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Abstract:

 This paper proposes a new scheme to improve the standby efficiency of the high-power half-bridge line level control (LLC) resonant converter. This new circuit is applicable to improving the efficiency of the renewable energy generation system in distributed power systems. The main purpose is to achieve high-efficiency solar and wind power and stable output under different load conditions. In comparison with the traditional one, this novel method can improve standby efficiency at standby. The system characteristics of this proposed method have been analyzed through detailed simulations, which prove its feasibility.
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1. Introduction

In most countries, the traditional power-supply system is dominated by large power generators that deliver electricity to each client through the power grid. However, energy supply sources should not rely merely on fuel because of the increasing energy crisis. If a portion of a household’s electricity is supplied by way of renewable energy, shortfalls can be covered by electricity companies; when there is surplus renewable energy, it can be fed back into the power grid, adding to the energy supply. Additionally, if most of the households are equipped with recovery apparatus for renewable energy to reduce power consumption, the power company can also minimize the amount of fossil fuel required to satisfy the load capacity and thereby control environmental pollution. Small distributed generation (DG) systems can generally be categorized into three types, as shown in Figure 1. The first type is the grid-connection system [1]. The power provided by solar power modules is delivered to the load, and excess electricity can be fed into power grid; when the locally provided power is insufficient, the power grid compensates for the inadequacy. The second type is the stand-alone system [2]. Solar or wind power is often treated as renewable energy resource. For example, solar power can charge batteries for contingent use with excess energy; when the electricity from solar power cannot meet the immediate power demand, batteries back up the power insufficiency. Third, there is the hybrid system that combines these two types [3,4]. When the power grid is normal, it functions as a grid-connection system; when there is some interference with the power grid, it becomes a stand-alone system.

Figure 1. Classification of small generation systems with renewable energy: (a) grid-connection system; (b) stand-alone system; and (c) hybrid system. PV: photovoltaic; WTG: wind turbine generator; DG: distributed generation; and SW: switch.
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The development of distributed power systems and renewable energy generation makes power converters an important interface [5]. Taking an independent wind power generation system (Figure 2) as an example, wind turbines generate AC input which is rectified into DC for a line level control (LLC) converter system. Then it supplies energy to load demand and charge batteries. Although LLC converters have high conversion efficiency under heavy load condition, the large switching loss of LLC converters still results in poor standby power loss; even more, it might consume stored power from batteries in a distributed system [6,7].

Figure 2. Stand-alone distributed wind power generation system. PMG: permanent magnet generator; and LLC: line level control.



[image: Energies 08 00338 g002 1024]





The aforementioned conversion systems are adapted for renewable energy power converters, and the limitations of those prior studies are as follows: (1) renewable energy is obtained from natural environment sources, but surely they do not provide a stable energy supply, whereas these prior methods are designed based on situations in which renewable energy can stably carry out its tasks; and (2) LLC converters have issues of standby energy loss, which must be minimized to avoid unnecessary influence on battery energy.



Among several converter types, the LLC converter is the most popular one because it features a wide input range, high conversion efficiency, and high power density, it has been widely applied as a DC/DC power converter [8,9,10]. For common applications, LLC converters feature high full-load efficiency but provide poor system efficiency during standby because of their large switching losses. They are also compatible with daily-increasing stringent energy regulations and provide fabulous standby efficiency [11,12,13,14].

The novel idea of controlling an LLC converter proposed in this paper can reduce the switching losses during standby and allow a wider input range. Under situations with an unstable input source, it can maintain a relatively long period of normal output. The following sections discuss the features and operation principles of this proposed control scheme.



