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Abstract
New advancements in light-emitting diode (LED) have attracted many to use LEDs in commercial and industrial applications.
In the recent years, new family of DC-to-DC converters, namely super-lift Luo converters, has evolved in the power electronics
terrainwhichhavehighgain than the conventional boost converter. In this paper,AC–DCconverterwith super-lift Luo converter
as PFC topology for high-brightness light-emitting diode applications is proposed.When subjected to load and line variations,
power quality parameters of PFC AC–DC converter will have a change. The indices continue to change till the output voltage
gets stabilized. For fast regulation under transient conditions, particle swarm optimization tuned proportional–integral (PI)
controller is used. MATLAB/Simulink environment is used to carry out extensive simulation on the work proposed. The
laboratory model is constructed and tested to verify simulation results. Total harmonic distortion at the input side of an
AC–DC converter is validated as per the standards of IEC 61000-3-2 of class c equipment’s.

Keywords Continuous conduction mode · Diode bridge rectifier · Particle swarm optimization · Power quality · Total
harmonic distortion · State space average

1 Introduction

During earlier days, people were using incandescent light-
ing in household and commercial applications. As a result
of poor lumen per watt, short life time and higher operat-
ing cost, people started moving toward fluorescent lighting.
Fluorescent lamp needs high voltage at starting which leads
to the use of electronic or magnetic ballast with the circuit.
Electronic ballast uses solid-state technology, and magnetic
ballast is type of coil wound on the single core. The nonlinear
behavior of the ballast will cause electromagnetic interfer-
ence (EMI) (Dutta and Ang 2016) problems on the system.
Flickering is the main problem with fluorescent lamp.

Nowadays, high-brightness light-emittingdiode (HBLED)
lighting is used in street lighting, industrial lighting and deco-
rative lighting, etc. HBLEDs havemany advantages like high
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lumens, extremely longer life, extremely compact (no glasses
or filaments), composed of many LEDs, easily dimmable by
lowering the current, noUVradiation, etc. (El-Moniema et al.
2013, 2014; Shrivastava and Singh 2013; Xu et al. 2018).

IEC 61000-3-2 standards of class “C” are meant for light-
ing applications. In order to meet out the IEC 61000-3-2
standards, AC–DC converter for LED lighting applications
needs to be designed with improved power quality issues
like higher power factor(PF), lower THD, etc. This power
quality improvement reduces loses, transfers power effec-
tively to the load from the source and improves efficiency.
The conventional diode bridge-based rectifierwith the capac-
itor at the load side has poor power quality such as low PF
and high THD. So, power factor corrector stage needs to be
added between load and diode bridge rectifier. It can be of
two-stage (Wen et al. 2014; Piaoa et al. 2012) or single-stage
converter. For high-power application, two-stage circuit is
used. For low-power lighting applications, single-stage PFC
circuit is used because of its simple structure, less compo-
nent count and high efficiency. Various PFC topologies such
as buck, boost, cuk, buck-boost, SEPIC and zeta converters
are studied in the literature (Lin andWang 2018; Durga Devi
and Uma Maheswari 2017; Yang et al. 2015; Patral et al.
2017; Jha and Singh 2016). Continuous conduction mode

123

RETRACTED A
RTIC

LE

http://crossmark.crossref.org/dialog/?doi=10.1007/s00500-020-04747-5&domain=pdf
http://orcid.org/0000-0003-1166-1253


