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Integrated Isolated AC/DC Converter Using
IOFL for LED Driver Applications

Behnam Vakili, Mitra Sarhangzadeh

Abstract—Power factor correction, voltage and current ripple
reduction, and eradicating short-life electrolytic capacitors are
challenging issues in state-of-the-art ac/dc light-emitting-diode
(LED) drivers. The conventional single-stage drivers need an elec-
trolytic capacitor to ensure low output current flicker. However,
electrolyte capacitors having a high failure rate reduce the lifespan
of the LED driver. To cover these challenges, in this article, an in-
tegrated LED driver is proposed. The proposed driver is combined
of three dc/dc converters with only one active switch. It features
high-power factor and low-current flicker, and due to using only one
active switch, its cost, volume, complexity, and power loss are low.
The driver is analyzed step-by-step to show the operation principles
based on the duty cycle variations. Dynamic analysis and control
design of the proposed driver is presented based on the nonlinear
control by input—output feedback linearization. The simulation and
experimental results have been provided to verify the versatility of
the proposed driver.

Index Terms—Current ripple reduction, input—output feedback
linearization (IOFL), integrated dc—dc converter, light-emitting
diodes (LEDs), light flicker, steady-state analysis.

I. INTRODUCTION

IGHT-EMITTING diodes (LEDs) are semiconductor light
L source that release energy in the form of photons when
directly biased. This effect is called electroluminescence. The
color of light (proportional to the photon energy) is determined
by the semiconductor energy gap. These devices emit light when
exposing to an electric current, where the intensity of the light
emitted directly depends on the value of the current passing
through it. LEDs, alike diodes, need dc current and voltage to
light up. The brightness of LEDs is adjusted by modulating the
current passing through it. As the current passing through the
LED increases, the emitted light increases.
Traditionally, to control the current of LEDs, resistance-based
current limiters and linear regulators were employed [1]. Nowa-
days, the brightness of the LED is usually adjusted by using
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Fig. 1.  (a) Overall schematic of LED driver. (b) Current and voltage changes

in LED voltage/current characteristic.

pulsewidth modulation switching strategy to control voltage or
current of LEDs [1], [2], [3], [4].

A converter with a voltage controlling unit has a constant
voltage and variable current, while power LEDs require a con-
stant current. A converter with current controlling unit has a
constant output current with variable voltage. Therefore, cur-
rent converter, called LED driver, is used to drive LEDs. As a
result, when using LED drivers, which are equipped with current
controller, arbitrary number of LEDs can be connected in series
[1], [2], [3]. Therefore, switching power sources, which consist
voltage/current controlling units, can achieve high efficiency,
high-power density, and precise control accuracy, making them
ideal candidates for high-power LED drivers.

The main features of an ideal LED driver are to offer high-
power factor and low harmonics at the ac side, low-current
ripple and low-light flicker in LEDs, as well as electrolytic
capacitorless with durable and long-life structure. Drivers with
power factor correction (PFC) capability, which s called the PFC
converters, and power controlling capability, which is called
Power Controller (PC) converters, offer higher efficiency, de-
sired output current, and appropriate harmonic standards [4], [5].
As shown in Fig. 1(a), the input voltage of the LED driver (V,)
is the output voltage of a rectifier. In order to have a unity power
factor in ac side, there should be no capacitor in the rectifier
output. The absence of a capacitor at the dc side of the rectifier
causes high-voltage fluctuations at its output, which results in
a nonsmooth dc-link voltage (V). Therefore, V; comprises of
dc and ac parts, where the frequency of its fundamental ac
component is twice the frequency of the ac grid [5]. In other
words, the input voltage fluctuates with double line frequency
ripple [6]. The voltage ripple of V; causes high voltage ripple
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Fig. 2. Overall schematic of single-stage LED driver.

at the output side of the LED driver (AVygp). As shown in
Fig. 1(b), if the driver does not have a proper structure and
controller, due to the nonlinearity of the LED voltage/current
characteristic, a small ripple in the LED voltage causes a large
ripple in the LED current (Airgp). A large current ripple in the
LED causes light flicker [7], [8], [9]. To avoid the mentioned
problems, many LED driver topologies have been introduced
so far. In the conventional LED driver, to reduce voltage and
current ripple in LED side, large capacitors are used in LED
side. Considering that large capacitors are of electrolytic type
and the lifespan of these types of capacitors is about 5000 h, and
the expected lifespan of LEDs is about 50 000 h, the electrolytic
capacitors can decrease the estimated lifespan of LED drivers
[10]. In order to increase the expected lifetime of LED drivers,
the electrolytic capacitor must be eliminated from the circuit.
Therefore, to overcome this problem in single-stage drivers, two
solutions can be resorted: first, increasing switching frequency,
and second, using multistage converters. Increasing switching
frequency causes extra power loss and necessitate using expen-
sive and complicated high-frequency devices, for example GaN
semiconductors.