2. Conventional Schemes

The circuit of a typical LLC resonant converter is shown in Figure 3. Its control circuit contains a voltage detector, voltage control oscillator (VCO), and dead-time generator. During this control flow, the partial voltage on the output side receives a voltage feedback signal from the voltage detector. It is then transmitted to the VCO to generate a switching frequency corresponding to the voltage feedback signal, and the dead-time generator generates the dead-time interval to send the switching frequency signal to the power switches. When the output partial voltage is greater than the reference voltage, the voltage detector outputs a relatively high output signal to VCO to push it to generate a correspondingly higher switching frequency; on the other hand, when the divided voltage is smaller than the reference voltage, the voltage detector delivers a relatively low output signal to VCO generating a lower switching frequency. The influence of the switching frequency during standby is highly significant, and therefore how to deal with it in an appropriate control scheme becomes an indispensable need.

Figure 3. Schematic of LLC resonant converter with basic functional blocks. VCO: voltage control oscillator.
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To facilitate the analysis, we can transform an LLC resonant converter into a primary-side equivalent model. As shown in Figure 4, from this equivalent model, the transfer function is derived as shown in Equation (1):

Figure 4. Primary-side equivalent model of LLC resonant converter.
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(1)




where [image: there is no content] is the Q-factor, [image: there is no content] is the ratio between magnetizing inductance and leakage inductance, [image: there is no content] is the first resonance frequency, and [image: there is no content] is the second resonance frequency.




Equation (1) is plotted as the characteristic curve of voltage gain relative to frequency, as shown in Figure 5. By means of two resonant frequencies of ωr1 and ωr2, it can designate three regions: (1) Region 1 is the zero voltage switching (ZVS) region in the right half-plane of ωr1; (2) Region 2 is the ZVS region between ωr1 and ωr2; and (3) Region 3 is the zero current switching (ZCS) region in the left half-plane of ωr2.

Figure 5. Characteristic curves of voltage gain of LLC resonant converter with respect to frequency.
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Metal-oxide-semiconductor field-effect transistor (MOSFET) operation performs relatively well in ZVS mode, and therefore LLC resonant converters mostly work in Regions 1 and 2.


2.1. Operation of the Line Level Control Resonant Converter in Region 1 (Zero Voltage Switching)

The waveform when switching frequency is located at Region 1, as shown in Figure 6. In this region, the magnetizing inductance Lm is clamped by the output voltage, and the entire duty cycle Lm is not included in the resonance. Therefore, the operation mode at this condition acts similar to SRC with ZVS characteristics.

Figure 6. Schematic diagram of LLC resonant converter operated in Region 1 (zero voltage switching, ZVS).
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2.2. Operation of the Line Level Control Resonant Converter in Region 2 (Zero Voltage Switching)

When the switching frequency is located in Region 2, the waveform is shown in Figure 7. The resonance in this region is divided into two stages. In the first stage t0–t3, the magnetizing inductance Lm is clamped by the output voltage, with Lm non-inclusive in resonance, and the resonant inductance Lr resonates with capacitor Cr; in the second stage t3–t4, when the resonant current ir is equal to the side magnetizing inductance current iLm, there is no current flowing into transformer, and the secondary side of the converter is tantamount to an open circuit when the magnetizing inductance Lm will resonate with the resonant inductance Lr and the resonant capacitor Cr. Because Region 2 has two resonance frequencies, it is a multi-resonant converter.

Figure 7. Schematic diagram of LLC resonant converter operated in the mode of Region 2 (ZVS).
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The control mode of typical LLC converters is that the output voltage provides feedback to VCO to adjust output power by changing the switching frequency. However, shortcoming of LLC converters is the inferior standby efficiency and relatively high output voltage during no-load. Thus, it causes no-load switching frequency increases to two to four times than full-load switching frequency, and results in double switching loss.



To solve the issue of high switching frequency and low efficiency of LLC resonant converters operated at standby, a large number of studies have focused on how to improve standby efficiency, such as burst mode, output saturation inductance, and dummy load regulation. The mostly common approach is burst mode control.

When entering burst mode, it blocks the original high-frequency switching signal by the control circuit, causing episodic high-frequency switching frequency and reducing unnecessary switching loss. Figure 8 shows the burst mode schematics.

