1. IntroductionAbstract—This paper presents a new portable eight-output light emitting diode (LED) driver. The eight output-channels are divided into two equal groups, and their output power can be controlled individually by using only three active switches. Besides, a simple capacitor-based passive current balancing circuit (CBC) is employed in each group to guarantee the same output current for four LEDs. Compared with conventional separate two-output isolated converters, the proposed one uses one fewer active switch. The fewer components and simpler structure reduce the cost and increase the compactness. Moreover, zero-voltage-switching (ZVS) is achieved, which improves the electrical efficiency (E-efficiency). Finally, a prototype is built, which can reach the E-efficiency of 94.6% with high compactness.
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Multi-output LED Driver Integrated with 3-Switch Converter & Passive Current Balance for Portable Applications






 The LED has an enormous progress in replacing conventional lamps in residential, automotive, decorative and medical applications [1, 2] due to its internal features such as high power density, high luminous efficiency (L-efficiency), long lifespan, mercury free and quick response [3, 4]. The L-efficiency denotes the ability to convert electrical energy to lumens, which varies with the change of load current and the E-efficiency equals the electrical power consumed by LEDs over the input power. As illustrated in Fig.1 [5], the definition of drivers’ power efficiency is the product of E-efficiency and L-efficiency.
For high illuminance applications, numerous LEDs are connected in series or parallel. For series connected LEDs, a high voltage stress is caused on the output capacitor and other insulation components. For parallel connected ones, regulating the current through different LED strings requires the current balancing technology because of the LED’s current-voltage characteristic and the negative temperature coefficient [6]. Additionally, the majority of LED drivers use galvanic isolation for security. Therefore, typical multi-output LED drivers are assembled by 1) primary power stage and 2) secondary current balancing stage.
Achieving high power efficiency while keeping high compactness of the whole system is still a challenge for LED drivers. For power stage, [7] removes the output capacitor of buck converter to achieve high power density, which decreases the E-efficiency to under 90%. [8] uses the switched capacitor converter (SCC) to drive LEDs, whose E-efficiency can only reach around 85%, in spite of its simple structure. Fortunately, from the analysis of SCC [9-13], by employing inductors, significant power losses can be avoided. Within [14-16], the flyback converter is popular because of its simple structure. However, to release the energy stored in the leakage inductance of transformer, different types of components are utilised, but all of them have their own deficiencies. For instance, active snubbers [14] and TCR snubbers [16] increase the circuit complexity and cost; RCD snubbers [15] cannot recycle the leakage inductance power, which leads to hard-switching and causes massive switching losses. To further improve E-efficiency, resonant tanks are adopted in the power stage. With at least two more inductors, LLC [17, 18] and CLCL topologies [19] can improve the E-efficiency through achieving soft-switching operation of active switches. These projects improve the E-efficiency with a significant sacrifice of compactness, which is not an ideal trade-off.
For the current balancing stage, current regulating can be achieved by applying active CBCs [20, 21] and passive CBCs [22-25]. The active way demands at least one active switch for each output channel, whose switching loss is significantly increased. To avoid high cost and power losses, the majority of current products adopt passive methods which can be realized by employing either inductors [22, 23] or capacitors [24, 25]. The inductor-based method uses transformers to balance the currents through different branches. However, the deviation of transformers and the output voltages will reduce the balance accuracy. The capacitor-based method can provide precise current balancing with high power density and low cost.[bookmark: _GoBack][image: Fig.3]
Fig. 3.  Key waveforms of the proposed LED driver
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Fig. 2. Equivalent topology of the proposed LED driver 