Increasing the number of converting stages, however neces-
sitate using high number of component, makes it possible to use
low-capacitance nonelectrolyte capacitors without increasing
switching frequency.

In multistage LED drivers, voltage ripple is reduced through
several stages (two or three stages). To this end, each stage uses
one low-capacitance nonelectrolyte capacitor. In other word, in
multistage LED driver, each stage shoulders reducing a portion
of voltage ripple by using small-size nonelectrolyte capacitors
without increasing switching frequency and accordingly switch-
ing losses. While multistage LED drivers need many number of
switching devices, the attempt is to approach to a multistage
LED driver with minimum number of component. This can be
achieved by integrating the stages. In this way, it is practical
to use small ceramic or polyester types that have lower failure
rate [11], [12], [13]. Therefore, LED drivers can be divided into
integrated, single-stage, two-stage, and three-stage categories.
Any of them can be single or multiple outputs. The single-stage
driver, which is depicted in Fig. 2, has only one dc—dc converter
as PFC and PC cell simultaneously. An electrolyte-capacitorless
single-stage driver has a high-power factor at the input but a high
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Fig. 3.  Overall schematic of two-stage LED driver.

ripple at the output. In these types of drivers, a large electrolytic
capacitor can be used at the output to eliminate the current ripple;
however, it comes at the cost of shortening the lifespan of the
driver [14], [15], [16], [17].

To solve the problems of the single-stage drivers, two-stage
and three-stage divers can be employed. Since each stage uses
a capacitor, increasing the number of stages means using higher
number of capacitors and reduced voltage and current ripple. At
first glance, using higher number of capacitor seems as a draw-
back; however, the size of capacitor in each stages is reduced.
Thus, it is possible to use small-size nonelectrolyte capacitors
and reduced the ripple. Increasing the number of stages comes
with the expense of using many switches causing increased
complexity and cost. Therefore, the attempt is to increase the
number of converting stages by employing fewer number of
switches.

The overall structure of a two-stage driver is shown in Fig. 3.
As shown in this figure, two-stage drivers are combined of two
dc—dc converters, where the first converter is used to correct
the power factor and the second converter is used to control the
output current [11], [12], [13]. As it is observed in this figure, to
approach to a smooth voltage and current at the output terminal
of the driver, whether or not the output capacitor (Cy;,) of PFC
unit is electrolyte or not-electrolyte type, there is no need to use
a large electrolyte capacitor (C,) at the output side of the PC
unit. Thus, to increase the lifespan of the LED driver, it would
be better to use nonelectrolyte capacitor (Cst,) at the output side
of the PFC unit as well.

The only drawback of two-stage drivers is using a large
number of elements, which increases the cost, complexity, and
volume. To address the mentioned problem, integrated drivers
can be used. In principle, integrated drivers that include two or
three stages use some common elements to reduce the utilized
components and complexity [18], [19], [20], [21]. The overall
structure of integrated LED drivers is demonstrated in Fig. 4.
To sum up, an ideal driver offers a high-power factor, pure
sinusoidal current on the ac side, smooth LED current, high
efficiency, small size, low cost, and long lifespan.

In light of above, to eliminate electrolyte capacitor and in-
crease the lifespan of the drivers used in LED application, a new
integrated LED driver is proposed. The proposed LED driver in
this article uses three dc—dc converters (buck, buck/boost, and
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flyback). The proposed LED driver uses three stages using one
active switch and three small nonelectrolyte capacitors. By the
three converting stages in the proposed driver, it is possible to
correct the power factor at the ac side, adjust the voltage magni-
tude, and isolate the LEDs from the input side without increasing
frequency and switching power loss. Furthermore, since all the
three stages are handled by only one active switch, the cost and
complexity are reduced in the proposed LED driver. The analysis
of the proposed driver is carried out by providing simulation
and experimental results. Furthermore, due to fast response,
dynamic analysis and nonlinear controller based on input—output
feedback linearization (IOFL) for the proposed LED driver is
designed. The provided experimental results, which are obtained
by employing a prototype, prove the theoretical analysis.