13320 Jambulingam Jawahar Babu, V. Thirumavalavan

(Han et al. 2016; Miao et al. 2016)-operated boost topology
(Bouafassa et al. 2015; Babu et al. 2018; Leon-Masich et al.
2016; Kim et al. 2018) power factor corrector circuit is exten-
sively used due to less filtering requirements, larger gain and
easy program of input current. Efficiency of the converter
will be improved when it is operated in continuous conduc-
tionmode.Due to the limitation of diodes and switches,much
higher gain cannot be obtained. In the past two decades, new
topologies with the concept of voltage lifting technique (Luo
and Ye 2004) have been developed. Voltage at the output
side of these topologies rises in step along with geometric
and arithmetic progression. In boost and super-lift Luo con-
verters, inductor at the input side is connectedwith the source
during ON and OFF states of the switch. Due to this feature,
these converters are used inPFCAC–DCconverter. Super-lift
converter-embedded AC–DC converter needs more filtering
requirement than basic boost-type converter-embedded AC–
DCconverter. But, super-lift-typeLuo converters have higher
gain than the boost converter for the same duty ratio. In the
proposed work, positive-output super-lift elementary-type
(Premalathab 2017; Nath and Pradeep 2016; Tekade et al.
2016) Luo converter (POESLLC) is used between DBR and
LED load.

Steady-state performance indices like power factor, total
harmonic distortion can be improved by making the input
current sinusoidal. Similarly, it is important to keep the volt-
age at the load side constant under input-side and load-side
variations. These can be achieved by tuning proportional–
integral controller used in the voltage error loop. For tuning
PI controllers, soft computational techniques such as parti-
cle swarm optimization (PSO), ant colony optimization and
evolutionary method like genetic algorithm were reported
in the literature (Ramirez et al. 2018; Meena and Devanshu
2017; Jasdeep and Sheela 2014). Analytical methods for tun-
ing proportional–integral controller are reported in Astrom
and Tagglund (1995), Ribeiro et al. (2017). PSO tuning is
chosen due to its fast convergence rate to arrive at solution
with easier steps.

POESLL converter is a third-order-type converter, and
transfer function is required for controller design. Several
methods such as average PWM switch modeling approach,
switching flow graphical method and state space aver-
age(SSA) method are reported in Kumar and Jeevannantham
(2013), Alongea et al. (2017), Mokal and Vadirajacharya
(2017) and Yang et al. (2016). Due to its ease of use, SSA
is used in this paper. Equivalent series resistance (ESR) of
passive energy storage elements is included. After including
ESRs of inductor and capacitor, complexity of finding the
resolvent matrix is increased. So, Leverrier algorithm (Garg
et al. 2015) is used to find the resolvent matrix of the system.

For power factor correction, there are two schemes avail-
able, namely active and passive schemes. The effect of
harmonics at the input current is lesser in active schemes

than passive schemes. In this paper, average current mode
control (ACM) scheme is used for making the input current
sinusoidal. Implementation of ACM is easy.

In this paper, PFC in AC–DC Luo converter for HBLED
applications with PSO-PI controller for fast regulation under
transient conditions is proposed. Modes of operation and
steady-state analysis are given in Sect. 2. Dynamic model
of the converter is given in Sect. 3. PSO tuning is given in
Sect. 4. Simulation and results are given in Sect. 5. FPGA
implementation is given in Sect. 6. The paper is concluded
in Sect. 7.

2 Modes of operation and analysis

Figure 1 shows power factor correction scheme inwhichDC–
DC POESLLC is used as PFC topology. The input current
to the Luo converter is compared at every switching period
( fsw) with the reference current. The reference current is
given by (1)

iref = kPI ∗ sine(2 ∗ ωline(t)) (1)

The reference current is obtained from the voltage loop.At
the output side of the converter, the actual voltage is sensed
and is correlated with the voltage to be maintained constant
at the load side of the converter. The voltage error obtained is
given to the PSO-PI controller to produce enough gain for the
fast regulation under transient conditions. The amplitude and
duration of the pulsating current are controlled to make the
input current to be in phase with the input voltage. This will
make the power factor at the input side almost unity, and also
it improves total harmonic distortion. To aid the analysis of
the PFC AC–DC Luo converter, the following assumptions
(Shen and Ko 2014) are made:

Fig. 1 PFC AC–DC Luo converter-based LED Driver
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Fig. 2 Power circuit of POESLL converter. a Topology, b equivalent
circuit when the switch is ON, c equivalent circuit when the switch is
OFF

• The switching frequency ( fsw) is much higher than the
line frequency ( fline).

