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            Abstract
          
        

        
          Switch mode power supply is a high-frequency electrical energy conversion apparatus that is widely used in many home appliances, industrial products, and military applications. In this study, a Flyback converter with LED as the load is modeled. To verify the system stability, a pulse-width modulated switching control circuit is evolved into a small-signal model with linear characteristics based on state-space averaging. Through MATLAB simulation results, it is shown that the current-control mode is superior to the voltage-control mode. A DC 46 V LED power output closed-loop feedback control switching power supply is fabricated, and the experimental and simulation results verify the superiority of the design. From this study, the current control mode is suitable for the use in flyback LED switching power supplies because the current mode method shows more stable characteristics with GM = 11.975 dB and PM = 46.073°.
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      1. Introduction
      Compared to conventional lighting, lamps made of light-emitting diodes (LEDs) are energy efficient, environmentally friendly, long-lasting, and have good color rendering and responsiveness.1) The flyback converter used as a constant-voltage power supply for LED loads in this study is an isolated converter topology.1-4)

      Flyback converters are widely used in low-power applications owing to their simple structure, low cost, high efficiency, low component count, and possibility of buck/boost operation.5-14) The continuous-time model of the flyback converter was proposed by Ridley15) and Middlebrook,16) this model is suitable for studying the small-signal dynamics of the current-mode control of the converter through frequency analysis.15,16)

      Choi17) analyzed the step response of the load through the transfer function, and Erickson18) analyzed the characteristics of the converter via large-signal modeling. In the analysis of various converter models, it is common practice to analyze the converter characteristics with a Bode plot on the frequency plane based on loop-gain analysis using the state-space averaging method.19,20) To simplify the design, flyback switching converters are generally modeled using state-space averaging techniques in the ideal state to obtain a linear system model.21-26)

      In this study, based on the change characteristics of the LED internal resistance according to voltage, the voltage-control and current-control methods of the flyback converter were analyzed via MATLAB simulation. The proposed current mode control T2(s) with GM = 11.975 dB, PM = 46.073° is obtained and its phase change is seen to be gradually slow, and it can be determined that the system will operate stably in LED lighting.

      Based on the simulation results, the characteristics were compared and analyzed using the Bode and root-locus plots. A prototype flyback converter was constructed for 20W LED power, and its feasibility was confirmed through PSIM simulation and experiments. It can also be verified by the experimental results that the current control mode has a stable pulse-width modulation effect on the duty cycle of the switching signal.

    

    

  
    
      2. Flyback Conversion System and Control Mode
      Fig. 1 shows the LED power supply system, including the power conversion, system control, and comparison feedback circuits.

      
        
        

        Fig. 1 
				
        

        
          Flyback Converter for LED Power
        
        

        

      

      An electromagnetic interference (EMI) filter is used to remove the EMI from the high-frequency pulses in the power supply, and the input AC voltage is converted to DC-DC power supply after full-bridge rectification.1-4)

      Fig. 2 shows the voltage and current feedback control methods for the flyback converter.20) Fig. 2(a) is the voltage control method, where the feedback voltage is compared with the reference voltage(Vref) and the feedback control voltage(Vc) is output through the optocoupler(Opto) and voltage controller. Fig. 2(b) is the current controlmethod, where the detected current through the resistor(rs) of the switch(S) plus a carrier wave(Vramp) is fed to the controller as a feedback signal simultaneously with the feedback control voltage(Vc).20)

      
        
        

        Fig. 2 
				
        

        
          Control Methods of the Flyback Converter for LED Power
        
        

        

      

    

    

  
    
      3. Modeling of Flyback Converter
      The equivalent models of the flyback converter are shown in Fig. 3.20)

      
        
        

        Fig. 3 
				
        

        
          Equivalent Circuits for the Flyback DC/DC Converter
        
        

        

      

      Fig. 3(a) is the original flyback converter, and Fig. 3(b) and Fig. 3(c) are the modified models.

      The flyback converter becomes a buck-boost epuivalent circuit, as shown in Fig. 3(d), where the transformer winding turns ratio is 1 : n, input voltage of the equivalent converter is nVs, and equivalent inductor is n2Lm. Fig. 3(e) is small-signal model of the converter. The transfer function of the duty cycle output voltage in the flyback converter is shown in equation (1).20)
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      where

      
        	(a) Original flyback converter


        	(b) Modified model(1)


        	(c) Modified model(2)


        	(d) Equivalent buck/boost converter


        	(e) Small-signal model
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      Fig. 4 shows the small-signal model of the flyback converter for the current control mode, and Fig. 5 shows the modulator waveform with a microwave perturbed control voltage.20)

      
        
        

        Fig. 4 
				
        

        
          Small-signal Model of the Current-Mode Control Flyback Converter
        
        

        

      

      
        
        

        Fig. 5 
				
        

        
          Modulator Waveforms with Perturbed Control Voltage
        
        

        

      

