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Abstract

:

The recent growth of battery-powered applications has increased the need for high-efficiency step-up dc-dc converters. The step-up conversion is commonly used in several applications, such as electric vehicle (EV); plug-in hybrid electric vehicles (PHEV); photovoltaic (PV) systems; uninterruptible power supplies (UPS); and fuel cell systems. The input current is shared among inductors by paralleling the converters; resulting in high reliability and efficiency. In this paper; a detailed analysis for reducing power loss and improving efficiency is discussed. In continuous conduction mode; the converters are tested with a constant duty cycle of 50%. The multi phase interleaved boost converter (MPIBC) is controlled by interleaved switching techniques; which have the same switching frequency but phases are shifted. The efficiency of the six phase IBC model is 93.82% and 95.74% for an input voltage of 20 V and 200 V, respectively. The presented six phase MPIBC is validated by comparing it with the existing six phase IBC. The result shows that the presented converter is better than the existing converter. The prototype of the two phase and six phase IBC is fabricated to test the performance. It is found that the output power at the load end is highest for the 5 kHz switching frequency.
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1. Introduction


In recent years, renewable energy vehicles, EVs and PHEVs are starting to play a significant role in addressing energy shortages and emissions issues as representatives of clean energy vehicles [1,2]. The EVs and PHEVs are also regarded as energy storage units, with the ability to return stored energy to the grid when required [3]. The two-way communication between the electric vehicle and the grid is referred to as vehicle-to-grid (V2G) technology [4]. EVs and PHEVs can have various benefits in this application, such as regulating peak power and shifting peak load. The increased use of battery-powered electric vehicles has increased the need for power generation. Any renewable energy generation system, such as a fuel cell, PV, or wind power generation system can be integrated with an EV to help minimize the burden on the electricity grid. Power converters are in high demand in renewable energy systems, such as V and fuel cells, as well as EV and stand-alone battery-powered installations [5]. The ability to provide high gain to raise the low voltage available from the sources to a usable level is the key requirement of these converters [6]. The DC–DC converter is the most important part of the conventional BC providing good gain, simple structure and continuous input current. Using the traditional boost topology, it is unable to achieve high gain [7]. Electrical isolation requirements are not met by the BC method. The wide magnitude difference between the input and output puts a lot of strain on the switch, and this topology has a lot of current and voltage ripples, as well as the immense volume and weight of the components [8,9]. These issues can be solved with the help of the MPIBC model.



The MPIBC method is used to improve power converter performance in terms of efficiency, size, conducted electromagnetic emission and transient response [10]. The benefits of interleaving include high power capability, modularity, and improved reliability [11,12]. The interleaved technique is presented to improve the performance of the converter [13]. Based on the interleaving techniques as multi-phase, the switching losses are reduced, in turn, improving the efficiency of the converter [14,15,16]. The interleaving techniques of multilevel BC are discussed in [17]. Slah F et al. proposed a converter with reduced voltage stress of the components [18]. Kim J H et al. presented a new converter topology to reduce the switching power loss [19]. The input current is distributed equally in the BC inductor, to reduce the transient current and minimize switching during the transient period [20,21]. For high power applications, IBC is used to develop high voltage gain and reduce the power loss and design a new model [22,23]. A hardware setup for two stage IBC is presented. The performance of the converter is compared for two switching frequencies [24]. Lipu M S H et al. presented a comprehensive review of the various converter configurations. The various control schemes for EV applications incorporating optimization techniques are discussed. This paper presents detailed suggestions and challenges for various DC-DC converter topologies [25].



To demonstrate the effectiveness of the presented MPIBC, a comparison with other existing converters is presented in Table 1. The parameters, such as ripple voltage, current, switching frequency, the complexity of the control circuit, high power conversion, and cost are compared for the converters, such as IBC [1], quasi-Z source converter (QZBC) [26], multi-port isolated converter (MPIC) [27]. It is observed that in the presented MPIBC the ripple content, switching frequency and cost is low compared to other converters. The objectives of various converters with their specific outcomes and their benefits are compared in Table 2. It is evident from Table 2 that the presented MPIBC is best compared to other existing converters in terms of low ripple, reduced transients and improved efficiency.