The rest of this article is organized as follows. In Section II,
the proposed LED driver is modeled and analyzed. In Section III,
the way to calculate output voltage ripple is described. In Sec-
tion IV, the designed IOFL controller for the proposed driver is
explained. The proposed driver is compared with the prior-art
drivers in Section V. The simulation and experimental results
are provided in Section VI to investigate the performance of the
proposed driver and designed IOFL controller under different
operation modes. Finally, Section VII concludes this article.

II. MODELING AND ANALYSIS OF THE PROPOSED LED DRIVER

Fig. 5 shows the configuration of the proposed integrated LED
driver. As seen in this figure, the proposed driver is composed
of a boost converter (PFC cell) integrated with a buck/boost and
flyback converters (PC cell).

Since boost converter uses an input inductor (L;), the input
inductor in this converter acts as an input current filter. So, this
converter mostly is used as a PFC unit. This is also the case in
the proposed LED driver. The flyback in the proposed converter
is used to isolate the LEDs from the input. Furthermore, through
the transformer ratio of this converter, it is possible to reach to
an arbitrary voltage magnitude. What is more, the buck—boost
converter is used both to handle the voltage magnitude and
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Operating modes. (a) Mode I. (b) Mode II.

TABLE I
OPERATING MODES
Mode Intervals Description Duration time (Ts)
1 t()- t[ S7 Dz, D4: ON DT\
2 t- tz I)]7 D3, D5: ON (I_D)Tg

increase the number of stages aiming at reducing the capacitor
size and voltage ripple. In addition, this converter recovers the
energy of the parasitic inductor of the transformer utilized in
flyback converter.

The elements Ly, Dy, D2, and C; synthesize the boost con-
verter and Lo, D3, and C, synthesize the buck—boost converter;
the flyback converter consists of a transformer, two diodes
Dy and Ds, an output capacitor Cs, and inductor L,. As an
advantage, all of the mentioned converters share the same active
switch (S). For clarity, in Fig. 4, the transformer is modeled by a
magnetizing inductance L, = L3 and an ideal transformer ratio
of N1/N5. The input ac source along with the bridge diodes is
substituted by a rectified sinusoidal voltage source (V;), the LED
is modeled with an ideal diode (Dy,gp), resistance (Ry,gp), and
a voltage source (Vi) in series.

In order to model the proposed LED driver, the following
assumptions are considered.

All semiconductor devices are ideal.

The capacitors C1, C2, and Cs are large enough in which the
voltages across them are constant during switching frequency.

The switching frequency f; is considerably higher than the
line frequency (f = 50 Hz) so that the input voltage is constant
during a switching interval (7).

Under steady-state condition, the proposed LED driver has
two operating modes. Circuit diagram of these modes is depicted
in Fig. 6. To illustrate the mentioned modes, a switching interval
from t; to t, is considered, as shown in Fig. 7. This switching
interval is divided into two operating modes, as listed in Table I,
where, “D” indicates the duty cycle of S.

The main waveforms of the proposed driver during a switch-
ing period are illustrated in Fig. 7.

In this section, the proposed LED driver topology is modeled
using the state-space modeling approach. Considering switching
modes in Table I and operation modes in Figs. 6 and 7, the
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average steady space equations are presented by (1)—(3)
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where r4 and r4 are the ON-state resistance of each diode and
switch, accordingly, and A and B are given as in (2) shown at
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Variations of output current (i,,) versus duty cycle (D) and input voltage

By ignoring the ON-state resistance of diodes and switch, the
dc part of steady-state equation can be written as follows:

- 2
Ny D*Vi Ny D2Vy
Ni) (1-D)°Rigp ' N1 (D—1)°Rimp
2 ,
i ] Ny D3Vi Ny DV
L1 Ni) (1-D)°Rigp N1 (D—1)%Rim
1
L (N 2 pryy _ N Vin
ULs 1 (1-D)*Rigp N1 (D-1)Riep
zoe = |Veor| = (1m~ )
Voo .
Ves (1-D)”
o Ny _D2Vi
-0 N (1_D)®
Ny D2Vi Vin
Ny DVi
L N1 (1-D)” Ripp Rigp

“)

The last row of (4) presents the relation between i,, V;, and
D. Fig. 8 depicts the variation of the output current against D
and input voltage V.