      From Fig. 5, the relationship between v^con and the following equations (2) and (3) can be seen.20)
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      From equation (2), the F* of the current control mode can be expressed as in equation (4).20)
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      According to Mason's rule, the transfer function Hi(s) of the control voltage and inductor current of the flyback converter in the current control mode is obtained form equations (5) and (6) below.20)
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      Next, according to Mason's rule, the transfer function Gvci(s) of the system control voltage and output voltage can be expressed using equations (7) and (8).20)
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      4. Design of Voltage Feedback Controller for Flyback Converter with Loop Gain
      Fig. 6 shows a two-pole single-zero voltage compensator used as the voltage feedback controller for the flyback converter in this study, and its transfer function Fv(s) is as shown in equation (9).20)
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          Two-Pole Single-Zero Voltage Compensator
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      Therefore, according to Mason's rule, the loop transfer function T1(s) for the voltage control mode of the flyback converter is as shown in equation (10), and the loop transfer function T2(s) for the current control mode is as shown in equation (11).20)
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      5. MATLAB Simulation: Comparison of Voltage-mode and Current-mode Control Characteristics
      Table 1 shows the simulated circuit components and system parameters of the flyback converter obtained using MATLAB.

      
        Table 1 
				
        

        
          Simulation Parameters of the Flyback Converter
        
        

      

      
        
          
            	No.
            	Value
            	No.
            	Value
          

        
        
          	1
          	RLED = 1243 Ω
          	10
          	Sn = 1
        

        
          	2
          	Lm = 3.485mH
          	11
          	Se = 0.7
        

        
          	3
          	Co = 3300μF
          	12
          	Fm = 0.2
        

        
          	4
          	Vin = 300V
          	13
          	R1 = 200Ω
        

        
          	5
          	Vo = 47V
          	14
          	R2 = 20kΩ
        

        
          	6
          	n = 0.298
          	15
          	C1 = 470nF
        

        
          	7
          	Rc = 0.03736Ω
          	16
          	C2 = 150pF
        

        
          	8
          	Ri = 0.03333Ω
          	17
          	f = 50kHz
        

        
          	9
          	mc = 1.7
          	
          	
        

      

      

      Fig. 7 is the Bode plot of the duty-ratio-to–output-voltage Gvd(s) and Fig. 8 is the Bode plot of T1(s) in the voltage control mode.

      
        
        

        Fig. 7 
				
        

        
          The Bode Plot of the Duty-Ratio-to-Output-Voltage Gvd(s) in Voltage-Mode Control
        
        

        

      

      
        
        

        Fig. 8 
				
        

        
          The Bode Plot of Loop Transfer FunctionT1(s) in Voltage-Mode Control
        
        

        

      

      Fig. 9 is the Bode plot of the control-voltage-to-output-voltage Gvci(s) and Fig. 10 is the Bode plot of T2(s) in the current control mode.

      
        
        

        Fig. 9 
				
        

        
          The Bode Plot of the Control-Voltage-to-Output-Voltage Gvci(s) in Current-Mode Control
        
        

        

      

      
        
        

        Fig. 10 
				
        

        
          The Bode Plot of the Loop Transfer Function T2(s) in Current-Mode Control
        
        

        

      

      Fig. 11 is the Bode plot of the two-pole single-zero voltage compensator. Fig. 7 shows the voltage-mode control of the converter. At ωo = 876 rad/s, the phase changes rapidly from 0 to -180°, and at ωesr = 8111 rad/s, the phase increases owing to the zero. Fig. 8 shows the voltage compensator of the two poles and single zero in Fig. 11, and the zero is located at ωz = 106 rad/s while the poles are located at ωp = 33344 rad/s.

      
        
        

        Fig. 11 
				
        

        
          Bode Plot of the Two-pole Single-zero Voltage Compensator
        
        

        

      

      In the loop transfer function T1(s) of voltage-mode control, the gain margin (GM) is 225.58 dB and phase margin (PM) is 44.845°. In the voltage-mode control of the converter, the GM increases to 225.58 dB owing to the rapid change in the phase from 0 to -180° at ωo = 876 rad/s in T1(s), resulting in slightly degraded response characteristics.

      Fig. 9 shows the current-mode control of the converter, with one pole at ωpl = 33 rad/s, one zero at ωesr = 8111 rad/s, and another pole at ωn = 157000 rad/s. Because of the single pole, the phase does not change rapidly compared to that of the voltage-mode control. Fig. 10 shows the voltage compensator of the two poles and one zero in Fig. 11, where the zero is located at ωz = 106 rad/s and pole is located at ωp = 33344 rad/s. The current-mode control of the converter has one pole at ωpl = 33 rad/s, one zero at ωz = 106 rad/s, and ωesr = 8111 rad/s in T2(s). This is characterized by one zero at ωp = 33344 rad/s and one pole at ωn = 157000 rad/s.

      In the loop transfer function T2(s) of current-mode control, the GM is 11.975 dB and PM is 46.073°. In T2(s) of current-mode control, the phase change is not sharp but gradually slows down, so it is predicted that the system will operate more stably.