• At starting, HBLED is considered as an open circuit.
After the LEDs become ON, voltage across the LEDwill
be constant and current is increasing while we increase
the voltage. So, HBLED is considered as pure resistor
during steady-state operation.

• All components are ideal.
• Output-side energy storage capacitor is large enough to
deliver a smooth DC link voltage for the HBLED.

The Luo topology (POESLLC) used in PFC implementa-
tion and equivalent circuits of POESLLC when the switch
is ON or OFF are shown in Fig. 2. When the switch is
ON, energy is stored in the inductor and capacitor. During
this period (0 < t < kT ), large output capacitor supplies
HBLED load. When the switch is OFF (kT < t < T ),
input voltage Vin along with the energy stored in the induc-
tor and capacitor supplies the HBLED load. In this system,

Fig. 3 Inductor current over one switching cycle

Table 1 Specifications of Luo converter

Parameters Symbol Value

Input voltage Vin(Rms) 36 V

Load voltage Vo 100 V

Capacitors C1, C2 100 µF,1100 µF

Inductor L 5 mH

Switching frequency fsw 100 KHz

Load power Po 100 W

Load resistance R 100 �

ESR of inductor rL 0.12 �

ESR of capacitors r1, r2 0.03 �, 0.1 �,

POESLLC is assumed as operating in a continuous conduc-
tionmode (CCM). The inductor current will never reach zero
during switching except in the zero-crossing region. Inductor
current over one switching period is shown in Fig. 3. Param-
eters used for designing a converter are listed in Table 1.

3 Dynamic model of Luo converter

SSA technique is used to determine the transfer function of
the positive-output Luo-type converter. Input inductor cur-
rent (iL) and voltage across capacitors (v1, v2) are taken
as the state variables. State equations during switch on
(0 < t < kT ) is of the form (2)

˙x(t) = A1x(t) + B1u(t),

y(t) = C1x(t) + E1u(t) (2)

Various state equations depicting the dynamic behavior
during the switch ON (0 < t < kT ) mode are as follows.
Inductor current:

L
diL
dt

+ rLiL = Vin
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diL
dt

= Vin
L

− rLiL
L

(3)

For capacitor voltages,

vin

r1
= C1

dv1
dt

+ v1

r1

C2
dv2
dt

+ v2

R + r2
= 0

dv1
dt

= vin

r1C1
− v1

r1C1
(4)

dv2
dt

= − v2

(R + r2)C2
(5)

Output voltage of the converter is written as (6)

v0 = v2

(
R

(R + r2)

)
(6)

Dynamics of the converter during switch OFF (kT < t <

T ) mode can be written as (7)

˙x(t) = A2x(t) + B2u(t),

y(t) = C2x(t) + E2u(t) (7)

Capacitor dynamics during the period (kT < t < T ) can
be written as (8) and (9)

C1
dv1
dt

= −iL (8)

C2
dv2
dt

= RiL
(R + r2)

− v2

(R + r2)
(9)

From Eq. (8)

dv1
dt

= − iL
C1

(10)

From Eq. (9)

dv2
dt

= RiL
(R + r2)C2

− v2

(R + r2)C2
(11)

Inductor current dynamics can be written as (12)

L
diL
dt

= vin − iL

(
rL + r1 + r2R

(R + r2)

)
+ v1 −

(
v2R

(R + r2)

)

(12)

After solving Eq. (12) for ˙i(L), we get

diL
dt

= vin

L
− iL

L

(
rL + r1 + r2R

(R + r2)

)
+ v1

L
−

(
v2R

(R + r2)L

)

(13)

Output voltage during this period is written as (14)

v0 =
(

R

(R + r2)

)
v2 (14)

Time averaging is used to derive the averaged state space,
which can be written as (15) and (16)

˙x(t) = Áx(t) + B́u(t) (15)

y(t) = Ćx(t) + Éu(t) (16)

Equations (15) and (16) are nonlinear in nature which
can be linearized by adding small AC perturbations around
a steady-state point.