Figure 8. Diagram of burst mode: (a) normal mode; and (b) burst mode.
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The typical control block diagram is shown in Figure 9, and the output signal of VCO sent to logic circuits determines time interval for the switching signal needing masked. However, the drawback is that ripples grow relatively large, and prone to generating audio noise.

Figure 9. Block diagram of typical control circuit with burst mode. MOSFET: metal-oxide-semiconductor field-effect transistor.
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In the next section, SIMPLIS simulation supports establishing behaviors of a typical LLC circuit. For the purpose of making simulation results match the real circuit, the simulated system needs to take parasitic devices into consideration, which probably affects the resonant frequency and voltage gain, and parasitic capacitance especially affects the operating frequency. To simplify the analysis and make simulation converged easily, the revised paper moves all secondary parasitic capacitance to primary side and merges overall parasitic capacitance as equivalent parallel capacitance CP [11].

Simulation condition 1: Figure 10 shows simulated waveforms of a typical LLC circuit under 480 W/48 V, which adopts VCO to adjust the power. Therefore, the switching frequency varies with load.

Figure 10. Simulation waveforms for typical LLC circuit at 480 W/48 V: (a) 100% load; and (b) 0% load.
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Simulation condition 2: to observe differences between middle and high power, typical LLC circuit for 1200 W/48 V plays the role of comparable prototype. Figure 11 shows simulations waveform of 1200 W/48 V.

Figure 11. Simulation waveforms for a typical LLC circuit at 1200 W/48 V: (a) 100% load; and (b) 0% load.
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This section describes the operation principles of typical LLC circuits and provides some analysis for different loads. It shows that switching frequency at standby is approximately twice than full-load switching frequency.




3. Novel Line Level Control Circuit

To solve problems of high switching loss upon standby, a novel LLC control circuit is proposed as shown in Figure 12.

Figure 12. Structural diagram of a novel LLC control circuit.
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When the proposed circuit operates in full-load, the power switch Q3 of the auxiliary control circuit can be synchronously conducted with the frequency of the primary oscillator and stops as it reaches the condition of the feedback signal of output voltage, which causes the auxiliary switch Q3 operating with the synchronized pulse-width-modulation (PWM) mode. If the load declines, the duty cycle of the auxiliary switch also decreases; when operated in no-load situations, the duty cycle of the auxiliary switch Q3 is equal to 0, and makes Q3 closed. Figure 13 plots main waveforms when the new LLC control circuit operates in full-load situations, which can be divided into four working states.

Figure 13. Main waveforms of novel LLC control circuit.
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3.1. Working State 1 (t0 ≤ t ≤ t1)

In Working State 1, shown in Figure 14, the upper-bridge switch parasitic capacitor Ccoss1 has been discharged to zero, whereas the voltage of the lower-bridge parasitic capacitor Ccoss2, VDS2, has been charged from 0 to Vin. The upper-bridge parasitic diode D9 is conducted, reaching the condition for the ZVS of the upper-bridge switch Q1. The auxiliary switch Q3 is synchronously conducted along with the state transfer of VDS2. At this time, the circuit is operated in the current enhancement mode, and the secondary converter is shorted out by auxiliary switch Q3. No energy is delivered to the load end, and the energy for the load is provided by the output capacitor Co. Because the secondary converter is shorted out, the voltage over the two ends of the magnetizing inductance Lm is clamped at zero, and the magnetizing current im is maintained at im(t0) without changing. The voltage across the resonant inductance Lr also increases due to the secondary short circuit when only the resonant inductance Lr and resonant capacitor Cr participate in resonance. However, due to the secondary short circuit, the resonant circuit ir(t) is forced to undergo a relatively rapid linear increase. At t = t1, the upper-bridge switch Q1 is conducted to complete the zero-voltage switching. At this instant, the resonant current ir(t) increases to zero, and this mode ends.

