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Abstract— This paper presents a single switch soft switched buck-boost resonant converter for LED drive applications. Zero current switching condition results in high efficiency. The proposed circuit provides a constant average output current independent of output voltage which makes it suitable for LED driving applications. The average output current is independent of output voltage and is a function of switching frequency, resonance capacitor and input voltage. Thus in a specific output current the circuit works with a constant frequency and duty cycle, which makes the control circuit very simple. The circuit is suitable for cost sensitive applications due to minimized number of components. Boosting capability makes this converter proper to be connected to photovoltaic cells as the input power source. Simulation results for a 12V/60V converter are presented.
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 Introduction
The total demand for energy is growing with nonstop pace. Lighting applications are responsible for almost 20% of electricity consumption [1]. One of the critical issues in lighting design is the luminance efficiency in order to provide more lumens while consuming less energy [2]. Light Emitting Diodes (LEDs) have brilliant characteristics to fulfill this desire and these diodes have become very popular during the past decade. LEDs are now widely used in many indoor and outdoor lighting applications [3]-[7]. In recent years LEDs have replaced fluorescent and incandescent traditional lamps due to higher efficiency, higher brightness, longer life span, faster response, higher compactness and wide color range. Environmental friendliness is the other advantage due to lack of mercury or other toxic chemicals in their structure [6]-[10].
LED lighting density depends on the current running through it. Thus current regulation is necessary to feed the LED string. Furthermore, a constant current omits the flicker in LEDs. A 50Hz flicker can cause eye fatigue or other harms to the eye in long time exposure. To achieve current regulation, an appropriate LED driver should provide a constant regulated current. Switching power supplies are a great choice to drive LED strings due to providing higher efficiency, higher power density and higher control accuracy in comparison with linear regulators.
In recent years, numerous LED drivers have been presented and different topologies have been used. The main approach is designing a converter with a constant output current or a converter with independent output current from output voltage. In [11] a LED driver based on buck converter is presented. In this converter, a high power factor, high efficiency and low harmonic current can be achieved with one switch. However, this converter is hard switched, which means that switching losses are high. A hard switched buck converter in [12] and a boost converter in [13] are presented for high efficiency and low cost LED driving applications. In [14] a high efficiency resonant buck converter is proposed. PFC and dimming is achieved due to discontinuous conduction mode. However, this converter suffers from high number of elements. In [15] buck-boost family converters (Ćuk, SEPIC and buck-boost) are compared for Driving LED Lamps. A single stage flyback converter working in discontinuous conduction mode with power factor correction is presented in [16]. Since a flyback converter transfers a fixed amount of power to the output, the output current remains almost constant when the output voltage is constant. However, voltage of the LEDs change with temperature, which leads to current variation. A forward converter for low cost, high efficiency and high power factor applications is proposed in [17]. A single-stage single-switch flyback-forward LED driver with power factor correction is presented in [18]. This converter in cost efficient since it applies only one switch. A half bridge topology is proposed as a LED driver in [19]. In this converter high efficiency is achieved over the entire output voltage range.
In this paper a flicker free single soft switch resonant LED Driver with a simple control circuit is presented. In the series resonance branch switching is performed when the inductor current reaches zero so the switching loss would be omitted which results in improved circuit efficiency. Moreover working in a boosting mode has made the driver completely suitable to be powered by renewable photovoltaic sources. The proposed circuit works with a constant duty cycle and constant frequency. Simulation results and theoretical analysis are presented.
In the second section of this paper, the proposed converter and its operation modes are illustrated. In the third section, operating principle with theoretical analysis of the proposed converter is discussed and it is established that this converter can be used as a constant current source. To verify the theoretical analysis simulation result are presented in the final section of the paper.