One of the important parameters in the competency of the
power electronic devices is voltage stress of the components.
This parameter for the utilized diodes and switches in the pro-

the bottom of this page. posed LED driver is given as follows:
- -
Ll . K3
0 0 VStress—D1 - (1 — D) (5)
0 0 DV,
B=10 0 3) Ve 1 — i ©)
0 0 Stress— Do (1 _ D)2
0 0 v
i 0 —i VvStresstg = (1 _ D)2 (7)
_Dzsl—rd —flrs Drg DL—ll 0 0 0
—Drg rq+(rs—ra)D Drg _
Iy —zat Iy 1) L% DLzl 0 0
Dry Dry —Drs—rg 0 -D Ni1-D 0
L3 L3 3 L3 Ng L3
— 1-D —-D
A= | &7 N 0 0 0 0 2)
0 U 2 0 0 0 0
2
N -1 —1
0 0 N> s 0 0 0 ron
0 0 0 0 0 LL —Rigp
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(1-2D)V;
Vstress— e 8
St D. (1 _ D)3 ( )
Ny DV,
‘/Stress—D5 - Em (9)
(1-2D)V;
Vs ress—S — T o - 10
Stress— S 1-D) (10)

The size of the capacitors Cy, C3, and Cs can be calculated
by referring to Model in steady-state equations. For ease of
reference, the equation to figure out the size of capacitors is
given as follows:

iroD

o, = 27 11

' fsAVCl ( )
ir3D

C, = 37 12

° fsAVCQ ( )
ioD

C3 = —o—. 13

° fsAVCS ( )

III. OUTPUT VOLTAGE RIPPLE CALCULATION

Due to using full-bridge rectifier in the input side of the
proposed LED driver, the voltage at this side is given as follows:

Vi (£) = Vyp Jsin (wt)] (14)

where w = 27f and f'is the line frequency. Hence, the dc and ac
components of V; are

k
0i (t) = Vige + Y Viae-n sin (2n wt). (15)
n=1
Therefore, the ac parts of V; are as follows:
k
Viae () = Y Viaen sin (21 wi). (16)

n=1

In order to calculate the ac ripple (double line frequency)
effect on the output current ripple, assuming only the first ac
component of the input voltage, the voltage and current ripples
of different parts are figured out. For the ease of reference, the
ac models of different parts of the proposed driver are exhibited
in Fig. 9. In order to calculate the input ac current (i1, ;) in boost
part, the input impedance of the three parts of the proposed driver
(shown in Fig. 9) should be obtained as follows:

1
Zf = D2(1-D)2
D2 _ W, : (}1 + lch >
jwLs ﬁJr]tgng(;ulL); jwL3 PIT:{’_JQ 3
a7
1
Zyp = ERESE (18)
lDQ _ jwLo — ( 1 + — 14 )
jwLo z*ip*j“’C?*(;wLL); JjwLs Z; +jwCs
1
Zb = | 1 N (1;D32 1 _ (19)
gwli T WL Lo+ 02)
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Fig. 9. AC model of different parts of the proposed driver and input
impedances. (a) Boost, (b) buck—boost, and (c) flyback converters.

The input current is calculated as

. Vjac—1 (t) Vjac—1 (t) - (1 - D)UCI (t)
ir1(t) = Z oo . (0)
The output voltage of boost part is given as follows:
1-D
ver(t) = vier () 2y @)
Zot + ]Clw + FLiw

The output voltage of buck—boost part is given as follows:

D(1-D)
ngw

7 +iCow +

’UCQ(t) = ’Ucl(t) (1—D)2 . (22)

ngw

The inductor current (L) of buck—boost part is given as
follows:

- DUCl (t) — (1 — D)U02<t) )

ira(t) = 23
ir2(t) LW (23)
The output voltage of flyback part is given as follows:
D(1-D)
’ng

ves(t) = Veol(t) - 5 (24)

1 cCaw a(lfD)

a(a2R+] e )+ FLaw

The inductor current (L3) of flyback part is given as follows:

ins(t) = DVeo(t) _j(ég;D)CwCB(t).

(25)

Finally, the first component of output ac current (double line
frequency ripple) of the LED is obtained as follows:
Vo3 (t)

’iO(t) = R

As (24) shows, the amplitude of vC3(t) depends on C1, C2,
and C3. The higher value of C1, C2, and C5 causes lower ripple
in veog. As seen in (14)—(26) by applying three stages in the
proposed LED driver, which each stage uses a small capacitor,
the ac component (ripples) of the output voltage and load current
is decreased.