      Fig. 12 shows the root trajectory plots of Gvd(s) and T1(s) in the voltage control mode, and Figure 13 shows the root trajectory plots of Gvci(s) and T2(s) in the current control mode. In the voltage control mode, the system is very slow because both Gvd(s) and root trajectory diagram of T1(s) exist in the left half of σ = 0 as the gain increases. However, in current-mode control, in terms of the root trajectory diagrams Gvci(s) of T2(s) and , the system moves to the right half of the plane as the gain increases. To improve the response characteristics of the system, the poles can be set on the left half-plane close to σ = 0, thus further improving the response characteristics.

      
        
        

        Fig. 12 
				
        

        
          Root Locus Plot in Voltage Mode Control
        
        

        

      

      
        
        

        Fig. 13 
				
        

        
          Root Locus Plot in Current-Mode Control
        
        

        

      

    

    

  
    
      6. Experimental Results of Flyback Converter for LED Power
      Fig. 14 shows the simulation results of the system circuit created using PSIM. Fig. 15 shows the flyback converter circuit board and system experimental setup. The system experiments were obtained from PSIM software simulation results and oscilloscope display data. Fig. 16 shows the switching current and voltage waveforms, Fig. 17 shows the transformer primary current and voltage waveforms, Fig. 18 shows the diode current and voltage waveforms, and Fig. 19 shows the input–output current and voltage waveforms. As can be seen in Figures 16~19: Comparing between the experimental waveforms and the PSIM simulation waveforms. The PSIM simulation waveform represents a very ideal waveform. However, the experimental waveform is affected by parasitic capacitors and transformer winding capacitors in the main switch (S) and diode (D).

      
        
        

        Fig. 14 
				
        

        
          Flyback Converter System Using PSIM
        
        

        

      

      
        
        

        Fig. 15 
				
        

        
          Flyback Converter Circuit and System Experimental Apparatus
        
        

        

      

      
        
        

        Fig. 16 
				
        

        
          Switch Current and Voltage Waveforms
        
        

        

      

      
        
        

        Fig. 17 
				
        

        
          Transformer Primary Current and Voltage Waveforms
        
        

        

      

      
        
        

        Fig. 18 
				
        

        
          Diode Current and Voltage Waveforms
        
        

        

      

      
        
        

        Fig. 19 
				
        

        
          Input and Output Current and Voltage Waveforms
        
        

        

      

      In addition, a phenomenon in which the parasitic inductance of the circuit wiring resonates with the parasitic capacitor occurs.

      Therefore, the parasitic capacitor of the main switch causes a current spike in the switch current waveform at the turn-on state of the switch.

      In the voltage waveforms of the main switch and the transformer, the phenomenon of LC resonance between the parasitic capacitor and the parasitic inductor can be confirmed.

      It can be seen that there is a difference in the gate signal waveform due to the charging and discharging of the gate capacitor of the main switch.

      By comparing the data results, the actual detection data of the flyback converter is seen to be very similar to the PSIM simulation results.

      Fig. 20 shows the detection results of the output current and voltage when the input voltage is varied from 0 to 300 V. When the input voltage rises from 0 to 100 V, the output current and voltage gradually rise to the desired values and remain stable; when the input voltage drops to 100 V or below, the output current gradually decreases and output voltage decreases slightly.

      
        
        

        Fig. 20 
				
        

        
          Output Results when Input Voltage Changes from 0-300V
        
        

        

      

      Fig. 21 shows the output state results when the load resistance varies between 1,000 Ω and 500 Ω. The output current and voltage do not show any jitter or changes when the load is changed and continue to remain at the ideal value.

      
        
        

        Fig. 21 
				
        

        
          Output Results when Load Changes form 1,000~500 Ω 
        
        

        

      

    

    

  
    
      7. Conclusions
      In this study, the design and modeling of a flyback converter and its related components for an LED power supply system are investigated and experimented. Based on the flyback converter model of the LED power system, the duty-cycle-to-output-voltage transfer function is derived for the voltage-mode control, and the control-voltage-to-output-voltage transfer function is derived for the current-mode control. The MATLAB simulation results show that in voltage-mode control, when the response frequencies 876 rad/s, the phase varies severely from 0 to -180°, which needs to be compensated by the voltage compensator in a timely manner. In current-mode control, The current mode control T2(s) with GM = 11.975 dB, PM = 46.073° is obtained and its phase change is seen to be gradually slow, and it can be determined that the system will operate stably in this mode.

      ▹Loop transfer function T1(s) of the voltage-mode control: GM = 225.58 dB, PM = 44.845°.

      ▹Loop transfer function T2(s) of the current-mode control: GM = 11.975 dB, PM = 46.073°.

      Experiments on the flyback converter circuit system for an LED power supply load show the superiority of the system design. By comparing the actual experimental results with the PSIM simulation results are extremely similar, the system current feedback control and response is good and verify that the current control mode has stable pulse-width control over the duty cycle of the switching signal for pulse-width modulated output.

      After theoretical study and practice, it is proved that the current control mode is the ideal mode for LED flyback switching circuits. Ignoring interference such as parasitic inductance and capacitance of power lines and components, suitable components and parameters are selected after repeated experiments, which are more conducive to realize the design function and verify the theoretical and design values.
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(a) Waveforms on Oscilloscope

(b) Waveforms on PSIM
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(b) Current control method
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(b) Waveforms on PSIM