The topology of the proposed LED driver is shown in Fig.2. Only three active switches are implemented to support the two isolated output ports, which is similar to the converters in [26, 27]. Thanks to the resonant tank formed by the capacitors C1~C2 and the inductances carried by transformers T1~T2, all three switches can achieve soft switching with the fewest components. The capacitor-based CBC [6] can ensure the balanced currents for LED outputs. To obtain the same performance, the conventional separate two-output isolated converter demands one more active switch. Additionally, current dimmable drivers [28-31] that control the load current to adjust light cannot ensure high L-efficiency according to Fig.1 while the proposed one can achieve two-stage brightness with a stable load current. 
  This paper is organised as follows: section II analyses the operation modes of the circuit; section III discusses some main features of the topology; then section IV introduces the design guide; section V presents the experiment results; finally, section VI gives the conclusion.
2. Operation mode discussion
This paper proposes a LED driver with several merits, for instance, multi-output, high E-efficiency, high power density, controllable brightness and fewer active switches. With these advantages, the driver is suitable for high power portable applications such as camping lights, vehicle headlights and emergency lights, etc.
As depicted in Fig.2, the primary power stage consists of input DC power (Vin), three active switches (S0~S2), two capacitors (C1~C2), two transformers (T1~T2) with the magnetic inductances (Lm1~Lm2) and leakage inductances (Lk1~Lk2). The three active switches, S0, S1, and S2, control the outputs of two ports: S0 for both two ports, S1 for port 1, and S2 for port 2. The two ports are two same CBCs. For instance, port 1 has three resonant capacitors (Cr10~Cr12), four diodes (D11~D14), four output capacitors (C11~C14), and four LED-loads (LED11~LED14). 
This section analyses the operating details. To simplify the analysis, some assumptions are made. 
1. All switches and diodes are assumed to be ideal.
2. The transformers T1 and T2 are ideal with the same voltage ratio of n: 1.
3. The input voltage is an ideal DC voltage.
4. Output capacitors C1i and C2i are large enough so that they could eliminate the output current ripple. (i=1, 2, 3, 4)
5. The capacitance of resonant capacitors Cr10, Cr11, Cr12, Cr20, Cr21, and Cr22 are equal.
      Cr10=Cr11=Cr12=Cr20=Cr21=Cr22=Cr.
6. C1~C2 are large enough so that their voltages are constant.
7. Switches S1 and S2 have the same duty cycle, DS1=DS2.
Fig.3 shows some key waveforms which will be explained with operating modes depicted in Fig.4 and 5. There are eight operating modes in a switching cycle Ts. The two passive CBCs have a similar operation so that the processes of port 2 are not discussed. [image: modea] [image: modeb] [image: modec] [image: modee]
        (a) Mode 1 [t0-t1]                        (b) Mode 2 [t1-t2]                        (c) Mode 3 [t2-t3]                      (d) Mode 4 [t3-t4] 
Fig. 4.  Operation modes 1-4 of the proposed LED driver
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        (a) Mode 5 [t4-t5]                        (b) Mode 6 [t5-t6]                        (c) Mode 7 [t6-t7]                      (d) Mode 8 [t7-t8] 
Fig. 5.  Operation modes 5-8 of the proposed LED driver


According to the volt-second balance, the voltage across C1~C2 can be obtained.

	 	

	 	
Where D=ton/ts and ton is the on-time in each switching cycle. 
Mode 1 [t0 – t1]: At time t0, switch S0 is turned on and switch S1 is off. The voltage across transformer T1 is Vin-Vc. The current through Lm1 keeps increasing linearly until t2:

	 	
 At time t0, the total voltage across Cr10, Cr11 and C11 is lower than that across Cr12 and C14. 

	 	
Therefore, D11 is firstly forward biased to transfer power from input to LED11. Cr10 and Cr11 are charged. The state equation of this operation mode is achieved:

	 	
With (5), the secondary side current and voltages across capacitors Cr10, Cr11 and Cr12 can be calculated as:

            	


Where ΔvCr-ini=(Vin-VC1)/n-vCr10-vCr11-VC11 is the voltage across the leakage inductance Lk1 at time t0. Zn is the characteristic impedance of the resonant tank formed by Lk1, Cr10, Cr11; ωa is the resonant angular frequency.  and . At time t1, the loop voltage of Cr10, Cr11 and C11 is the same as that of Cr12 and C14.

	 	
Then, D14 is conducted. The time duration of mode 1 is determined by (6) and (7).

	 	
Mode 2 [t1–t2]: From t1, D14 begins to be forward biased, and the power is transferred to LED11 and LED14. In secondary circuit, the resonant tank is composed of Cr10, Cr11, Cr12 and Lk1 in this mode. The state equation of this operation mode is obtained as:

            	     

According to (9), the secondary current is1 is derived as:

	 	
The time duration of mode 2 is:

	 	

Where k=sinωaτ1/sinωbτcom, and τcom=tcom-t1. tcom is the time taken for the resonant tank to achieve completing resonance. θ=π-ωbτcom. . tcom can be derived as:

 	
Mode 3 [t2–t3]: S2 is turned off at time t2, and the statuses of power switches are S0S1’S2’. During mode 3, the parasitic capacitor of S1 is discharged while the parasitic capacitor of S2 is charged. The voltage of S1 drops from Vin to zero to achieve ZVS turn-on. The resonant process of power stage consisting of capacitors C1~C2, transformers T1~T2, and switches S1~S1 can be obtained:

	 	
Where Vds1 is the drain-source voltage of S1; Cs represents the parasitic capacitance of the active switches.
Mode 4-5 [t3–t5]: At time t3, switch S1 is turned on with ZVS. During these two modes, transformer T1 is powered by capacitor C1, and the voltage direction of T1 is opposite to that in modes 1-3. The current through Lm1 keeps decreasing linearly.

