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ABSTRACT

The availability of DC grids necessitates the development of LED drivers for both low and high voltages. A
full-bridge configuration is proposed for LED drivers suitable for housing and street lighting applications.
This approach is effective for current handling with minimal conduction losses and allows for easy extension
to higher wattage solutions. It offers advantages such as lower component count, PWM dimming, and
compatibility with various loads. To enhance performance, a modified version of the conventional bidirectional
boost converter is introduced, integrating an auxiliary circuit comprising a capacitor, inductor, and switch.
This configuration supports soft switching in both operation modes. During the day, the system operates in
buck mode, storing solar energy in the battery. At night, the system uses the battery to power LED lighting via
boost operation. This approach is grounded in PET theory, coupled with insights on heat sink design and soft-
switching. This integrated system ensures efficient operation by maintaining the optimal voltage. An extensive
analysis is performed, and the proposed solutions are verified through simulations using the PSCAD/EMTDC
version 4.2.1. The study explicitly presents a practical solution for cascade-based LED lighting, with good
results.

Keywords: optimal flux, buck-boost converter, soft switching;, LED streetlights;, PET theory,; photovoltaic
technology.

INTRODUCTION

As the world moves forward, with the continual progress in technology, the expansion of the
population, and the increasing use of electrical devices, the demand for electricity is growing. If this
trend continues, we will ultimately face a potential crisis in meeting energy demands. To address this
challenge, researchers have suggested the use of renewable energy sources. Solar energy, in particular,
is widely regarded as one of the most promising renewable energy sources due to its accessibility.
Power electronic converters are a critical component of these renewable energy systems. Given that
solar systems produce direct current (DC), DC/DC converters are essential in photo-voltaic systems
(11, Bidirectional DC/DC converters are commonly used in various applications including fuel cell
systems, battery systems, and uninterruptible power supply (UPS) systems. These converters play a
significant role in renewable energy systems 2. There are two main classifications of bidirectional
DC/DC converters: isolated and non-isolated [*!. Isolated bidirectional converters, which employ more
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than four switches and an isolated transformer, have higher conduction losses and lower efficiency
compared to their non-isolated counterparts. In contrast, non-isolated DC/DC converters offer higher
efficiency due to their simpler design Pl. To further enhance efficiency, a suggested approach is the
use of soft-switching techniques, which allow for zero-voltage switching and reduce switching losses,
thus improving overall efficiency 2. In recent years, there have been various research efforts
regarding the control methods of DC/DC converters 2. LED lighting is considered a superior
alternative compared to traditional lighting systems due to its high luminous efficiency and long
lifespan [,

The wide range of applications of LED lighting include indoor lighting, roadway lighting, automotive
lighting, among others ['1. LED lighting, having unique voltage and current characteristics, requires a
dedicated power supply known as an LED driver. For LED drivers, switched-mode power supplies
with high efficiency are preferred over linear regulators (. AC-DC converters are used in LED drivers
with AC supplies, as they are either single-stage [*! or multi-stage . An electrolytic capacitor is
commonly used in AC-DC LED drivers to eliminate low-frequency ripple. However, LED drivers
incorporating electrolytic capacitors have a relatively short lifespan. Since LEDs have a much longer
life span, it is more appropriate to use LED drivers that do not include electrolytic capacitors to match
the lifespan of the LED itself and ensure long-term reliability *). However, this choice increases the
complexity of the circuit. To overcome the lower efficiency and shorter lifespan of traditional LED
drivers, it is more feasible to switch toward DC distribution.

The power industry at the utility level is moving toward DC distribution. Most electrical devices
operate internally on DC power, and appliances such as electronic chargers, computers, and LED
lights all function with DC power. With the development of renewable energy sources like solar
panels, which produce DC power directly, the growth of DC distribution is making more sense 1.
LED lighting load has a significant demand for DC power due to the increasing use of LED lamps.
LEDs supplied from DC sources are compact, reliable, and more efficient compared to those supplied
from AC, as they eliminate the need for an AC-to-DC conversion stage !'"%). Preferred features for
street lighting with LEDs using DC power include:

X/
°

Relatively larger power

X3

A

Multiple load requirements
High efficiency
Reduced component count

X3

A

K/ K/
LA X4

Dimming capability for improved energy efficiency
Load current regulation.