˙̂x(t) = A ˆx(t) + B ˆu(t) + Bk ˆk(t)
ˆy(t) = C ˆx(t) + E ˆu(t) + Ek ˆk(t)

Here,

A = A1k + A2(1 − k), B = B1k + B2(1 − k)

C = C1k + C2(1 − k), E = E1k + E2(1 − k)

Bk = [(A1 − A2)X ] + [(B1 − B2)U ]
Ek = [(C1 − C2)X ] + [(E1 − E2)U ]

Equation for the transfer function of the converter is given
as follows (17):

ˆy(s)
ˆk(s) = C(SI − A)−1Bk + Ek (17)

The resolvent matrix (of higher order system) can be cal-
culated in a simplewaywith the help ofLeverrier’s algorithm,
whereas tough calculations are there with the other existing
methods.

Resolvent matrix of a third-order system can be written as
(18)

(SI − A)−1 = P2S2 + P1S + P0
S3 + a2S2 + a1S + a0

(18)

where

P2 = I3 =
⎛
⎝1 0 0
0 1 0
0 0 1

⎞
⎠ , a2 = −trace[P2A]

P1 = P2A + a2 I3, a1 = −1

2
trace[P1A]

P0 = P1A + a1 I3, a1 = −1

3
trace[P0A]

123

RETRACTED A
RTIC

LE



Switched-mode Luo converter with power factor correction and fast regulation under transient... 13323

Fig. 4 Voltage control loop of POESLL converter

Finally, transfer function of the converter is arrived as (19)

v0(s)

k(s)
= 1621S2 + 2.97 ∗ 108S + 8.46 ∗ 1011

S3+170046S2+8.33 ∗ 106S+6.55 ∗ 109
(19)

The voltage control loop employing proportional–integral
controller is shown in Fig. 4.

4 Proportional–integral controller tuning
using PSO

The objective function is to minimize the integral absolute
error (IAE) and integral square error (ISE) which are given
by Eq. (20)

ISE =
∫

e2(t)dt

IAE =
∫

|e(t)| dt
(20)

In 1995, Eberhart and Kennedy proposed a particle swarm
optimization (PSO) algorithm. PSO algorithm (Marini and
Walczak 2019; Du and Swamy 2016; Tayebi et al. 2015;
Kaveh 2014; Vincent and Nersisson 2017) was derived from
the concept of swarm intelligence, and PSO algorithm is an
approximate solution.

The swarm consists of a number of particles, and size of
the swarm depends on the number of tunable parameters.
The swarm is initialized randomly. Position of the particles
is adjusted based on its own experience and neighboring par-
ticles experience.Whole search space is used for minimizing
the cost function. A variety of cost functions can be defined
based on our requirement. In this work, PSO algorithm is
used for tuning the parameters of the PI controller. If the sys-
tem model is created more precisely, the controller can be
tuned more accurately.

PSO algorithm relies on the information that gets shared
between particles. Pbest or particle best is obtained from each
particles individual best performance. Gbest or global best is

Fig. 5 Flowchart of the PSO tuning of PI controller

obtained from the previous iteration of other particles on the
best performance. A function ( fitness function) is used to
study the performance of swarm from that we can identify
whether it has attained the best solution or not. As swarm-
ing progresses, particles position stagnates. The velocity and
positions of the particles are updated using Eqs. (21) and
(22).