	 	
Mode 4-5 is similar to modes 1-2 except that the three resonant capacitors are discharged due to the negative power flow direction. During mode 4, D12 is firstly forward biased to transfer power from input to LED12. At t4, vCr0+vCr2+VC12=vCr1+VC13. Then, D13 is conducted, and the power is transferred to LED12 and LED13.
Mode 6 [t5–t6]: S0 is turned off at t5 and statuses of switches are S0’S1S2’ in this mode. Energy stored in the parasitic capacitor of S2 is released while the parasitic capacitor of S0 is charged. The resonant process can be obtained: 

	 	
Mode 7 [t6 – t7]: At t6, switch S2 is turned on with zero voltage. Because mode 6 takes the relatively short time that can be neglected, mode 7 is the continuation of mode 5. 
Mode 8 [t7 –t8]: S1 is turned off at t7, and the statuses of three switches are S0’S1’S2 in this mode. The parasitic capacitor of S0 is discharged while the parasitic capacitor of S1 is charged. The voltage of S0 is decreased with the rising of the voltage of S1. Therefore, at the start of next switching cycle, S0 can achieve ZVS. The resonant process can be expressed by the following equations:

	 	
3. Topology characteristics analysis
3.1 Passive Current Balancing
By the charge balance of resonant capacitors, energy charged to Cr11 through D11 in modes 1&2+3 equals to the energy discharged from Cr11 through D13 in modes 5+6+7+8. Because of the relatively short time duration of modes 3, 6 and 8, these three modes are ignored in this discussion. Additionally, due to the neglect of mode 6, modes 5 and 7 have the same operating condition. Therefore, the balance of Cr11 is between modes 1&2 and 5+7. The average current of D11 and D13 in a switching cycle Ts can be obtained as: 

	 	
Where Q11_ch is the energy charged to Cr11 in modes 1&2 and Q11_dis is the energy discharged from Cr11 in modes 5+7.
Similarly, due to charge balance of Cr10 which is charged through D11 in modes 1&2 and discharged through D12 in modes 4&5+7, and Cr12 which is charged through D14 in mode 2 and discharged through D12 in modes 4&5+7, the following equations are obtained:

	 	

	 	
Therefore:

	 	
Additionally, because the output capacitors C11-14 are large enough, four output currents equal to the diodes average currents respectively. Hence:

	 	
Owing to the CBC, the currents of four LED-loads are balanced. Moreover, in accordance with equation (17)-(20), the capacitance of Cr10, Cr11 and Cr12 are not necessary to be the same.
3.2 Operation of Resonant Capacitors
In terms of modes 1-2 and 4-7, power is delivered to the four output channels through four paths which are Cr10-Cr11-LED11, Cr12-LED14, Cr10-Cr12-LED12 and Cr11-LED13. When S1 is open, Cr10-Cr11 and Cr12 are charged. When S1 is closed, Cr10-Cr12 and Cr11 are discharged. From the analysis of current balancing, the average current through LED11 and LED14 are equal, therefore:

     	
Hence, at time t0, equation (4) is verified. After t0, the power is delivered to LED11 firstly and then to LED14. Similarly, when S1 is turned on, the power is transferred to LED12 firstly and then to LED13.
3.3 Control System[image: controla]
(a) Control systems schematic
   [image: control_b]
(b) Control signals for three switches
Fig. 6.  Control systems

As illustrated in Fig.6 (a), Vo1,ref and Vo2,ref are the two feedback voltages from the transformers T1 and T2. Two individual proportion integrator (PI) compensators are utilised to obtain the stable work of power stage. Three control variables a, b, and c are received from PI compensators, and the duty cycle of three switches can be calculated by (23):