The Contribution of this paper is listed as follows:




	○

	
The output power and output voltage of the presented converter are 33.38 kW and 500 V. The inductor ripple current is reduced by 25.76%, hence the size and cost of the inductor are also less compared to the existing converter, such as BC and IBC.




	○

	
Circuit size reduces due to the reduction in the size of the passive components, which is a major advantage for the EV model.




	○

	
Based on the interleaved techniques the total power loss is reduced and the total inductor current is reduced by 26.92% compared to the existing converter.




	○

	
The efficiency of the six phase MPIBC is 98.68% compared to the existing converter presented in [28]. The efficiency of the six phase converter presented in [28] is 96.9%. Therefore, the presented converter has improved the efficiency by 1.78%.










2. Multi-Phase Interleaved Boost Converter


2.1. N Phase IBC Schematic Diagram


The MPIBC has an ‘N’ number of parallel converters are connected and operated by 2π/N or 360°/N radian phase-shifted among the power switches and same duty ratio (D). The MPIBC diagram is shown in Figure 1. In MPIBC, the total power is divided by the number of paralleled converters, and the input and output currents ripples are reduced by 1/N. The inductor currents (IL) are interleaved using phase shifting between the signals of switches, and the converter’s input current (Iin) is the sum of inductor currents of N phases. MPIBC has the ‘N’ inductor (L1, L2 … LN), ‘N’ diodes (D1, D2 … DN) and ‘N’ MOSFET switches (S1, S2 … SN). To achieve interleaving, the circuit uses identical inductors, diodes, and capacitors.




2.2. Design Parameter Calcultaion


The values for inductor, capacitor and duty ratio are calculated for MPIBC by using the following Equations (1)–(3):


   L N  =  (    D ∗  V  i n      f s  ∗ N ∗ Δ  I  i n      )  ,  



(1)






   C N  =  (    D ∗  I  o u t      f s  ∗ N ∗ Δ  V  o u t      )  ,  



(2)






  D = 1 −  (     V  i n      V  o u t      )  ,  



(3)







In this paper, 50% duty ratio is used to design of two, three, four and six phases IBC. The parameters of interleaved boost converters are listed in Table 3.



The power losses due to MOSFET, diode, inductor and capacitor are calculated using the equations presented in Table 4. Further, Table 4 shows the equation used for input power and efficiency calculation.





3. MPIBC Simulation Result and Discussion


The simulation of two, three, four and six phase IBC is presented in this section for two different input voltages, such as 20 V and 200 V. The power loss calculation and efficiencies are compared for different phases. For an input voltage of 20 V, the output voltage of all phases of MPIBC is shown in Figure 2. From the waveform, the output voltage of two phase IBC is settled at 38.74 V in 0.2 s. The output current and power comparison are depicted as shown in Figure 3 and Figure 4 for an input voltage of 20 V. The output current and power values are 1.211 A and 46.914 W. Similarly, the three, four and six phase IBC output voltages are settled at 38.89 V, 38.96 V, 39.04 V in 0.15 s, 0.11 s and 0.05 s, respectively. The output current and power values of the three, four and six phase are 1.215 A, 1.218 A, 1.22 A and 47.251 W, 47.453 W, 47.628 W, respectively. All inductor currents are depicted as shown in Figure 5.



Based on the MPIBC MATLAB simulation at different phases, the output parameters are listed in Table 5 and Table 6. The results presented in Table 5 and Table 6 show that if the number of MPIBC phases is increased, the output parameter, such as the voltage, current and power also increases. The reason behind this is the reduction of induction current thereby reducing the switching stress. It indicates that the power losses are decreased while the efficiency of MPIBC is increased.