After the number of iterations or runs are finished, PSO
algorithmas shown inFig. 5will give the best possible param-
eter valueswhichgives the lowest value for objective function
or cost function.

vi j (n + 1) = w ∗ vi j (n)

+c1 ∗ rand() ∗ [Pbestij(n)

−presenti j (n)]
+c2 ∗ rand() ∗ [Gbestij(n)

−presenti j (n) (21)
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Table 2 Parameters for tuning PI using PSO

Name of the parameters Specification

No. of runs 10

No. of variables (m) 2

No. of iteration 20

Range of Kp 0.1–2

Range of Ki 46–50

Fig. 6 Response under steady-state condition: a output voltage, b THD
for full load, c output voltage ripple for full load

presenti j (n + 1) = presenti j (n) + vi j (n + 1) (22)

where Pbest depicts the best earlier position of the i th particle,
Gbest represents the neighbors best position, vi j (n) repre-
sents the velocity, present(n) represents the current particle
(solution), rand() is number between (0,1), “w” represents
the inertia weight, and c1 and c2 represent the acceleration
constants. Table 2 shows the various parameters used to tune
PI controller using PSO algorithm.

The values of proportional–integral controller constants
were found to be Kp = 0.749 and Ki = 48.7

Fig. 7 Input voltage and input current for two different loads a for 25-W
load, b for 100-W load

5 Simulation results

The objective of this area is to examine the simulation results
of PFC switched-mode AC–DC converter. The Simulink
model of the proposed PFCAC–DC converter with POESLL
converter and PSO-PI controller is designed to validate the
performance of this system under steady and transient state
conditions. HBLED load is considered as a pure resistor (at
starting, open circuit). The extensive simulation has been
done in MATLAB/Simulink environment.

5.1 Steady-state conditions

Figure 6 shows the instantaneous output voltage, total har-
monic distortion and output voltage ripple for the full load .
It is evident from the results that voltage ripple is 0.79 V and
THD of input current at full load condition is below 5%. The
input current is sinusoidal.

Figure 7 shows the input-side voltage and current for var-
ious loads. Here, the current at the input side is in phase with
the voltage and power factor for all the load conditions (from
light load to full load) is almost unity.
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Fig. 8 Performance (output voltage, input current and input voltage)
under line variations: a positive step change in input voltage (36–42 V),
b negative step change in input voltage (36–30 V)

5.2 Dynamic conditions

PSO-PI controller ensures to keep the output voltage constant
under transient conditions like load and line variations. The
input voltage used for the simulation is 36 V(rms). When
there is a change in voltage at the AC side or change in
load at load side, DC output voltage of the converter will get
changed. At this condition, PSO tuned PI controller will act
fast to make the voltage error zero. Figures 8 and 9 show
the performance of the system for line variations and load
variations, respectively. Performance of the converter with
Ziegler–Nichols (ZN) PI, Chien–Hrones–Reswick (CHR) PI
without overshoot and PSO-PI controller has been studied.

Fig. 9 Performance (output voltage, input current and input voltage)
under load variations. a Load is reduced from 100 to 75 W, b load is
increased from 75 to 100 W

ZN-PI and CHR-PI tuning has been achieved from the step
response of the system. Performances of the system under
steady-state conditions are same, but performances under
transient conditions differed. Table 3 shows that PSO-PI con-
troller gives better performance under transient conditions
than ZN-PI and CHR-PI controller.

6 Experimental results and discussion

Experimental setup for PFC in switched-mode AC–DC con-
verter for HBLED lighting with particle swarm optimization
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Table 3 Comparison of transient performance of the PFCAC–DC con-
verter with different controllers

Controller Input transients Load transients

CHR-PI Settled after 13 cycles Settled after 13 cycles

With ZN-PI Settled after 13 cycles Settled after 9 cycles

With PSO-PI Constant output Settled after 3 cycles

Fig. 10 Experimental setup

tuned PI controller for fast regulation is implemented using
Spartan-6 FPGA controller. The setup is shown in Fig. 10.
One Hall effect current sensor (HE055T01) is used to sense
the input current, and resistor divider is used to sense the
output voltage. For scaling and offset correction, control cir-
cuitswere built. One insulated gate bipolar junction transistor
(FGA25N) is used as a switch, and TLP 250 gate driver is
used. Load consists of four LED strings, and each string has
five HBLED. Voltage and power rating of each HBLED are
20 V and 5W, respectively. Since FPGA works in a digi-
tal platform, general form (time domain) of PI controller is
discretized using backward difference method.