	 	
Except for a phase shift β, Vt1 and Vt2 are two same sawtooth signals. The control signals are obtained by comparison of (a, Vt1), (Vt1, b) and (Vt2, c) for S0, S1 and S2 respectively as shown in Fig.6 (b). 
Where DS0, DS1, and DS2 are the duty cycles of three switches. To achieve same operations of two ports, variable b has the same value as c. Additionally, since 0<DS0=b+c<1, the values of b and c is limited as 0<b=c<0.5. Moreover, the phase shift β between two sawtooth signals equals to the off-time of switches S1 and S2 so that     β=(1-DS1/2)×360°.
To adjust the brightness, the switch S2 can be short-circuited by an external wire so that there is no power transferred to port 2. The variable c becomes to zero. Therefore, the LED driver can provide two-stage brightness: 100% when both S1 and S2 are working and 50% when only S1 is operating. Additionally, the port 1 can still work with high L-efficiency. Furthermore, the driver not only provides two-stages brightness but also increases the reliability because of the two individual PI compensators and two isolated ports.
3.4 Soft Switching Analysis
As plotted in Fig.7, all three power switches can achieve ZVS turn on. In mode 3, before the switch S1 is turned on, the energy stored in the parasitic capacitor of switch S1 is released to zero. Then, the body diode of the switch is forward biased to conduct S1 with zero voltage. Furthermore, because Lm1 and Lm2 are large enough, the parasitic capacitor of S1 can be discharged completely. According to (13), if the dead time tds1 is shorter than t3–t2, S1 can achieve ZVS operation. Similarly, in (15) and (16), if the dead time tds2 is shorter than t6–t5, S2 can obtain ZVS; S0 can achieve ZVS when tds0 < t8–t7. 

	 	[image: fig]
Fig. 7.  ZVS operations of three switches

Where τ3 is the time duration of mode 3; τ6 is the time duration of mode 6; τ8 is the time duration of mode 8.
4. Design guide
To simplify the analysis, the processes of modes 3, 6, and 8 are neglected because they are relatively short. 
4.1 Switching Frequency
The average input current can be estimated as:

	 	
The output power can be derived as:

	 	
Where toff is the off-time of switches S1 and S2.
With the analysis and the trade-off between power dissipation in the active switches and transformers, the switching frequency is set as 60k Hz in the experiment. According to equations of ωa and ωb, the resonant frequency is decreased with the rise of Lk1. Therefore, leakage inductance should be large enough to avoid the complete resonance so that there is always primary current ip to discharge the parasitic capacitance of active switches for ZVS turn-on. Moreover, because the duty cycles of switches S1 and S2 are larger than 0.5, the off-time of these two switches are shorter than their on-time. Therefore, according to (12), the following equation can be obtained:

	 	
Where A=arccos{[(Vin-VC1)/n-vCr12(t0)-VC14]/
ΔvCr-ini}.
However, with a large leakage inductance, the secondary current is cannot recover to zero immediately after the statuses of active switches are changed. Hence, with the resonant capacitance as 3.3 μF which is selected to satisfy (27), the leakage inductance is finally chosen as 9 uH.
4.2 Voltage and Current Stress of Active Switches
The voltage stress of three switches equals to the input voltage, Vin. According to Fig.3, the current through S1 reaches its maximum value in the interval [t3~t5]. With the primary currents, the current stress of switch S1 can be obtained as (28):

 	
Due to the large magnetic inductances and the voltage clamping transformers, the currents through magnetic inductances are ignored. The maximum current of switch S2 is obtained at time t7, which has the same value as that of S1. The current through S0 is either ip1 or ip2. Therefore, the current stress can be derived as:

	 	

Where is the voltage across leakage inductance Lk1 at time t4. 
4.3 Voltage Variation of Resonant Capacitors
With the same capacitance, Cr10 and Cr11 have the equal voltage change in modes 1-2. Additionally, with (22), for the three resonant capacitors Cr10~Cr11, the voltage differences are same in the interval [t0-t2]. Therefore, as shown in Fig.8, the charge and discharge processes of the resonant capacitors can be derived as equation (30):

	 	
Depend on (8), (10) and (30), the following equation is obtained:[image: ]
Fig. 9.  Prototype of the proposed LED driver                    
Table 1. Experiment parameters
Symbol
Definition
Value
Vin
Input voltage
24 V
Pout
Output power
100 W
Cr
Resonant capacitor
3.3 μF
Cout
C1i~C2i
Output capacitor
440 μF
C1~C2
Converter capacitor
20 μF
Vout
Output voltage
30.8 V
iout
Output current
0.4 A
Transformer:
n
Voltage ratio
1:3
Lm
Magnetic inductance
203/201 μH
Lk
Leakage inductance
0.85/0.94 μH
Core
PQ3525
/
Semiconductor components:
S0~S2
SFP65N06
/
D1i~D2i
MBR20100CT
/

