantaneous input power, P;, — average input

For UPF operation, the source current is in-phase with source
voltage. From (14) and (15), the instantaneous input power is
represented by

pin(t) = Vac(t)iac(t) = Pin - Pin cos 2wt (16)

Assuming zero power loss in PFC converter, the average input power

r
1 ac, IGC

Q“:

) \/;t
A

3

S > ¢

1/100 1/50

Fig. 2 Key waveforms of proposed EC-less LED driver
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power, Prgp — output power and @ — angular frequency of input
supply ® = 27/Tjine. Assuming larger value of L, its current is
considered as constant. This means the voltage across capacitor C,
is same as voltage across LED load. The instantaneous input
power is same as output power.

:PLED:Pm(f): Py Py
Vieo  Vieo Ve Vieo

(18)

cos 2wt

I

The current #; has two components, one is ac component with twice
the line frequency, and another one is dc component /i gp as
illustrated in (18). The direct feeding of 7; to LED load leads to
flickering which reduces the efficacy and life-span of LED. The
proposed BDC topology has been used to bypass the ac
component with twice the line frequency from i; and hence
eliminates the load flickering.

3.1 Operation of proposed LED driver

This section explains modes of operation of proposed LED driver.
Fig. 3 shows the equivalent circuits of proposed LED driver in
each mode of operation. From the theoretical waveforms shown in
Fig. lc, the operation of proposed driver is categorised into four
modes under the condition Py, > Prgp. The operation under the
condition P;, <Prgp is similar to P;, > Prgp except that the
current i, flows in reverse direction.

Mode-1: [0 ~ 1]

In mode-1 operation, switches Opg, O/, and Oy are turned-ON
at instant #=0. The inductor Ly is energised from dc-link voltage,
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Fig. 3 Equivalent circuits of different modes of proposed LED driver

a Mode-1
b Mode-2
¢ Mode-3
d Mode-4

ift) }"

Fig. 4 Equivalent circuit of BDC topology

while C, delivers energy to L. and LED load. This mode ends at
t = t;. The equivalent circuit of mode-1 is shown in Fig. 3a.

Mode-2: [t; ~ 1]

At the instant 7 = 7,, the switches (OQpfe, O/,;) OFF and the switch
O remains ON and O/, remains OFF, and diodes (Dpg, Dpg)
become forward biased. Stored energy in the L,g delivers to
charge the capacitor C,, energise the inductor Ly, and power the
LED load. The mode-2 ends at the instant f=#, and the Ly is
fully discharged. Fig. 3b depicts the equivalent circuit of mode-2.

Mode-3: [t,215]

Lot Do

+ Vg - iy Tz

Dy - Co==

Vieo

Table 1 Specifications of proposed EC-less LED driver

Parameter description Value/model no.

source voltage (V) 30-90 Vs
supply frequency ( fiine) 50 Hz
output power (P gp) 7W
output voltage (V| gp) 40V
output current (/gp) 175mA
rectifier diodes (Dy, D, D3 & D4) , MUR 160 (4)
MOSFETs Qurer Qe IRFP264N, IRF540N
, Qper Q¢ SiHG20N50C (2)
diodes (Dytc, Dytc) BVY29 (2)
switching frequency fopfc 20 kHz
fsbe 58 kHz
inductors Lofer Lo 300 pH, 2.2 mH
L, (output filter) 2 mH
capacitors Cor Coe 6.6 uF, 13.2 yF
pulse generation TL 494 PWM IC
FPGA processor

driver ICs IR2110 (2)

The equivalent circuit of mode-3 is shown in Fig. 3c. In mode-3
operation, O, is still remains ON and Ly is in zero energy state.
The capacitor C, supply energy to Ly, and LED load. The mode-3
operation ends at instant ¢ =3 when Q. is turned-OFF and @, is
turned-ON.