(26)
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From (15), it is clear that v;(f) is combined of dc and ac
components. The fundamental frequency in this voltage is two
times of the line frequency (2f). Then, from sixth and seventh
rows of (4), the instantaneous value of duty cycle is obtained as
follows:

D (t) = D + d,,sin(2wt) 27

where D and d,,, are the dc component and the amplitude of the
fundamental ac component, respectively.

IV. NONLINEAR CONTROL OF THE PROPOSED LED DRIVER
BASED ON INPUT-OUTPUT LINEARIZATION

In this section, dynamic nonlinear model of the proposed LED
driver is derived from (1)—(3), and then it is used to design a
nonlinear controller by using IOFL [22], [23]. The nonlinear
controller must be able to control the output current and the
input power factor simultaneously by modulating the duty cycle.
The designed control scheme consists of inner and outer loops.
The inner loop is to control the inductor current iy (input
power factor), and the outer loop is to control the output current
i,. These two loops are thoroughly described in the following
sections.

A. Design of Nonlinear Controller of Inner Loop

With reordering (1)—(3), the state equations are rewritten as
follows:

a' = f(x)+
y=h(x)

where f{x), g(x), and u are obtained as follows:

g(x)u (28)

(29)

—C%xl - L$2 (30)

u=D. 31

As mentioned above, the purpose of the first loop in the
controller is to control the current of L; (i;,1) and correct the
power factor. Therefore, y = x; and ¥ (x) = h (z) = y. The
relative degree of the output in the inner loop is » = /. In order
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to design the inner loop, a new coordinate should be defined as
follows:

h(z) &1
T2 T
Z3 T2
Z=T(x)=| =4 | = |03 (32)
Zs T4
Ze b
L L7 ] 176
where ¢’y = 2/1 = L1x4 + 7 (;l:4 + Viu

305+( ($4+V)+ Is 335)
/
M1 Ny
s NoLs L6 L3 x5 + N2L3 Te | U
/
i = m3| _ C%ml—(ixl—kix)u
= || =
M4 Vi
77/5 $2 + x2 + x3 + N1 Ryigp u
Ny 1 1 1
/ PR I ivi L
UNS N2 C3 T3 — Cs T7 + N2 Cax?’u
R
L %6 — PRy

(33)

In (32), &; is used to define the control law, and 7 is zero
dynamics. In IOFL, 1 must be asymptotically stable at the point
that is indicated by the following expressions, in this case, the
system is called minimum phase

€/1f (X) |
§1g(x)
(34)
Referring to (34), the value of u is obtained zero. By substi-
tuting u = 0 in (33), 7}’ is obtained as follows:

= (1) = -

A {CL‘ER& 70} u(x)

- 1 -
o ;%5
/1 N
2 NyL36
/ 1
T
r_ M3 _ c, 1
n = / - il‘ (35)
7]/4 Cs 2
5 N1 1
Z/ N2 C3 T3 Cs rr
6
| o e |

As seen in (35), ' is stable and minimum phase.

A linear controller must be designed using the pole placement
method to ensure that £; reaches the desired value of Y,.. New
control inputs are given as follows:

e1 =6 Y, = 6/115/1*Y/1:V1:k161~ (36)

By substituting 5'1 in (36), this equation can be rewritten as

—1 1 LV + x4
1= gt g @AV s u=—re

Ly Ly 37)

where V; is the control law in inner loop. To design a stable
controller and ensure left-side poles, the coefficient k; must be
negative.
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Fig. 10. Proposed driver control diagram to control the output current and
power factor with nonlinear control using output—input linearization method.

B. Design of Nonlinear Controller of Outer Loop

If the inner loop correctly responds, e; and V; will be zero
and x; = xy,f. Referring to (31), the value of u in inner loop is
obtained as follows:

Ty
Ta+Vi

Equation (29) is rewritten as follows:

D. (38)

D-1 Dy
n, Tat Vi
D D-1 D/
I R
Ny (D-1)
NoLsg

_%1'5 +

_C'le2 )

GrTt Gt N R
1 Riep

L, L,

L7

(39)

<

—

E

|

|
o
OOObOOO

+
o

where d in the inner loop is obtained from (38). As stated before,
the purpose of the outer loop is to obtain the desired iy, 1, where
this current is the input of the controller that is written as

(40)

U ==aq.