X3

S

Several DC-DC converter-based LED drivers have been suggested in research. A full-bridge resonant
DC-DC converter for regulating LED current and providing PWM dimming is introduced in 7. It
uses a constant duty ratio and fixed frequency, but current regulation is handled by an extra buck
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converter, which adds more components. An autonomous LED street lighting system is proposed in
81 but it uses hard-switching. A buck-boost integrated half-bridge series resonant DC-DC converter
for LED drivers with current regulation and PWM dimming for multiple loads is proposed in ). This
design provides high gain, but LED current is controlled using frequency control, which involves a
complex component design and an additional switch for PWM dimming. A full-bridge ripple-free
LED driver with current regulation and PWM dimming for street lighting is presented in [, It has
smaller magnetic components but uses an auxiliary buck-boost converter for current regulation and
an extra switch for dimming. A half-bridge series resonant converter-based LED driver for current
regulation and PWM dimming is proposed in ['!]. It reduces voltage stress on components, but it has
more components. A switch-controlled capacitor-based LED driver for multiple loads is introduced
in ['2! using constant frequency for current regulation and dimming. However, it needs additional
switches, diodes, and capacitors, which increases component count and complexity. A single inductor
multiple output LED driver for dimming is proposed in 31 It offers a high dimming range but has a
high dimming frequency and requires more components for dimming. An asymmetrical half-bridge
LED driver with multiple output for street lighting is introduced in 4. It operates with constant
frequency but uses analog dimming, and it has more components. A three-leg series resonant
converter-based LED driver for current regulation and dimming is proposed in '], operating with
fixed frequency, but it requires more components for multiple loads. A constant current LED driver
to regulate LED current is suggested in [®!. It has low ripple content, but it requires more inductors,
diodes, and capacitors, increasing component count. A DC-fed resonant switched capacitor topology-
based LED driver is proposed in "], It is simple, robust, and low-cost, but uses analog dimming for
illumination control, which affects the color of LED lighting. Current is regulated using a variable
inductor, whose design is complex. A single inductor half-bridge LED driver with magnetic control
for DC-grid is introduced in ). It operates with constant frequency, but current regulation uses a
variable inductor that is hard to implement. A half-bridge series resonance LED driver with two
outputs is presented in 1. It has fewer switches, but more diodes and capacitors, and it has higher
current and voltage stress.

Battery

LED Strectlight
PV Panel

Figure 1:PV-powered LED streetlight system.
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PROPOSED SYSTEM COFIGURATION AND OPERATION

The proposed system is shown in Figure 2. This system uses a soft-switching bidirectional dc/dc
converter to collect energy from the PV panel and provide power to the LED light. As you can see in
the figure, the converter sends current through both its input and output ports, which is a good feature
for the battery, PV panel, and LED light. The PV source and LED light have higher voltage levels
compared to the battery, so the high-voltage side of the converter is connected to them via a static
relay. Because of this, during the day, the converter uses its buck mode to store PV energy in the
battery, and at night, it uses its boost mode to power the LED light from the battery. As shown in
Figure 3, during the day, the converter operates in buck mode because the PV panel voltage is higher
than the battery voltagel®].

In this situation, the relay is connected to the PV panel, and the Q1 switch is turned on using a PWM

signal, while the Q2 switch remains off. When Q1 is off, the diode D2 allows current to flow. On the
other hand, as seen in Figure 4, at night, the converter uses boost mode since there is no PV power
available, and the battery has to power the LED light, which requires a higher voltage. In this situation,
the relay is connected to the LED, and Q2 is turned on using PWM, while Q1 remains off. When Q2
is off, the diode D1 allows current to pass!®.

Now, if during the time each diode is conducting, the corresponding inverse parallel switch of that
diode is also turned on, the circuit functions as a synchronous rectifier for both the buck and boost
circuits, which reduces conduction losses!®l.