Fig. 5 BDC control circuit implementation

a Altium designer schematic view
b Control logic using XILINK blocksets in MATLAB
¢ Experimental setup of proposed LED driver
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Fig. 6 Simulation waveforms of PFC converter at ac source voltage of

a V=50 Vims
b V=70 Vims
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Fig. 7 Simulation waveforms of BDC at ac source voltage of
a V=50 Ve
b V=70 Vims
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Fig. 8 Simulation waveforms of Vigp, I pp of PFC converter (i) without BDC and (ii) with BDC topology at v, of
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b V=70 Vs
c V=110 Ve
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Fig. 9 Experimental waveforms of PFC converter
a V=50 Vye
b V=70 Vyme
Mode-4: [t~ T] From (20) i, can be written as

The equivalent circuit of mode-4 is shown in Fig. 3d. Mode-4 |
starts at instant ¢ =#; by turning-OFF Q,. and turning-ON Q. o in(2 2
Energy stored in L. will be discharged to C,., while C, alone e Dy, Lep Sin (26) (22)
supplies power to LED load. The mode-4 operation ends by
turning-OFF Q1. at time #=T and next switching cycle begins
with mode-1 operation. From (21)

3.2 Design of BDC topology i = 1= Dy I g sin Qaot) (23)
ch Dbc

The steady-state analysis of BDC has been made by neglecting dc

component. Whereas, filter components L, and C, are considered

as short circuit and open circuit, respectively. Fig. 4 shows the The voltage across Ci. is expressed as follows

equivalent circuit of BDC.

Due to the role of PFC, the double line frequency ac component of

. ; | =T
diode current iy (f) can be expressed as follows Vepe(t) = o~ '[ () dt
be J =0 (2 4)
i4(t) = I, g, sin (2wr) (19) 1 1-D
LED = 30t D—beCILED(—cos Qo)

The current ig will flow only through the switch Q. by deviating the
path from LED load. Consequently, current ripple component
with twice the line frequency is absorbed by BDC topology. The
switch current iy, and iQ{,c can be expressed as

The current flowing through L. can be derived as follows.

) 1 =T
ig,, = 1a(t) = Dyely, = I gp Sin Qo) (20 I, (1) = L_ch’O Vi, A
1 (1-D,.) .
T ; = sin (2wt 25
ig, = (1= Dy, ey WGy D, e
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Fig. 10  Experimental waveforms of BDC at ac source voltage of

a V=50 Vyms
b V=70 Vyms

By solving (22) and (25), the duty ratio D, is given by

(1 = Dy’ = 40’ Ly G
Dbc =1- 2(1)\/ Lbchc

where, Dy, is duty cycle of BDC.

The inductor Ly, is designed for CCM operation with a switching
frequency of 58 kHz. The dc-gain of BDC converter can also be
expressed as,

(26)

—D
e Veo = Dbc = Tebe (27)

cbe T Veo

where, V¢ — output voltage of BDC, and v, — input voltage of BDC.
When switch Oy, is turned-ON and @, is turned-OFF, voltage
across the inductor Ly, is given by

dij,
Vi, = Ly, @ Veo (28)
By solving (27) and (28), the Ly, can be obtained as
VeoVebe stc VeoVebe
L, = 29

¢ AiLbC (Vcbc - vco) B AiLbC (Vcbc - Vco)f;bc

where, fo,c = 1/Tg, is switching frequency of BDC converter.

The BDC control technique is implemented using Altium
Nanoboard with FPGA Spartan 3AN. Altium designer software is
used to build control logic and interface between PC and board as
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shown in Fig. 5a. Fig. 5b depicts the schematic of control circuit
developed using XILINK blocksets in MATLAB to realise the
BDC pulses. The experimental setup of proposed LED drivers is
depicted in Fig. 5c.

4 Simulation and results analysis of proposed
system

The proposed EC-less LED driver has been simulated and validated
experimentally. Table 1 describe the major specifications used in
prototype of proposed EC-less LED driver.

4.1 Simulation results

Performance analysis of proposed LED driver has been made with EC
and without EC using Matlab/Simulink simulation. The operation of
NIBB PFC is studied and analysed. Figs. 6a and b shows the
simulation waveforms of PFC converters (source voltage (vu),
source current (7,c), inductor voltage (vafc), inductor current (infc),
switch voltages (vafc, VQ;,fc)’ switch current (is,) at input source

voltage of 50 and 70V, respectively. It can be observed from
Fig. 6, that the current i, is sinusoidal with a PF of 0.998 and THD
of 3.74%. The simulation waveforms (vafC, infc) shown in Fig. 6
evident that the desired DCM operation of PFC converter. Figs. 7a
and b depicts the simulation waveforms of BDC with source
voltages of 50 and 70V, respectively. Figs. 8a—c illustrates the
output load waveforms (Vigp & I gp) of PFC converter without
BDC and with BDC for source voltages of 50, 70 and 110V,
respectively.
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4.2 Experimental results

To validate the theoretical design and analysis predictions, a
prototype of proposed LED driver is built and tested. The circuit
components used for hardware implementation is provided in
Table 1. The low-cost analogue IC TL494 is used to generate
switching pulses for hardware implementation of PFC converter.
The PWM switching pulses are realised by using FPGA processor
for hardware implementation of BDC. The converter is designed
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of 175 mA.

