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Abstract—An improved twin-bus converter with n + 1 active switches is presented to enable dimming 

of n-string LEDs from true zero to the rated current level. This design offers greatly reduced voltage 

stresses, allowing the current-loop regulation switches to operate at very high frequencies while 

maintaining high efficiency across a wide load range. The dimming switch, on the other hand, operates 

at a lower frequency to ensure efficiency and prevent light flicker. The paper describes the detailed 

power stage working concept and individual string current control technique for the presented converter. 

Experimental results from a 3-string 50-W LED driver hardware prototype demonstrate that the 

independent string current for dimming control can be adjusted from zero to the required 350 mA. With 

a switching frequency of 1.08 MHz, a peak efficiency of 98.3% was achieved. 

Index Terms—Dimmable LED drive, asymmetric multiple-level converter, high efficiency, light-

emitting diode (LED), off-line LED illumination, three-level converter, two-input buck. 

1. INTRODUCTION  

White LEDs are rapidly becoming a preferred solid-state light source due to their high efficacy, 

extended lifetime, low environmental impact, and smooth dimming capabilities. One of the primary 

applications for LEDs is off-line lighting, such as general illumination, LCD backlights for desktop 

displays and televisions, and street and parking lot lighting, where multiple strings of LED driving 

techniques are often required. 

There are four types of LED driving systems for dimming control: 1) analogue dimming with linear 

regulators; 2) PWM dimming with linear regulators; 3) pulse width modulation (PWM) dimming with 

linear regulators; and 4) PWM dimming with switching regulators. In analogue dimming methods, the 

LED current level of each string is adjusted by altering the reference level of the individual current 

feedback loop. This approach is quick and inexpensive but can result in color variation. 

To achieve brightness adjustment without color variation over the full dimming range, PWM dimming 

methods have been introduced. In these methods, the amplitude of the pulsating LED current is kept 

constant, and the pulse width is regulated. Both linear and switching regulators can be used in either 

analog or PWM dimming methods. The efficiency of LED drivers with switching regulators is higher 

than that of drivers with linear regulators. Therefore, the PWM dimming method with switching 

regulators is the trend for future LED driving systems due to its high efficiency and better illumination 

quality. This paper discusses a further enhanced PWM dimming method with switching regulators 

aimed at off-line LED lighting applications. 
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In prior work, a two-input buck post-regulator was introduced to effectively reduce voltage stress across 

semiconductors while achieving high efficiency through parallel power processing [11] [12]. However, 

this approach is not suitable for PWM dimmable LED applications due to the limited output voltage 

range between the two input voltages [12]. This limitation results in the inability to dim the LED current 

to zero [16]. Although the configuration presented in [16] suggests inserting two active switches and 

one diode during the off-state of PWM dimming to block the two input voltages and achieve zero output 

voltage, this approach leads to higher conduction losses and increased system complexity, thereby 

hindering efficiency improvement. 

To address these challenges, this letter proposes an improved two-input buck converter with (n + 1) 

active switches for dimming n-string LEDs from true zero to the desired current level. By significantly 

reducing voltage stressors, the n-switches responsible for current-loop regulation can achieve high 

efficiency at very high frequencies, similar to the two-input buck converter. Additionally, the addition 

of one more dimming switch, controlled at a low frequency and shared by the n-string LEDs, ensures 

high-efficiency operation and full-range dimming from zero. The unique twin-bus-based LED driver is 

introduced to enhance efficiency, reduce inductor size, and expand the dimming range of the LED 

current simultaneously. Section II will provide a detailed explanation of the power stage working 

concept and control scheme of the proposed converter. 

 

Fig. 2 illustrates the proposed converter, showcasing its circuit diagram and key 

waveforms. 

To validate the circuit's operation and claimed performance, a 50-W high-brightness LED lighting 

hardware prototype was constructed and tested in various applications. 