Therefore, a PWM signal is applied to the Q1 switch with a duty ratio of d1, and the Q2 switch
operates in the opposite state of Q1 with a duty ratio of 1 - d1. This means when Q1 is on, Q2 is off,
and when Q1 is off, Q2 is on. In this setup, the voltage across the capacitor C1 is given as’):

Figure 2. Proposed soft-switching bidirectional DC/DC converter for LED streetlight system.
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Figure 4. Nighttime operation

PROPOSED CONTROL SYSTEM

Figure 5 shows the proposed converter control system. During the day, the duty ratio d1 is used as the
controlling variable to regulate the PV module current at the IMPP, which helps control the generated
power at PMPPP]. By using the MPPT algorithm, the maximum power operating current (IMPP) of
the PV module is found. Then, this current is used as input to the PI controller to determine the
converter’s first switch duty cycle d1. At night, the duty ratio d1 is again used as the controlling
variable to adjust the LED light current to its optimal value. To find the duty cycle of the converter
d1, the PET theory [ is used to determine the optimal operating current (IOpt) of the LED light, and
this value is then given to the PI controller.
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Figure 5: Proposed control system

PROPOSED CONVERTER OPERATION ANALYSIS

In the converter design, by using large enough values for the inductance L2 and capacitances C1 and
C2, these components act like nearly constant current and voltage sources for the inductor current L2
and the capacitor voltages VC1 and VC2. This leads to VC1 being higher than VC2. The inductor
currents iL1 and iLr are shown with their small changes in value, known as ripples. During the
analysis of the converter, if an inductor current becomes positive, it means the component is charging.
If the current becomes negative, it means the component is discharging!®.

ZERO-VOLTAGE SWITCHING (ZVS)

ZVS techniques, which help in making the power switches in a converter switch smoothly, are very
popular among designers of power electronic systems these days. The usual way of switching power
during the on-time with resonant transitions is known as ZVS. Basically, this works by matching the
relationships from the volt/second rule at the start and end of the system. In soft-switching, when a
switch is off, the LC circuits vibrate. This helps bring the voltage across the switches down to zero
before turning them back on. Another method used is zero-current switching (ZCS). This happens
when the switch is turned on when the current through it is zero. Like ZVS, ZCS also lowers switching
losses >8], Switching a device when the voltage is zero greatly cuts down on switching losses, which
makes the circuit more efficient. Here are the main benefits of using ZVS:

K/

% Lower switching losses.

>

K/
*

Higher efficiency.

)

7/
o0

Better ability to handle short circuits.

RS

» No current going above the peak level.
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7

% Less electromagnetic interference (EMI).

7

¢ Chance to use high-frequency switching.

Even though ZVS is good, it has some drawbacks.

It may not work well with light loads because it needs a minimum current. Also, there needs to be
some time in between when switches turn on and off. For more details on ZVS and ZCS, 731,

SIMULATION RESULTS

We assume the use of a 60 W LED streetlight, a PV module, and a 12 V battery source for the
proposed system. To address the issue of low brightness from a single LED, multiple LEDs can be
connected in series and parallel. In the simulation, 20 LEDs are used in two strings, with 10 LEDs in
each string!®). Table 1 displays the parameters of the LED streetlight used, with each LED having a
maximum power of 3 W. In Figure, the P-V output characteristics of the PV module are shown for
three different environmental conditions. A 12 V lead-acid battery is used. In the simulation, the PV
module should charge the battery during the day under MPPT conditions. At night, the battery
supplies the LED light with the optimal current!®. The proposed converter is switched under soft-
switching conditions—ZVS in both operation modes and ZCS. In buck and boost operation modes,
as shown in the simulation waveforms, the voltages of Q1 and Q2 were reduced to zero level,
indicating successful ZVS conditions for the switches. Additionally, Q3 is turned off when its current
is negative, through D3, which provides ZCS conditions for this switch!®],
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Figure 6: P-V output characteristics of the utilized PV module.
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The study accounts for variabilities in solar irradiation and ambient temperature. The system was
simulated using the PSCAD/EMTDC software. The system operates in two operational modes: day
and night. The system operation involves three and two steps, respectively. The proposed system's
operational phases are discussed®].

Table 1. LED streetlight simulation parameters.

