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SIMULATION AND EXPERIMENTAL INVESTIGATION OF A
COUPLED-INDUCTOR BASED LED DRIVER CIRCUIT
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A light-emitting diode (LED) or an LED string can receive a regulated power input from highly efficient, low-cost LED driver
topologies using a simple control strategy. The presented work elucidates the analysis of a DC-DC buck topology-based single-
stage LED driver circuit with dual output voltage levels. The projected driver structure has a reduced semiconductor-based
component count and can control the LED light output. The suggested driver circuit employs a magnetically coupled inductor
for transformerless energy transfer. The power switches employed in the proposed structure use a zero-voltage switching (ZVS)
strategy to prevent voltage transients that may occur during switch turn-off due to leakage flux components of the inductors.
The control and regulation of the light output of the LED lamps are achieved by applying double Pulse Width Modulation
(PWM) signals to the switches. The proposed topology features relatively low power losses and improved voltage regulation. The
simulation analysis and the projected driver-circuit results obtained in PSIM 9.0 are validated against prototype model results.

1. INTRODUCTION

Global energy consumption from lighting accounts for
nearly one-fourth of total global energy consumption [1].
Due to their inherent merits, semiconductor-based
components are used in various categories of lighting. It is
more important to conserve energy than to produce it. The
small-sized LED lamps demand low power and are durable.
Hence, LED technology can be used to illuminate homes,
industrial facilities, and commercial buildings [2,3]. The
AC source-fed driver configuration for an LED light is of
two categories: the two-stage driver and the single-stage
driver [4]. The two-stage LED driver configuration first
converts the AC source signal into a DC signal, which is
then fed to the LED after it is processed by a boost power
factor correction converter and a DC-DC converter stage.
The two-stage structure, however, requires more active and
passive components and a complex control strategy [5].

Due to the above-mentioned drawbacks in the two-stage
LED driver structure, the researchers aimed to develop the
single-stage LED driver configuration in which both the
power factor correction as well as the LED’s input current
regulation functions are performed by a single DC-DC
conversion stage [6,7]. The features, such as lower cost and
simple control strategy, make the single-stage LED driver
suitable for LED lighting applications [8,9].

The traditional DC-DC buck topology has the drawback
that it is not possible to attain a very high step-down
voltage conversion ratio at a duty cycle less than 10% due
to poor utilization of semiconductor-based circuit
components. The drawbacks of the conventional buck
configuration are eliminated in the coupled inductor-based
buck topology, in which the output voltage level can be
reduced to a low value with fine-tuning of the duty cycle
[10]. However, the coupled inductor’s leakage inductance
causes high-voltage spikes to appear across the power
switch during turn-off [11,12]. The reduced switching
losses and hence the improved converter efficiency for the
coupled inductor-based converter structures can be
achieved by employing the concept of soft switching
technologies and the recycling of energy through the
coupled inductors using a capacitor. Some researchers
proposed resonant concept-based voltage divider circuits to
be used in DC-DC converter circuits to reduce the
switching losses [13]. However, the resonant-based

voltage-dividing rule causes circuit components to fail due
to the large magnitude of start-up surge currents.

The researchers have developed certain coupled
inductor-based DC-DC converter topologies with soft
switching techniques [14-25]. The high-power applications
require the series-connected, parallel-connected, and series-
parallel connected LEDs. When LEDs are connected in
series, voltage balancing is important. If any one of the
LEDs is damaged due to high voltage appearing across it,
then the entire series string will fail [26]. Whereas, if the
LEDs are to be connected in parallel, the balancing of
current in each parallel path is important. Suitable current
balancing is achieved using linear / switched current
regulators [27,28]. The high step-down LED driver
structures with multiple outputs are discussed by some
authors in the literature [29-33].

The LED driver topologies discussed in the above
paragraphs lead to the development of a high-efficiency and
multiple-output DC-DC converter topology with a high
step-down voltage conversion ratio suitable for LED
driving applications. The work proposed in this paper
explores a soft-switched and coupled-inductor-based single-
input DC-DC buck configuration with dual output voltage
levels. The projected topology has the characteristics of a
high step-down voltage conversion ratio, reduced losses,
and hence improved power conversion efficiency. The
illumination control of the parallel-connected LEDs is also
discussed. The design of the proposed LED driver is
explored along with the current regulation of the parallel-
connected LED string. The suggested cost-effective single-
input and dual-output LED driver topology is a suitable
choice for driving two LEDs, in which the illumination
level of each LED is controlled by one active switch.