The operational principles of the novel converter are essential for understanding its functionality. The 

circuit architecture and key waveforms are depicted in Figs. 2(a) and (b), respectively. These include 

two input voltage sources, VDC1 and VDC2, (n + 1) power MOSFETs denoted as S1 and S2n, 

freewheeling diodes represented by D1 and D21 - D2n, and n output inductors labeled as L1 - Ln. 

Notably, the AC-DC converter regulates the initial input voltage VDC1 slightly above the maximum 

voltage of the LED strings. A second input voltage, VDC2, slightly lower than the minimum voltage of 

the LED strings at the specified current, is obtained using an appropriate turns ratio. Both input voltage 

sources, being close and shared, are referred to as the twin bus. 
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By adjusting the pulse width of the dimming switch S1, which operates at a low frequency of 400 Hz 

in this scenario, the average current of all LED strings can be controlled. Moreover, the voltage stresses 

of all S2k and D2k (where k = 1, 2,..., n) are simply the difference between the two input voltages, 

which are much lower than the input voltage and the desired output voltage level. This characteristic 

allows for the utilization of lower on-resistance MOSFETs and Shockley diodes with lower forward 

voltage drop. Additionally, the resistors in series with the low-side switches, which share the common 

ground, serve as cost-effective current sensors for the LED strings. 

The proposed circuit combines features of two alternative converter topologies: the standard buck and 

the floating buck with twin bus. It is a three-level converter for dimmable LED driving, offering various 

duty cycles and switching frequencies between the high- and low-side active switches. This structure 

operates in four distinct modes during a single PWM dimming cycle, as depicted in Fig. 3. Specifically, 

the dimming switch S1 remains ON when the LEDs are turned on, as illustrated in Fig. 3(a). 

 

 

 

 

 

 

 

 

 

 

Fig. 3 illustrates the topological modes of the proposed converter, depicting four distinct intervals: (a) 

charging interval, (b) discharging interval, (c) resetting interval, and (d) idle interval of the output 

inductor. 

Fig. 4 illustrates the controller block diagram of the proposed converter. 
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The voltage stresses of the bottom switch S2n and its freewheeling diode D2n can be calculated using 

the formula: 

Vmax=VDC1−VDC2 

This equation (1) indicates that voltage stresses can be significantly reduced if VDC2 is configured to 

be near VDC1, resulting in reduced conduction losses. 

 

Fig.5. illustrates the twin-bus implemented circuits, showcasing three different configurations: (a) 

SEPIC, (b) single-switch boost-flyback converter, and (c) boost cascaded with LLC resonant converter. 

Fig.6. displays the power circuit and the parameters of the prototype: (a) LLC resonant converter, and 

(b) twin-bus converter. 
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Fig. 7. displays the waveforms of MOSFET voltage 01vS01 and its gate voltage 01vG01, output diode 

voltage 01vD01, and its current 01iD01 in the LLC resonant converter. 

S2n and D2n switching losses are both significantly decreased. The LED current amplitude In can be 

defined as the integral of the voltage delivered to the output inductor, which must be zero during every 

high switching cycle in the static state. 

 

Fig. 8. shows the waveforms of input voltage 1VDC1, one string LED current, and low-side active 

device voltage. 

LED; m is the number of series LEDs in each string; and D is the duty cycle of the bottom switch. 

During the intervals shown in Fig. 3(a) and (b), the peak-to-peak current ripple can be expressed as 

follows: 

I=VDC2−m⋅VF+VDC1−VDC2⋅D 

ΔI=m⋅rLED(VDC1−mVLED)D⋅T 

where 1VDC1 and 2VDC2 are the input voltages, and rLED are the equivalent voltages and series 

resistances of each. 

ΔIpk=(mVLED−VDC2)(1−D)⋅T 
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Fig. 9. presents the testing waveforms of LED current transition: (a) during the rising interval and (b) 

during the falling interval. 