Symbols Simulation Parameters Symbols Simulation Parameters
Wien 0.14 {m) M 18
Liep 0.16 {m} ke -0.0045
Wi 0.20 {m) khs 200 (wim-k)
Ly 0.22 {m) Ep T8.5 (Imhw)
g 0.015{m) Maid S5 (wim-k)
f: 0.005 (m) Fic 3 (PCIW)
Hs 0.01 {m) M 18
CONCLUSIONS

This study presents the use of a bidirectional boost converter for the control of PV-powered LED
lighting employing battery storage. Design improvement was achieved by introducing an L-C-switch
series resonant circuit. This topology provides for soft switching in both buck and boost operations.
During daylight, the converter functions to draw MPP solar energy from PV modules and charge the
battery in the buck mode. At night, the system would harness stored energy from the battery to power
the lighting system. The system's flexibility in operation enables a cost-effective and simplified
design. The system integrates electrical, optical, and thermal characteristics of LEDs, optimizing the
cycle for maximum luminous flux. A control system enables efficient operability in terms of voltage
adjustment, battery charging, and MPPT. The system presents a single-stage: it offers compact and
effective power conversion.

REFERENCES

Banu, J. B., & Moses, M. B. (2018). IoT based augmented perturb-and-observe soft-switching boost
converters for photovoltaic power systems in smart cities. Wireless Personal Communications,
102(4), 2619-2641. https://doi.org/10.1007/s11277-018-5280-x

35

INTERNATIONAL JOURNAL OF INNOVATIONS IN ELECTRONIC AND ELECTRICAL
ENGINEERING



International Journal of Innovations in Electronic & Electrical Engineering http://www.ijieee.in
(IJTEEE) 2019, Vol. No. 5, Jan-Dec e-ISSN: 2454-9592; p-ISSN: 2454-8081

Jia, L., Lakshmikanthan, S., Li, X., & Liu, Y. F. (2017). New modeling method and design
optimization for a soft-switched DC-DC converter. I[EEE Transactions on Power Electronics, 33(7),
5754-5772. https://doi.org/10.1109/TPEL.2017.2671638

Khalilian, H., Farzanehfard, H., Adib, E., & Esteki, M. (2017). Analysis of a new single-stage soft-
switching power-factor-correction LED driver with low DC-bus voltage. /[EEE Transactions on
Industrial Electronics, 65(5), 3858-3865. https://doi.org/10.1109/TIE.2017.2664468

Lam, J., El-Taweel, N., & Abbasi, M. (2017). An output-current-dependent DC-link energy regulation
scheme for a family of soft-switched AC/DC offline LED drivers without electrolytic capacitors.
IEEE Transactions on Industrial Electronics, 64(7), 5838-5850.
https://doi.org/10.1109/TIE.2016.2643442

Li, B., Zhang, X., Zhou, D., Sun, S., Wang, Y., & Xu, D. (2018, June). Soft-switching characteristics
analysis based on LLC resonant converter. In 2018 IEEE Transportation Electrification Conference
and Expo, Asia-Pacific (ITEC Asia-Pacific) (pp. 1-6). IEEE. https://doi.org/10.1109/ITEC-
AP.2018.8433301

Liu, J., Sun, W., & Zeng, J. (2017). Precise current sharing control for multi-channel LED driver
based on switch-controlled capacitor. [ET  Power  Electronics, 10(3), 357-367.
https://doi.org/10.1049/iet-pel.2016.0294

Ma, H., Chen, G., Y1, J. H., Meng, Q. W., Zhang, L., & Xu, J. P. (2017). A single-stage PFM-APWM
hybrid modulated soft-switched converter with low bus voltage for high-power LED lighting
applications.  [EEE  Transactions  on  Industrial  Electronics,  64(7), 5777-5788.
https://doi.org/10.1109/TIE.2016.2631358

Mangkalajan, S., Ekkaravarodome, C., Jirasereeamornkul, K., Thounthong, P., Higuchi, K., &
Kazimierczuk, M. K. (2017). A single-stage LED driver based on ZCDS class-E current-driven
rectifier as a PFC for street-lighting applications. /EEE Transactions on Power Electronics, 33(10),
8710-8727. https://doi.org/10.1109/TPEL.2017.2715288