General form of PI controller in time domain can be writ-
ten as follows (23):

y(t) = Kperr(t) + Ki

∫
err(t)dt (23)

Differentiating the above equation

dy(t)

dt
= Kp

d(err(t))

dt
+ Kierr(t)

The above equation is discretized using backward difference
method, and discretized equation is solved for y(t). It is given
by (24)

y(t) = y(t − 1) + Kp(err(t) − err(t − 1)) + KiTserr(t)
(24)

Kp and Ki are proportional and integral gain constants of PI
controller. Ts is sampling period.

Fig. 11 Input voltage and input current for different loads, channel 1:
input voltage 20 V/div, channel 2: input current 2 A/div (1 A:3 A), a
for 25-W load, b for 100-W load

6.1 Steady-state conditions

Input voltages and input current for various load are shown
in Fig. 11. From the figures, it is understood that input cur-
rent is in phase with input voltage and power factor for all
loads is maintained at 0.999. At the light load condition,
enough noise margin is not available. So, the THD of input
current is somewhat higher at light load conditions. Variable-
band hysteresis (VBH)-type control can improve THD even
at the light loads. While increasing the load, THD is getting
improved. At full load, THD is 4%. Rated output voltage and
THD for full load are shown in Fig. 12. THD of input current
is validated as per the standards of IEC 61000-3-2 of class C
equipment’s. Figure 13 shows the power quality indices for
Various loads.

6.2 Dynamic conditions

The performance of the proposed system is validated under
the transient conditions. When there is positive and negative
step changes in input voltage, output voltage is maintained

123

RETRACTED A
RTIC

LE



Switched-mode Luo converter with power factor correction and fast regulation under transient... 13327

Fig. 12 Steady-state performance: a output voltage of the AC–DC con-
verter, b THD for full load

Fig. 13 Power quality indices for different loads

constant. Figure 14 shows the performance of the system
under input transients.

Figure 15 shows the performance for the load transients.
When load is increased from 75 to 100 W or decreased from
100 to 75 W, the proposed system after 6 cycles comes to
stable position.

From the above results, it is observed that output volt-
age is maintained constant even though there is a change in

Fig. 14 Performance under line transients, channel 1: input voltage
2 V/div, 1 V:19.2 V, channel 2: input current 1 A/div, 1 A:3 A, channel
3: output voltage, 1 V/div, 1 V:43.3 V. a Performance for positive step
change in input (36–42 V), b performance for negative step change in
input (36–30 V)

input. For the load transients, there is a small deviation with
simulation results (3 cycles).

7 Conclusion

In this paper, PFC AC–DC converter with positive-output
super-lift Luo converter as PFC topology is presented for
high-brightness light-emitting diode applications. In order
to achieve better dynamic performance, particle swarm opti-
mization tuned proportional–integral (PI) controller is used.
State space averaging method and Leverrier algorithm are
used for the modeling of converter. A laboratory model was
built and tested. Experimental results show that input cur-
rent is in phase with input voltage for all load conditions and
voltage regulation is achieved in a fast manner when sub-
jected to line and load transients. At full load conditions,
total harmonic distortion of the input current, voltage ripple
and efficiency are 4%, 0.79V and 82.43%, respectively. THD
of the input current helps to meet out the standards given by
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Fig. 15 Performance under load transients, channel 1: input voltage
2 V/div, 1 V:19.2 V, channel 2: input current 1 A/div, 1 A:3 A, channel
3: output voltage 1 V/div, 1 V:43.3 V. a Performance for positive step
change in load (75–100 W), b performance for negative step change in
load (100–75 W)

IEC 61000-3-2 of class c equipments. In the future, variable-
band hysteresis-type control along with fractional controller
could be implemented to improve the THD and stability of
the converter.
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