I. EXPERIMENTAL RESULTS 

In order to verify the circuit validity and the improved performance of the proposed converter, a 50-W 

hardware prototype to drive three strings of 15 1.1-W high-brightness white LEDs was designed, 

manufactured, and tested. The power circuit and characteristics of the prototype aimed at off-line LED 

lighting applications are shown in Fig. 6, which includes the LLC resonant converter and the proposed 

twin-bus converter. 

The LLC resonant converter regulates VDC1 by variable frequency modulation between 63 and 95 kHz 

using the standard isolated voltage feedback control loop. The twin-bus converter prototype includes 

the following parameters: 50 and 45 V of the twin-bus voltage, three strings of LEDs composed of 15 

pieces of 1.1-W LEDs in series for each string, 400-Hz dimming frequency of the high-side switch, 

1.08-MHz switching frequency of the low-side switches, 33-μH output inductance, and the 350-mA 

rated LED current of each string. Three LM3407 integrated chips holding the low-side 1-/40-V constant 

current regulators regulators in place. To sense the current of each string, two 1.13- resistors are used 

in parallel. The 0.1-/100-V MOSFET and 1-A/100-V Schottky diode are the dimmable active and 

passive switches. The high-side driver circuit for the dimmable N-channel MOSFET is developed 

utilising the LM5101 with supplemental power from the additional winding in the front-end 

transformer. If the P-channel MOSFET with level-shift circuit is used as the dimming switch, the 

auxiliary power and high-side driver circuit can be omitted. 

In the LLC resonant converter, the test results of the MOSFET device voltage vS01 and its gate voltage 

vG01, the output diode voltage vD01 and its current iD01 are shown in Fig. 7. The fact that vS01 goes 

to zero before its gate switches on clearly demonstrates that the MOSFET achieves zero-voltage 

switching. It can also be shown that the output diode turns on or off under zero-current switching 

conditions without a significant voltage spike. The experimental verification for the input voltage 

VDC1, the LED current of one string, and the low-side active device voltage at 1.08-MHz, 350-mA 

output current operations is shown in Fig. 8. 
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Fig. 10 illustrates the comparison of the average current of each LED string at different dimming duty 

cycles. 

 

Fig. 11 presents the experimental results of efficiency as a function of the output current. 
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The LED current is effectively controlled, maintaining an average value of 352 mA with a peak-to-peak 

ripple of 17%. Additionally, the stress on the active switch is significantly low, ranging from 6 to 10 V, 

well below the 50 V input voltage. 

Figure 9 illustrates the waveforms of the LED current transition during both rising and falling intervals. 

The slew rates of the LED current exceed 20 mA/s when using a 33 μH output inductance, confirming 

the true zero-dimming capability of the proposed converter. 

Figure 10 provides a comparison of the average current of each LED string at different dimming duties. 

It demonstrates strong linearity of each string's current over PWM dimming duty, with less than 0.2% 

current imbalance for each string. 

In Figure 11, experimental efficiency is plotted as a function of output power for each string, with 

specified parameters including Vin = 400 V, VDC1 = 50 V, VDC2 = 45 V, fS2n = 1.08 MHz, and 15 

1.1-W LEDs in series. The twin-bus converter achieves peak efficiency of 98.3% and maintains 

efficiency above 98% for output power ranging from 10 to 50 W. 

In conclusion, the novel converter with dual bus architecture presented in this study enables high-

efficiency operation for dimmable LED lighting. It allows precise control of LED string currents from 

zero to the rated current level, with current-regulating switches operating at high switching frequencies 

and low voltage stresses. This design ensures high efficiency, compact size of output inductors, and fast 

LED current slew rates. Experimental results confirm the effectiveness of the proposed approach, 

achieving a maximum efficiency of 98.3% at a switching frequency of 1.08 MHz. Moreover, the 

utilization of tapped secondary-side windings enhances the efficiency of the front-end converter. 
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