Figs. 911 illustrates the experimental results of various parameters
for ac source voltages of 50 and 70 V. Figs. 9a and b shows the

experimental waveforms of PFC converters vy, iac, VL infL, VO,
. .

Vo s and i, at ac source voltage of 50 and 70 V, respectively. It
pfe

can be observed from Fig. 9, that the source current is sinusoidal
with a PF of 0.989. The waveforms (vafC, infc) shown in Fig. 9
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Fig. 12  Experimental waveform of i,. and its harmonic spectrum analysis at ac source voltage of

a V=50 Vins

b V=70 Vi

¢ Efficiency against source voltage
d Measured input current harmonics
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evident that the desired DCM operation of PFC converter. Figs. 10a
and b depicts the waveforms of BDC converter at ac source
voltages of 50 and 70V, respectively. Figs. 11a and b illustrate the
output load waveforms (Vi gp & I gp) of PFC converter without
BDC and EC-less PFC integrated BDC at ac source voltage of 50
and 70V, respectively. It can be observed from Fig. 11, that the
ripple voltage and current of PFC converter without BDC is 8 V
and 125 mA, respectively. Moreover, from Fig. 11 it can be clearly
seen that the ripple frequency of Vigp and I gp of PFC converter
without BDC is twice the line frequency. In consequence, the
waveforms shown in Fig. 11 evident that the significant reduction in
ripple current and ripple voltage with the proposed EC-less BDC
ripple absorption concept. Moreover, from the waveforms shown in
Fig. 11, it can be observed that the effective absorption of the 100
Hz ac ripple component by the BDC topology. The measured ripple
current and ripple voltage from Fig. 11 is 11mA and 2V,
respectively. In addition, replacement of EC with the film capacitor
results in significant size reduction (i.e. both in volume and its
value) and hence increased life-span of the LED driver. Therefore,
as compared with the benefits claimed in [15, 16], the proposed
LED driver results in additional benefits such as; reduced ripple
output voltage and current, high PF, less THD and reduced LED
flickering effect. It is evident from the analysis that both simulation
and prototype result are in close agreement with each other.

Figs. 12a and b depicts the experimental waveforms and THD
spectrums of i,. at 50 and 70 V , respectively. It is evident from
Figs. 12a and b that the source current THD is well below the
IEC-61000 class C limits. Fig. 12¢ demonstrates the efficiency of
PFC converter without BDC and EC-less PFC integrated BDC
LED driver as a function of ac source voltage. It can be observed
from Fig. 12¢, that the efficiency of NIBB PFC based LED driver
without BDC is 88% and proposed EC-less PFC based LED
driver with BDC is 86.20% at v,. of 70 V. Fig. 12d shows the
comparison of measured harmonic spectrum of proposed system
with IEC-61000 class C limits. From Fig. 124, it confirms that the
source current harmonics of proposed LED driver is well below
IEC-61000 class C limits.

5 Conclusion

In this paper, EC-less LED driver is designed and analysed in detail. A
prototype of EC-less PFC based LED driver with BDC integrated is
built and practical results are validated with simulation counterparts.
The proposed LED driver is able to absorb the ripple current of twice
line frequency and allow ripple free current to the load without using
ECs which simplifies control complexity. The results show that the
reduction in output current ripple from 125 to 11 mA using proposed
ripple absorbing BDC topology. In addition, PF of 0.989 is achieved
with DCM operation of NIBB PFC converter. The efficiency of
EC-less ripple absorbing BDC topology with ac source voltage of 70
V is 86.20% and THD is 10.52% which satisfies the IEC 61000 class
C limits. The result analysis demonstrates the effectiveness of
proposed LED driver that provides significant reduction in output
ripple current and voltage, and increased life-span of LED driver
using film capacitor instead of larger size ECs.
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