[image: fig]
Fig. 8.  Charge and discharge of resonant capacitors


 	
With the assumption: Cr10=Cr11=Cr12=Cr, variables in (26) can be achieved as θ=1.37 rad and k=0.962.
5. Experiment results
To verify the theory and performance of the proposed LED driver, a prototype with 24V DC input is built as displayed in Fig.9. 
Table.1 shows the elements employed in the prototype. The E-efficiency of this prototype can reach 94.6% with 60kHz switching frequency. Because of the similar operation of the two ports, only the experiment results of the primary power stage and port 1 are illustrated. 
Fig.10 shows the voltages and primary currents of the two transformers. The experimental waveform is consistent with that in the theoretical analysis. When S1/S2 is closed, the voltage across transformer T1/T2 is negative as –Vc, and the current ip1/ip2 keeps decreasing. When S1/S2 is open, the voltage across transformer T1/T2 is positive as Vin–Vc, and the current ip1/ip2 keeps increasing. Due to the large magnetic inductance, the primary side current ip1~ip2 is mainly affected by the secondary side current is1~is2 respectively. Moreover, due to the same reason, there is a delay for ip1~ip2 to recover to zero after the change of status of the corresponding switches. Additionally, when S0 is off, the voltages of both transformers are negative. 
As illustrated in Fig.11, the ZVS operations of the active switches are verified. For example, the drain-source ids1 increases as ip2-ip1 after S1 is closed; when S0 is open, ids1 drops to -ip1. The negative drain-source current ids means that the body diode of the switch is forward biased. Then, the active switch can achieve ZVS turn-on, and the switching loss is significantly decreased.
From Fig.12, the charge and discharge processes of the resonant tank are tested. Fig.12 (a) shows that there are two pairs of diodes (D11&D14; D12&D13) which have the same operating conditions. For example, D14 is conducted after D11 with a time delay as τ1 and then they are reverse biased at the same time. Additionally, according to Fig.12 (b), Cr10 and Cr11 are charged before Cr12. Then, Cr10 and Cr12 are discharged before Cr11. The voltages across Cr11 and Cr12 are always positive; however, for Cr10, the voltage crosses zero at t1 and t4 when the voltages of two branches are equal. The Fig.12 (c) displays the constant balanced output currents of the four LED-loads in port 1.
The E-efficiency of the LED driver is collected under different input voltage values as shown in Fig.13. The red line is obtained when both switches S1 and S2 are working with 8 LED-loads. The blue line is obtained when only switch S1 is working with 4 LED-loads in port 1. The output power in the case presented by the blue line is half of that by the red line. With 8 LED-loads, the E-efficiency can reach the highest point as 94.6% quickly with the increase of output power. Then, the efficiency is decreased slightly with the rise of power. When only port 1 works, the efficiency increases slowly with the rising of output power.[image: Fig]
(a) Currents through the diodes D11~D14
[image: resonant_capacitor_voltage]
(b) Voltages of resonant capacitors Cr10~Cr12
[image: Fig]
(c) Output currents through four LED-loads LED11~LED14
Fig. 12.  Current balance operation based on resonant capacitors
[image: efficiency2]
Fig. 13.  E-efficiency curve of the proposed LED driver

6. Conclusion
This paper proposes a novel LED driver designed for portable applications. With the 3-switch-based primary power stage and two passive CBCs, the driver can obtain better performance with fewer components. The following advantages are achieved:
1. High power efficiency: Thanks to the ZVS turn-on and passive CBCs, high E-efficiency is achieved. Moreover, the two isolated ports ensure the stable L-efficiency with the change of brightness. 
2. High compactness: The power stage uses only two magnetic components and two capacitors to achieve ZVS for all active switches. Additionally, compared with a conventional two isolated output converter, the proposed one uses one fewer active switches. [image: Fig]
Fig. 10.  Currents and voltages of transformers T1~T2
[image: ZVS0]
(a) ZVS of switch S0
[image: ZVS1]
(b) ZVS of switch S1
[image: ZVS2]
(c) ZVS of switch S2
Fig. 11.  ZVS operation of the three MOSFET switches

3. Multiple outputs: Because of the two isolated ports power stage and the two CBCs, the driver provides eight LED output-channels, which are divided into two parts with the same structure. 
4. Load current control: Owing to the CBCs, the currents of all the four LED-loads from one CBC can be controlled by adjusting any one of the loads’ current.
Experiment results are presented to verify the ZVS of active switches, the operation of two isolated ports and the balanced output currents of the proposed LED driver. This project is suitable for high power portable applications such as camping lights, vehicle lights and emergency lights. Although only an 8 LED-loads solution is discussed, the output of the proposed LED driver can be easily extended to satisfy different requirements.
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