The work suggested in this paper is divided into different
sections. Section 2 explores the modes of operation of the
proposed LED driver structure along with the steady-state
behavior of the topology. The double PWM control scheme
is also briefed in Section 2. Section 3 illustrates the PSIM
simulation model of the LED driver and the results. The
prototype LED driver model and the corresponding results
are presented in Section 4. Section 5 concludes the features
of the suggested research work.

2. THE PROPOSED LED DRIVER TOPOLOGY

There are two DC-DC converters, namely the traditional
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step-down converter and the coupled-inductor based step-
down converter portions having common DC input source
(Vs), integrated to configure the proposed LED driver
structure with dual outputs Vi1 and Vi2 respectively as
shown in Fig.l. The topology consists of semiconductor
based components such as two active switches (main switch
Sm with duty factor km and auxiliary switch S. with duty
factor ka = 1-km) and two diodes (D: and D), and the
passive components such as a capacitor (Ce) for recycling
of energy, a coupled-inductor with primary winding of N,
turns and secondary winding of N;s turns and of inductances
Ly and Ls respectively, an auxiliary inductor of inductance
L., and two output capacitors of capacitances Ci and Cz
respectively. The coefficient of coupling Kcr of the coupled
inductor is taken as 1 since it is assumed that all the flux
produced by the primary winding also links the secondary
winding. The cross-regulation issue of the coupled inductor
is minimized by choosing a very low value of the leakage
inductance of the primary and secondary windings of the
coupled inductor. In the proposed work, the leakage
inductance is considered negligible. The proper and suitable
management of leakage flux will reduce the effect of cross-
coupling. Moreover, the double PWM technique plays a
significant role in minimizing the above issues.
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Fig. 1 — Power circuit of the projected LED driver topology.

The principle of operation of the projected single-input-
dual-output LED driver topology is described by means of
various operating modes as illustrated below.

The Mode-I operation commences with the turn ON
condition of the main switch Sm and the turn OFF condition
of the auxiliary switch Sa. As the anode of the diode D is at
a negative potential, it is reverse-biased, and hence it acts as
an open circuit, as shown in Fig. 2. The leakage current of
the coupled inductor rises as it gets charged from the supply
voltage Vs through the capacitor Ce. The coupled inductor
with two inductances, Lp and Ls, is now connected in series
with the capacitor C.. Most of the input voltage Vs gets
dropped across the series-connected Ce, Lp, and Ls
elements. The rest of the voltage Vs is now appearing
across the capacitor Ci to charge it, and hence the LED-1 is
made to conduct. The previously charged auxiliary inductor
L. is now allowed to discharge its energy through the LED-
2 and the capacitor C2 by forward biasing the diode Da.
Thus, during mode-I, the LED-1 and LED-2 glow as they
are in forward biased condition. When the main switch Sm
is turned off at any instant, the Mode-I operation of the
LED driver is complete. The voltage balance equation in
Mode-I is written as:

Vs = Vee + VLp + Vis + Viq, (1
N Vis
Vip = Vis (1) = 2, @
+1
Vo = Vee + Vi (S0) + Vi, 3)

b = n (et @

The flux balance equation for the secondary inductor Ls
is written as:

Vs=Vie=V
n (#) kas = VLl (1 - km)Tsa
where, Voo = (Vi,1/nky,) and n = Ng/N,,.

Hence, the output voltage across LED-1 (V1) is derived
as:
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Fig. 2 — Mode-I operation of the proposed LED driver topology.

During Mode-II configuration, as depicted in Fig. 3, both
the switches Sm and S. are turned OFF. The junction
capacitance Cm of the main switch is charged to the supply
voltage Vs, and the junction capacitance C. of the auxiliary
switch discharges its energy until its voltage becomes zero.
Both the capacitances Cm and Ca are assumed to be equal. The
optimum choice of Cn and Ca. can ensure Zero Voltage
Switching (ZVS) operation of the switches Sm and Sa. The
secondary inductor Ls starts discharging its energy by forward
biasing the diode D1, and hence the capacitor C; gets charged.
Now the LED-1 is powered by the capacitor Ci. The auxiliary
inductor L. continues to discharge its energy through the
capacitor Cz, by forward biasing the diode D2. Now the
capacitor Cz gets charged and hence the LED-2 is powered.
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Fig. 3 — Mode-II operation of the proposed LED driver topology.
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Fig. 4 — Mode-III operation of the proposed LED driver topology.