Proposed Topology
The proposed converter illustrated in “Fig. 1” can operate as step down or step up converter. However, the main focus in this paper is on step up application of this converter. As mentioned before the advantage of this converter is maintaining a constant output current, which makes it suitable for LED driving applications.
[bookmark: _Ref433474107][image: ]
Proposed Converter
As illustrated in “Fig. 1”, the proposed converter consists of a unidirectional switch (s), an output capacitor (), a series resonant circuit ( and ), an inductor which transfers the energy to the output () and finally an inductor () with high inductance which is used for discharging resonant capacitor (). Note that the input voltage is a constant DC voltage and the capacitance of the output capacitor, , is large enough to consider the output voltage constant. “Fig. 2” illustrates the equivalent circuit of each operation mode. Since  has a large inductance, the current through it will be almost constant in a switching period. Thus this inductor is modeled as a small current source in the equivalent circuit. 
“Fig. 3” illustrates the steady state waveforms of input current, diode current and  voltage. The operation of the proposed converter in a switching period is divided into three operation modes:
Mode I) By assuming that prior to this mode, the currents through inductors  and  are zero,  voltage is constant and equal to . Thus at  the main switch, S, is turned on under ZCS condition. As illustrated in “Fig. 1”, a resonant LC circuit ( and ) is formed which charges capacitor . While capacitor is charging, through a half resonance, the current in  will increase and then decrease respectively. When the current through  reaches zero, the capacitor voltage is maximum. This mode will end at this point.
Mode II) At , S is turned off under zero current switching (ZCS) condition and the diode D is turned on under ZCS condition. As illustrated in “Fig. 1”, another resonant LC circuit will form (,  and ) that discharges capacitor , which results in transferring energy stored in capacitor  to the output. Similar to previous mode, the output current will increase and then decrease in a half resonance. Capacitor  is discharged until its voltage reaches . This mode ends when the diode current reaches zero.
Mode III) At , diode D is turned off under ZCS condition and only the output capacitor will provide load’s energy. The capacitor  will continue discharging through inductor , until its voltage reaches . At this point this mode ends.
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(a) Mode I

	[image: ]

(b) Mode II
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(c) Mode III


Operation Modes of  Proposed Converter
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Steady State Waveforms of Proposed Converter
Operating Principle of Proposed Converter
In order to analyze the proposed converter in steady state, several assumptions are made during one switching period.
All the semiconductor devices are ideal components.
The current through  is assumed constant in a switching period, since  has a large inductance.
The resonance between  and  must be faster than the resonant between ,  and  in order to guarantee ZCS condition. Thus  must be chosen Larger than .
Resonance frequency between  and  is higher than the switching frequency.
As mentioned before, prior to mode I, all currents reached zero and the resonant capacitor voltage is constant and equal to . A frequency domain analysis shows that when the switch is turned on, this capacitor will be charged until its voltage reaches . At this point, the main switch turns off under ZCS condition and the diode D is turned on under ZCS condition, so the energy stored in capacitor , will be transfered to the output through a resonance. Similar frequency domain analysis shows that when the diode is turned on, the capacitor will be discharged until its voltage reaches . Thus:
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A half resonance between  and  occurs in , and a half resonance between ,  and  occurs in . The period of the last mode is equal to . Thus:
	


	
(2)



By writing the volt-second balance for inductor  and charge balance for capacitor , respectively:
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Where T is the switching period and  is the average output current.  is given from:
	
	(5)


From equation (1) and (3):
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During mode III:
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From equations (3),(4), (6) and (7) ,  is obtained as:
	

	(8)


From this equation it is observed that, the average output current is independent of output voltage, and only depends on switching frequency, capacitor , and input voltage. Thus with constant input voltage, capacitor () and switching frequency, this converter will have a constant average current in its output and can be used as a constant current source. This attribute makes this converter suitable for LED driving applications.
Simulation Results
To verify the analysis of the proposed converter, a simulation using Pspice software is performed. The input voltage and switching frequency are equal to 12 volt and 83KHz respectively. Other components in the circuit are listed below:
	
	

	
	


“Fig. 4”, shows the proposed converter in Pspice. This layout has been designed for 60 volts output voltage and 20 watts output power. Thus the output current is almost equal to 300mA. 
 “Fig. 5”, shows the input current with respect to the gate-source pulse. As illustrated, input current begins increasing from zero when gate-source pulse is high. Thus, ZCS is achieved when the switch is turned on. Similarly, input current reaches zero when gate-source pulse is low. Thus, ZCS is achieved when the switch is turned off. Since ZCS is achieved for both turning the switch on and off, switching loss is almost zero.
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Circuit Schematic in Pspice 
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(a)
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(b)


1. (a) Input Current and (b) Gate-Source Pulse

[bookmark: _Ref434009101]“Fig. 6”, illustrates the diode current and voltage. As illustrated, diode turn on and turn off occurs under ZCS condition.
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1. (a) Diode Current and (b) Diode Voltage


“Fig. 7”, illustrates the capacitor voltage. If the initial voltage in the beginning of mode I is equal to , this capacitor will be charged to . When the switch is turned off, this capacitor will be discharged to , transfering its energy to the output.
[image: ]
Capacitor Voltage

Conclusion
Since LEDs need to be driven by a constant current and the current through a LED string must be independent of the voltage across it, this paper has proposed a single, soft switched resonant LED driver circuit. High efficiency is achieved by reducing the switching loss through ZCS. The circuit provides a constant current independent of the output voltage. Using a single stage topology and reduced number of components, make this proposed LED driver suitable for cost sensitive applications. The presented simulation results verify the converter theoretical analysis.
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