However, the purpose of the outer control loop is to control
i,, the fallowing equation is assumed, t1 (z) = h(z) = y = x7.
The relative degree of the output in the outer loop is » = 6. The
controller input u is obtained as

1 oV
U= — x)+ Vs 41
%g (x) O f ( ) 2 ( )
where V5 is the control law that is obtained as follows:
Vo =kyey =k (Yo — Yorer) - 42)

To preserve stability, the coefficient ko must be negative.
The block diagram of the nonlinear controller with the input—
output linearization method is shown in Fig. 10. This figure
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shows how the duty cycle can be controlled by input—output
linearization to obtain the desired output current and high-power
factor. In the proposed driver, the controller coefficients are k;
= —10 and ky = —10%.

V. COMPARISON WITH THE PRIOR-ART LED DRIVERS

In this section, the proposed LED driver is compared with the
state-of-the-art LED drivers and two PFC converters. To this end,
the LED drivers in [19], [21], [24], and [25] and PFC converters
in [26] and [27] are taken into consideration to be compared
with the proposed LED driver. Different electrical parameters
and required components of the considered LED drivers and PFC
converters along with the proposed one are listed in Table II. One
of the vulnerable components in power electronic converters,
especially LED drivers, is electrolyte capacitors. Since this
component has high failure rate, they can remarkably reduce the
reliability and lifetime of power electronic converters, including
LED drivers. Hence, eliminating this component and replacing it
with ceramic/polyester capacitors (with low capacity) can tackle
the problem. Referring to Table II, it is seen that, due to using
three dc—dc stages, the proposed LED driver and PFC in [27]
do not need any electrolyte capacitor. This can be count as one
of the main advantages of the proposed LED driver compared
with the other considered LED drivers. It worth mentioning that
the PFC in [27] succeeded to eliminate the electrolyte capacitor
by both integrating two converting stages and increasing the
switching frequency; this in turn caused increasing in power
losses and using costly high-frequency semiconductors. The
other advantage of the proposed and the LED drivers in [19],
[21], and [25] and PFC in [27] is using only one active switch.
This can reduce the complexity and cost.

Furthermore, to avoid light flicker, the LED drivers are re-
quired to reduce the output current ripple as much as possible;
in this regard, the proposed LED driver can provide an output
current with current ripple lower than 15% that meet the related
standards [6]. This parameter is 5% and 10% for the articles
presented in [21] and [25], respectively. The LED drivers in the
mentioned references achieve lower ripple with expense of using
large electrolyte capacitors. The mentioned parameter is high in
the other LED driver, as listed in Table II.

Output current ripple in the PFCs in [26] and [27] is 4% and
5%, respectively. It is to be noted that the performance of the
mentioned PFCs is not investigated in the present of LED load.
Owing to the fact that LEDs have a nonlinear V-I characteristic
[referring to Fig. 1(b)], the current ripple of the PFCs in the
mentioned references is not clear and can be critical.

However, the ON-grid LED drivers are supplied through ac
grid, and they should be able to correct power factor. As seen
in Table II, the proposed LED driver can satisfactorily correct
power factor. What is more, in the case of total harmonic
distortion (THD) and efficiency, the proposed LED driver can
overtake the other considered LED drivers and PFCs.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

A 145-W prototype of the proposed LED driver, which is
supplied by 110 Vrms/50 Hz ac voltage, is employed to extract
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TABLE II
COMPARISON OF THE CONSIDERED LED DRIVERS

. Proposed
LED driver [19] [21] [24] [25] [26] [27] Structure
Utilized Component Number
Diode 4 5 6 6 1 3 5
Switch 1 1 2 1 2 1 1
Rectifier bridge 1 1 - 1 1 1 1
Inductor 1 2 2 3 1 2 2
Electrolyte Capacitor 1 2 2 2 2 Not needed Not needed
Polyester Capacitor 1 3 1 2 0 2 3
Stages in integrated structure 2 2 2 2 1 2 3
Transformer 1 2 - 1 1 - 1
Parameters Values
Power Factor >0.97 >0.995 >0.99 >0.985 >0.99 >0.995 >0.995
THD (%) <22.3 <10 <10.9 <9 <7 <3.5 <10
Output current ripple (%) 46 5 20 10 4 5 15
Nominal Output Power (W) 104 100 42 100 100 100 143.6
Total capacitor size (1F) 78.1 267.171 170.8 301.84 377 35 19.4
Efficiency range (%)
@P[W], f, (KHz) 92.5@90,100  92@100, 100 96.4@ 42,50 91.5@100, 100 93.2@80,300 89.5@100, 80 97@ 143 ,33
1400
< 1200
E
w
1000
g
3 800
e
g 600
£
400
5 6 7 8 9 10 1"