Figure 14. Working State 1 of novel LLC control circuit.
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3.2. Working State 2 (t1 ≤ t ≤ t2)

In this working state, the two ends of magnetizing inductance Lm are still clamped at zero by the secondary short circuit, and the magnetizing current im is maintained at im(t0) without changing; at this time, only the resonant inductance Lr and resonant capacitance Cr participate in the resonance, whereas the resonant current ir continues to undergo a rapid linear increase. The state of the circuit is shown in Figure 15. At t = t2, the auxiliary circuit stops the auxiliary switch Q3, and this mode ends.

Figure 15. Working State 2 of novel LLC control circuit.
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3.3. Working State 3 (t2 ≤ t ≤ t3)

In Working State 3, shown in Figure 16, the two ends of the magnetizing inductance Lm are clamped at nVo by the output voltage, and therefore, the magnetizing current im continues to increase linearly; only the resonant inductance Lr and the resonant capacitor Cr still participate in the resonance, but the resonant current ir restores to increase as a sinusoidal waveform. When t = t3, the resonant current ir is equal to the magnetizing current im. The current through the output rectifier diode D1, iD1, resonates to zero and stops, completing ZCS, and this mode is over.

Figure 16. Working State 3 of novel LLC control circuit.
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3.4. Working State 4 (t3 ≤ t ≤ t4)

In Working State 4 in Figure 17, because the output rectifier diode is turned off, the power on the input end cannot be delivered to the secondary load, and the converter is in the decoupled state. At this time, the resonant inductance Lr and resonant capacitance Cr resonate with the magnetizing inductance Lm; because the magnetizing inductance Lm is much larger than the resonant inductance Lr, the resonance frequency decreases, and the resonant current waveforms irbecomes relatively flat. Because the resonant current through the resonant inductance Lr, ir, is continuous, the resonant current ir continues to charge the resonant capacitor Cr. At t = t4, upper-bridge switch Q1turns off, and this state ends.

Figure 17. Working State 4 of novel LLC control circuit.
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Now that operation principles is clarified, first presume that input voltage Vo and output voltage Vo are both constant in one switching period. Furthermore, to simplify analysis, assume that the magnetizing inductance Lm is very large, and therefore magnetizing current im is zero. It can be derived that the equation for voltage gain is given by Equation (2):
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(2)




Voltage gain curves are plotted based on above equations, as shown in Figure 18. It indicates the auxiliary switch Q3 plays a role in increasing resonant current ir. Along with the duty cycle D of auxiliary switch Q3 increasing, higher voltage gains can be obtained.

Figure 18. Characteristic plots of system gain that changes with load.



[image: Energies 08 00338 g018 1024]







From the perspective of the resonant tank, Figure 19 shows the characteristic relationship curve between resonant tank parameters and system gain with fixed magnetizing inductance. Moreover, it also indicates the lower resonant inductance Lrinduces the higher system gain during the same operation period D. It means that the lower design resonant inductance Lr adopts, the higher current gain the system gets.

Figure 19. Characteristic plots of system gain changing with resonant tank.
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By means of the auxiliary control circuit shown in Figure 20, the above functions are achieved, and the auxiliary control circuit also has the function of sequential detection and voltage detection.

Figure 20. Block diagram of auxiliary control circuit.
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Figure 21 shows waveforms of the auxiliary control circuit.

Figure 21. Principle waveforms of auxiliary control circuit.
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The next section will report simulation results and analysis for novel LLC control circuits.




4. Simulation Results and Analysis

Based on the theoretical analysis above, feasibility of the method proposed in this paper can be verified with the help of SIMPLIS simulation, and the performances acquired by simulation obviously demonstrates it getting overwhelming superior positions in comparison of conventional type circuit:


	(1)

	The simulated circuit and function block diagram are built and behaves following proposed operation principles truly, as shown in Figure 22.

Figure 22. Novel LLC simulation circuit.
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Simulation condition 3 (novel LLC control circuit): Pomax = 480 W, Vo = 48 V, Lm = 264 μH, Lr = 30 μH, Cr = 100 nF, and CP = 12.28 nF.