Figure 4 elucidates the Mode-III equivalent circuit in
which the main switch Si remains in a turned-off condition.
The switch Sa has zero voltage applied across it, and the
body diode of S. is conducting to discharge the stored
energy of the primary leakage inductor. The device D2
remains in forward-biased condition so that the stored
energy in the inductor L. powers the LED-2. The forward
biasing of the device D1 makes the LED-1 glow due to the
stored energy released from the secondary inductor Ls.

The conduction of the body diode of S in the previous mode
makes it turn ON at zero voltage during Mode-IV operation, as
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shown in Fig. 5. Hence, the ZVS operation of the switch Sa is
ensured. The main switch Sm remains in the turned OFF
condition. Devices D1 and D> remain short-circuited by forward
bias. Both the LED-1 and LED-2 glow due to the energy
supplied by the inductors Ls and L., respectively, through the
devices D1 and Ds.
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Fig. 5 — Mode-1IV operation of the proposed LED driver topology.

During Mode-V operation, as illustrated in Fig. 6, device D>
is open-circuited under reverse bias, and the inductor La is fully
demagnetized. Now the inductor L. is charged, through the
conducting switch S., by the leakage inductor current on the
primary side, and hence the LED-2 glows. Switch Sm remains in
the OFF state. The LED-1 glows due to the discharge of the
inductor Ls through the conducting diode D;.
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Fig. 6 — Mode-V operation of the proposed LED driver topology.

The switch S. is turned OFF during Mode-VI operation.
Now, the junction capacitance Ca. is charged to the source
voltage Vs and the junction capacitance Cm gets completely
discharged to zero voltage. At the subsequent Mode-VII, the
capacitance C. is open-circuited due to the fully charged
condition, and the body diode of the switch S starts conducting,
which ensures ZVS turn-on of the switch Sm during Mode-VIIIL.
During Modes VI, VII, and VIII, LEDs 1 and 2 glow, receiving
energy from inductors Ls and La, respectively.

In all the LED operating modes explained in above
paragraphs, the double PWM approach for ZVS operation
of the power switches enables independent regulation of the
light-output brightness (luminous flux) and chromaticity of
the two parallel-connected LEDs by decoupling effect of

power conversion from dimming control, and by
controlling the each LED branch current independently
using separate PWM signals with suitable variation of duty
cycle. This PWM scheme causes efficiency optimization
across the whole operating range, prevention of color shifts,
and component stress reduction [34-36].

For deducing the expressions for the voltage gains of the
suggested LED driver topology, the operation of the topology
under Mode I, Mode IV, and Mode V is considered. The flux
balance concept is applied to the secondary inductor Ls and the
auxiliary inductor L.. The flux balance equation for the
secondary inductor Ls is already written as eq. (5) for the
switching period Ts. Similarly, the flux balance equation for the
auxiliary inductor L. is written as eq. (7) below for the same
switching period Ts. Then the eq. (5) and (7) are used to derive
the voltage gains (Gr1 and Gr2) due to LED-1 and LED-2.

(—Vi2)k,Ts + (VLp + Ve — VLZ)(l — k)T, =0, (7
= Vi _ _ nkm

Gry = Grep1 = Ve | (kg)+(1em) 'S 3

G, = Grgp_p = Lz — (1—_%). ©

Vs 6

3. PSIM SIMULATION MODEL OF THE
SUGGESTED LED DRIVER AND THE RESULTS

The PSIM (POWERSIM 9.0) software tool is employed
for the simulation of the projected LED driver topology.
The corresponding simulation model of the LED driver
operating at 100 kHz switching frequency is shown in
Fig. 7. The loads are indicated as LED-1 and LED-2. The
design specifications of the inductive and capacitive
elements, and the input voltage (Vs) used for simulation are
as shown in Table 1. The switching pulse for the main
switch Sm is generated using double PWM strategy at 60%
dimming of LED, by comparing the high frequency pulse
(Ven) at 100 kHz frequency and the low frequency pulse
(Vo) at 1 kHz frequency as shown in Fig. 8. The PWM
signals as shown in Fig. 11 for the auxiliary switch S. are
generated at 90% dimming of LED either by complement
operation on the switching pattern of the main switch Sm or
by utilizing a logic circuit as depicted in Fig. 7. The
waveforms of output voltages and currents for LED-1 and
LED-2 are illustrated in Fig. 9 and Fig. 10 respectively for
60% and 90% dimming control. The soft switching (ZVS)
waveforms of the main and auxiliary switches are depicted
in Fig. 12.
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Fig. 7 — PSIM model of the suggested LED driver topology.