Fig. 11.  Prototype of the proposed LED driver.
TABLE I
DRIVER PARAMETERS AND DEVICE TYPE
Device label Definition
LED 14*10 W Epistar Chip High-Power LED
D;=D:s SFF508G 5 A,600 V
Power switch IRFP450
Bridge rectifier DI5XB 60
C], Cz, and C3 (]JF) 47, 47, 10
Ly, L, L; and Lo (mH) 0.2,2,0.4,0.02
Transformer ratio (N1/N2) 2
Ly (Input filter) 1 mH
C (Input filter) 2 uF
Output power 143.6 W
Microcontroller DSP-TMSF28335
Switching frequency 33kHz

the experimental results and verify the theoretical analysis. The
prototype is exhibited in Fig. 11 and the components utilized in
the prototype are listed in Table III.

In the proposed driver, 14 number of 10 W Epistar Chip
High-Power LEDs with the forward current and forward voltage
characteristics, as shown in Fig. 12, are connected to the output
terminal. The LEDs are connected in two parallel strings, where
each strings includes seven LEDs in series, as shown in Fig. 13.

Forward voltage - VF[V]

Fig. 12.  Characteristic curve of 10 W Epistar chip high-power LED.

7*10W Epistar Chip High Power LED

=

7*10W Epistar Chip High Power LED

Fig. 13.  LEDs connection configuration.
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Fig. 14.  Experimental result of the switch S gate signal.

The ON-state voltage and resistance of each LED are 0.8 V
and 3 €, respectively. Then, V;y, and Ry gp in model of driver in
Fig. 5 are 5.6 V and 21 2, accordingly.

The gate signal of the active switch is shown in Fig. 14. As

seen in this figure, the switching frequency of the proposed driver
is 33 kHz.
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Fig. 15. Duty cycle using IOFL controller. (a) Summation results of the

average (D) and fundamental component (d,,Sin(2wt)) together with the entire
duty cycle (D(t)) in simulation. (b) Experimental result of entire duty cycle (with
sampling frequency of 17 kHz).

The simulation results of the duty cycle using IOFL nonlinear
controller are figured out and shown in Fig. 15(a). In this figure,
the red curve shows the entire duty cycle (D(1)), and the blue
curve shows the summation of the average (D) and fundamental
component (d,,Sin(2wt)) of the D(t). Additionally, the experi-
mental duty cycle, as plotted in Code Composer Studio software,
is shown in Fig. 15(b).

Fig. 16 shows the simulation and experimental results of
the input current, voltage, and instantaneous power. As seen
in this figure, the input current and voltage are sinusoidal and
in phase. The current and voltage waveforms along with the
shown instantaneous power, which has no negative value (with
the average of 147 W), ensure that the proposed driver has
succeeded to provide unity power factor.

In order to investigate the ac-side current qualification, the
fast Fourier transform (FFT) analysis is depicted in Fig. 17.
Considering that the fundamental frequency is 50 Hz, as ob-
served, the 3th, 5th, 7th, 9th, 11th, and 13th current harmonic
orders are 0.12 A, 0.06 A, 0.02 A, 0.01 A, 0.01 A, and 0.005 A,
respectively. Taken the mentioned values into account, the THD
of the input current is 9.6%.

The LED drivers are required to meet IEC 61000-3-2 Class
C standard [5]; in order to assess the THD of the proposed LED
driver, the percentage of prominent current harmonic orders is
recorded and compared with the standard values. The result is
depicted in Fig. 18. As seen in this figure, the recorded harmonic
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values of the proposed driver are satisfactorily lower than the
standard values.

The simulation and experimental results of the output current,
voltage across the LED string, and output power are exhibited
in Fig. 19. As seen in these figures, and referring to Fig. 16(d),
the values of the input and output powers are 147 W and
143.6 W, respectively, this means the efficiency of driver is
97.6%. Furthermore, as it is observed in Fig. 19, the ripple of
the output current is insignificant. This indicates that the flicker
of the LED light is negligible.