Simulation condition 4 (novel LLC control circuit): Pomax = 1200 W, Vo = 48 V, Lm = 264 μH, Lr = 20 μH, Cr = 130 nF, and CP = 30.72 nF.

Table 1 lists simulation result comparisons between the novel LLC control circuits and typical LLC circuits. This table shows that switching frequency of typical LLC resonant converters at standby tends to reach even twice than that at full-load, whereas the novel LLC control circuit still operates at fixed frequency regardless of whether in standby or full-load conditions. By attributions from power switch of the auxiliary control circuit keeping in cut-off state, switching loss degrades accompanied with a relatively large peak input current, Iin_peak.


Table 1. Comparison between the simulation results for typical LLC circuit and new LLC circuit.



	
480 W/48 V@100% load

	
fSW

	
Iin_peak

	
fQ3






	
Conventional LLC

	
98.89 kHz

	
4.521 A

	
N/A




	
Proposed LLC

	
99 kHz

	
6.827 A

	
198 kHz




	
480 W/48 V@0% load

	
fSW

	
Iin_peak

	
Iin_rms

	
fQ3




	
Conventional LLC

	
285.15 kHz

	
0.688 A

	
0.327 A

	
N/A




	
Proposed LLC

	
95 kHz

	
1.018 A

	
0.486 A

	
0 Hz




	
1200 W/48 V@100% load

	
fSW

	
Iin_peak

	
fQ3




	
Conventional LLC

	
96.52 kHz

	
12.016 A

	
N/A




	
Proposed LLC

	
96 kHz

	
23.791 A

	
186 kHz




	
1200 W/48 V@0% load

	
fSW

	
Iin_peak

	
Iin_rms

	
fQ3




	
Conventional LLC

	
258.47 kHz

	
1.810 A

	
0.824 A

	
N/A




	
Proposed LLC

	
96 kHz

	
2.360 A

	
1.076 A

	
0 Hz











According to the formulas for the LLC resonant converter operated under no load conditions, the dominant power loss is roughly divided into four parts, such as switching loss and conduction loss on power switches, copper loss and core loss on the transformer. Besides, the material of cores and temperature-related parameters on transformers cannot be rebuilt accurately in a simulated system, which makes it not convincing if core loss is taken into consideration in the simulation. Thus, this paper ignores core loss estimation:
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(3)
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[image: there is no content]



(5)
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Proved by Figure 23 and Figure 24 and Table 1 and Table 2, LLC systems with the novel control circuit perform better efficiency at standby.

Figure 23. Simulation waveforms for novel LLC control circuit at 480 W/48 V: (a) 100% load; and (b) 0% load.
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Figure 24. Simulated waveform for typical LLC control circuit under 1200 W/48 V: (a) 100% load; and (b) 0% load.
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Table 2. Overall power loss at standby.



	
Specification

	
Type

	
Conventional LLC

	
Novel LLC






	
480 W/48 V

	
MOS-FDP12N50

	
Rpri 0.2 Ω

	
2.0305 W

	
1.1846 W




	
1200 W/48 V

	
MOS-FDA28N50

	
Rpri 0.08 Ω

	
10.9608 W

	
5.4568 W

















5. Conclusions

The purpose of this paper is mainly to focus on renewable energy generation system at standby. A novel control scheme for LLC converters is introduced to optimize switching loss and improve standby efficiency. Features between typical LLC circuit and proposed LLC control circuit get analyzed in detail. From SIMPLIS simulation results and standby power loss evaluation, some overall conclusions can be derived as follows:


	(1)

	Systems with proposed control schemes achieve optimal standby power consumptions.



	(2)

	Even though the magnetizing inductance remains unchanged, the resonant inductance is permitted with a relatively small design, bringing advantages such as smaller volumes of magnetic components and improving power density.



	(3)

	This system can also enhance current gain and operate in a wide input range. The hold-up time increases, which reduces capacitance size and improves power density; additionally, operating range of wind generators gets improved.



	(4)

	The control loop at system input and output side is independent, and therefore, isolation between control circuits is naturally accomplished.
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