68 A coupled-inductor based LED driver circuit 4

Vg
2
-3
4
o
15
VoL M
s
o
>+ (Vg )
o4 gm
o
Q4428 0.4432 0.4432 04424 0.4438
Time (s)
Fig. 8 — Switching pulse generation for the main switch Sw using the double PWM technique at 60% dimming.
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Fig. 9 — Output voltages (VL1 and V12) and output currents (IL1 and Ir2) for 60% dimming control.
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Fig. 10 — Output voltages (Vi1 and Vi2) and output currents (ILi and Ir2) for 90% dimming control.
1
FTHHFWH(WHHWHWHHPHHHHF‘HH’THFHHFWHFWHHWWHHFHHHHWHH(HHFHW
I U AU
12 [VoL
.
0.82
Vga (V)
nn I I F\ M nnnnn M I I F\ I nnnn M H
ot LA SR
0

0.3706 Time (s) 0.3708 0.271

Fig. 11 — Switching pulses generation for the auxiliary switch S, using the double PWM technique at 90% dimming.
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Fig. 12 — Soft switching (ZVS) waveforms for the main switch (Sm) and auxiliary switch (Sa)
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Table 1

PSIM simulation model parameters and their values
Circuit parameters | Symbol | Value
DC input voltage to the LED driver Vs 120V
Primary inductor Ly 1 mH
Secondary inductor Ls 445 uH
Auxiliary Inductor La 1.5mH
Capacitor Ce 1 pF
Capacitor Cor 800 uF
Capacitor Coz 60 uF
Switching frequency fs 100 kHz
Duty cycle (k) of the main and ki 0.6
auxiliary switches Sm & Sa ka 0.4
Output power Po 16 W

4. HARDWARE IMPLEMENTATION OF THE
PROPOSED LED DRIVER AND THE RESULTS

The prototype model of the suggested LED driver of
10 W rating is developed as shown in Fig. 13 with a voltage
capability of 5 V and a current capacity of 1 A. The
prototype structure employs a magnetically coupled
inductor with a tapping arrangement without the need for
coupled and auxiliary inductors, so that the overall circuit is
compact and highly efficient. The switching pulses are
generated by means of an Arduino UNO microcontroller
board based on ATmega328P. The Arduino IDE 1.8.1 is
employed to develop the code for the double pulse width
modulation (DPWM) technique. The AC power supply of
230 V, 50 Hz is stepped down to a low-level AC voltage of
15-0-15 V at 3 A using a step-down transformer with a
centre-tap. Then, this low-voltage AC is rectified using
IN4007 diodes and filtered using a capacitor of
1000 pF/25V. The main and auxiliary switches Sm and Sa
are of IRF 540 category of MOSFET, and each switch is
driven by a transistor-based push-pull configuration. The
UF5408 ultrafast feedback diodes and 2200 pF/50V rated
capacitors are used at the output stage of the coupled
inductor. The two LEDs, each rated 5 V/ 1 A, act as loads.
The switching pulses generated by the DPWM method for
the main and auxiliary switches Sm and Sa are shown as Vgn
(High frequency pulse) and Vg (low frequency pulse) in
Fig. 14 and Fig. 15, respectively. The waveform of voltage
appearing across the two LEDs is depicted in Fig. 16.

Fig. 13 — Prototype model of the projected LED driver topology
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Fig. 16 — Load voltage (Vvi,or Vi2) across two LEDs

5. CONCLUSIONS

The research concept proposed in this article explores the
operational behavior during different modes of an efficient
buck converter-driven LED lighting configuration with color
stability. The projected LED driver structure employs one
main power switch and one auxiliary power switch, one
coupled inductor, a smaller number of passive components,
and diodes. The power switches are controlled by ZVS to
reduce switching losses. The PSIM simulation model of the
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topology and the results are presented. With one number of
power switch, it is possible to increase the LED output stages
by simply adding auxiliary inductor elements. Hence, the
overall circuit size and the cost are reduced. The LED
dimming control capability at various levels, for reduced
power consumption, achieved by means of a double PWM
scheme, is another significant feature of the topology. The
double PWM strategy regulates the LED current and helps to
achieve power factor correction at the input side. The
experimental investigation of the proposed LED driver is
also conducted by developing a prototype.
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