The recommended operation area of LEDs according to
“IEEE recommended practices for modulating current in high-
brightness LEDs for mitigating health risks to viewers” [6] is
depicted in Fig. 20. LEDs operating in the mentioned area would
have an acceptable luminance flicker. According to the article
presented in [6], the current modulation is obtained as follows:

. max —1 min
Mod? = —2me) — Te(min)

x 100. (43)

2o(max) + Lo(min)i
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Fig. 20. Recommended operating area as a function of frequency and modu-
lation (%) [6].
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By constituting the upper and lower values of the output
current in Fig. 19(a) and (b), which are, respectively, 2.7 A and
2.3 A, in (43), the Mod is obtained 8%. Referring to Fig. 20,
for the ripple frequency of 100 Hz, this value is in an acceptable
area.

The output voltage of rectifier (V;) and capacitors’ voltages
are exhibited in Fig. 21. Referring to this figure, it is obvious
that the voltage ripple of Cs is lower than the voltage ripple
of C;. It means that the higher the number of stages in driver
is, the lower is the voltage ripple of the final stage. Therefore,
the output voltage ripple decreases causing the output current to
decrease significantly.

The output voltage of rectifier (V;) and inductors’ currents are
exhibited in Fig. 22. Referring to this figure, it is seen that the
current of inductor L; reaches zero when the value of the input
voltage (V;) is zero. This can again emphasis the capability of
the proposed LED driver to provide a unity power factor.

It was impossible to validate the theoretical analysis, which
was obtained under an ascertained duty cycle in Section III,
through the above results because these results are obtained
by using IOFL nonlinear controller under variating duty cycle.
To the end of validating the theoretical analysis of the voltage
and current ripples under noncontrolled condition, which are
indicated in (21), (22), (24), and (26), we resorted to simulation
results. The voltage and current ripples are obtained by using
the parameters, as listed in Table III. The voltage ripple of the
utilized capacitors is shown in Fig. 23(a). Comparing the ripple
values shown in this figure by the theoretical analysis [(21),
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(22), and (24)], it is seen that the voltage ripple obtained by the
theoretical analysis is in accordance with the ripples obtained
by the simulation results. These are also the case for the output
current (26) which is shown in Fig. 23(b). In conclusion, as
shown in Fig. 23(a), the voltage ripple is reduced in each stage.
In addition, as implied by the experimental results, using a
controlled duty cycle helps to decrease the ripples as much as
possible.

The primary and secondary voltages of the flyback trans-
former are demonstrated in Fig. 24. Because the transformer
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S and current of D . (e) Gate signal of the switch S and current of D 5. (f) Gate
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ratio of the transformer is 2, the primary voltage is two times
higher than the voltage at the secondary side.

One of the most important parameters in any power electron-
ics” devices is the current stress of the utilized semiconductors. In
order to scrutinize the mentioned parameter in the proposed LED
driver, the current stresses of all the employed semiconductors
along with the exerted gate signal of the active switch (S) are
indicated in Fig. 25. According to these figures, D5 and Dy
tolerate the highest and lowest current stress, respectively, also
the only one utilized switch S tolerates 5 A.

In order to investigate the dynamic performance of the pro-
posed LED driver, it is considered that the LED driver nor-
mally supplies one LED string, including seven series-connected
LEDs. Then, the second string with the same characteristics is
connected in parallel. The results are shown in Fig. 26. As it is
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seen in Fig. 26(a), the current ripple increases when the second
string is added. Obviously, the input current would increase as
the second string is added to the output, as seen in Fig. 26(b).

By connecting four configurations of LEDs with different
consuming powers at the output terminal of the prototype, the
efficiency is figured out and shown in Fig. 27.

VII. CONCLUSION

In this article, a new isolated LED driver was put forth. This
LED driver is synthetized with three integrated dc—dc converters
(boost, buck—boost, and flyback) to approach the following
features:

PFC capability;

low output current ripple;

eliminating electrolyte capacitor;

using only one switch for three integrated dc—dc converters;

eradicating parasitic inductor power losses of the flyback
transformer.

In order to reach fast response, a nonlinear IOFL was designed
for the proposed LED driver. The performance of the proposed
LED driver and designed nonlinear controlling approach was an-
alyzed and verified through simulation and experimental results.
The provided results validated the versatility and feasibility of
the proposed LED driver and designed control approach.
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