Moradisizkoohi, H., Elsayad, N., & Mohammed, O. A. (2018, September). Experimental verification
of a GaN-based double-input soft-switched DC/DC converter for hybrid electric vehicle application.
In 2018 IEEE Industry Applications Society Annual Meeting (IAS) (pp. 1-8). IEEE.
https://doi.org/10.1109/1AS.2018.8544463

Primiceri, P., & Visconti, P. (2017). Solar-powered LED-based lighting facilities: An overview on
recent technologies and embedded IoT devices to obtain wireless control, energy savings and quick
maintenance. ARPN Journal of Engineering and Applied Sciences, 12(1), 140—150. Retrieved from
https://www.researchgate.net/profile/Paolo-Visconti-2/publication/312278047_Solar-

36

INTERNATIONAL JOURNAL OF INNOVATIONS IN ELECTRONIC AND ELECTRICAL
ENGINEERING


https://www.researchgate.net/profile/Paolo-Visconti-2/publication/312278047_Solar-powered_LEDbased_lighting_facilities-An-overview-on-recent-technologies-and-embedded-IoT-devices-to-obtain-wireless-control-energy-savings-and-quick-maintenance.pdf

International Journal of Innovations in Electronic & Electrical Engineering http://www.ijieee.in
(IJTEEE) 2019, Vol. No. 5, Jan-Dec e-ISSN: 2454-9592; p-ISSN: 2454-8081

powered LEDbased lighting_facilities-An-overview-on-recent-technologies-and-embedded-1oT-
devices-to-obtain-wireless-control-energy-savings-and-quick-maintenance.pdf

Pouladi, F., Farzanehfard, H., & Adib, E. (2018). Battery operated soft-switching resonant buck—
boost LED driver with single magnetic element. /EEE Transactions on Power Electronics, 34(3),
2704-2711. https://doi.org/10.1109/TPEL.2018.2871663

Pouladi, F., Farzanehfard, H., Adib, E., & Le Sage, H. (2018). Single-switch soft-switching LED
driver suitable for battery-operated systems. IEEE Transactions on Industrial Electronics, 66(4),
2726-2734.  Retrieved  from  https://www.researchgate.net/publication/325775855_Single-
Switch_Soft-Switching LED Driver_Suitable for Battery-Operated Systems

Tehrani, B. M., Chamali, M. A., Adib, E., Amini, M. R., & Najafabadi, D. G. (2018). Introducing
self-oscillating technique for a soft-switched LED driver. IEEE Transactions on Industrial
Electronics, 65(8), 6160—-6167. https://doi.org/10.1109/TIE.2017.2768557

Wang, Y., Alonso, J. M., & Ruan, X. (2017). A review of LED drivers and related technologies. /[EEE
Transactions on Industrial Electronics, 64(7), 5754-5765. https://doi.org/10.1109/TIE.2017.2734882

Wang, Y., Gao, S., Zhang, S., & Xu, D. (2017). A two-stage quasi-resonant dual-buck LED driver
with digital control method. [EEE Transactions on Industry Applications, 54(1), 787-795.
https://doi.org/10.1109/TIA.2017.2651944

37

INTERNATIONAL JOURNAL OF INNOVATIONS IN ELECTRONIC AND ELECTRICAL
ENGINEERING


https://www.researchgate.net/profile/Paolo-Visconti-2/publication/312278047_Solar-powered_LEDbased_lighting_facilities-An-overview-on-recent-technologies-and-embedded-IoT-devices-to-obtain-wireless-control-energy-savings-and-quick-maintenance.pdf
https://www.researchgate.net/profile/Paolo-Visconti-2/publication/312278047_Solar-powered_LEDbased_lighting_facilities-An-overview-on-recent-technologies-and-embedded-IoT-devices-to-obtain-wireless-control-energy-savings-and-quick-maintenance.pdf
https://www.researchgate.net/publication/325775855_Single-Switch_Soft-Switching_LED_Driver_Suitable_for_Battery-Operated_Systems
https://www.researchgate.net/publication/325775855_Single-Switch_Soft-Switching_LED_Driver_Suitable_for_Battery-Operated_Systems