Power Loss and Efficiency Calculation of MPIBC


The total losses and efficiency are calculated from Equations (4)–(9) for two different input voltages. The values are listed in Table 7 and Table 8. The MPIBC total power loss and percentage of efficiency comparison (two phase IBC) are shown in Figure 6 and Figure 7. It clearly shows that, as with the increase in phase, the power loss is reduced and percent efficiency improved. By comparing the four phases of MPIBC, power loss is reduced at the six phase IBC and the efficiencies of 93.82% (at an input voltage is 20 V) and 95.74% (at the input voltage is 200 V) are achieved. It is evident that the inductor and capacitor value (calculated using Equations (1) and (2)) decreases with an increase in the number of phases. The inductor and capacitor value is minimal for the six phase IBC compared to the four phase, three phase and two phase IBC. The inductor and capacitor values for the six phase IBC are 1.075 mH and 168 µF, respectively (refer to Table 1). This reduces the size of the inductor and capacitor significantly.



To validate the results obtained from the MPIBC, a comparison is made with the existing converters, such as BC and IBC. The passive components, such as the inductor and capacitor are designed for all the converters taken for comparison. The common parameters used for BC and IBC are compared with the six phase MPIBC converter. From Table 9, it is clear that the MPIBC provides better output voltage and output power. The output voltage and output powers are 500 V and 34.38 kW, respectively. Inductor current reduces by 26.92%. The MPIBC reduces inductor and capacitor values significantly. The inductor and capacitor values of the six phase MPIBC are 66.67 µH and 168 µF, respectively. Therefore, it is concluded that the six phase MPIBC is better than the existing converter.



To validate specifically the six phase MPIBC, the presented converter is compared with the existing converter presented in [28]. The comparison result shows that the presented converter has an efficiency of 98.6% which is better than the existing converter. This comparison is presented in detail with other parameters in Table 10.





4. Hardware Setup for MPIBC


Figure 8 shows a block diagram of a two phase IBC based EV. Two phase IBC hardware is developed by the two identical inductors, two diodes and two MOSFET switches. The filter circuit is reduced to harmonic contents. This EV hardware prototype was performed on a 5 V input supply. To invert a signal, transistors are used, because IBC needs a 180° phase shift for the two phase interleaved technique.



4.1. Two Phase IBC Hardware Results and Discussion


A hardware prototype was developed and assembled to validate the actual performance of the two phase IBC. The two phase IBC hardware is designed for 5 kHz and 10 kHz switching frequencies. The EV hardware prototype for MPIBC (two phase) is shown in Figure 9. The supply voltage range is considered to be 0–5 V. The converter is fed with a nominal voltage of 5 V. Figure 10 depicts the two phase IBC output voltage.



The output voltage comparison at different duty ratios of both switching frequencies 5 kHz and 10 kHz are listed in Table 11. Figure 11 and Figure 12 indicate that the duty ratio increases simultaneously as the load voltage increases.



Table 12 compares the experimental results of the IBC-based EV that was implemented in terms of output current, output voltage, and output power at two switching frequencies of 5 kHz and 10 kHz also maintained at a duty cycle of 50%.



Based on the output current, voltage and power comparison at two different switching frequencies, the load voltage is boosted more at 5 kHz switching frequencies, and the value of the output voltage is 13.2 V. This output voltage is 1.06 times more than the output voltage at 10 kHz switching frequency it is shown in Figure 13. If the supply voltage increases the output current also increased. To achieve more output power at the switching frequency of 5 kHz compared with a switching frequency of 10 kHz.



Inductor voltage, current, and power losses at two different switching frequencies with a 50% duty cycle are listed in Table 13 and Table 14. At 5 kHz switching frequency the two phase IBC’s two inductor voltage, current and power comparison are shown in Figure 14. The comparison of inductor currents indicates that the second inductor current is minimal. At a 10 kHz switching frequency and duty cycle of 50%, the two phase IBC’s two inductor voltage, current and power comparison are shown in Figure 15. Over the two phase IBC power loss is minimum at fs = 5 kHz compared with fs = 10 kHz.




4.2. Six Phase IBC Hardware Results and Discussion


A hardware prototype was developed and assembled to validate the actual performance of the six phase IBC. The six phase IBC hardware is designed for a 5 kHz switching frequency. The EV hardware prototype for MPIBC (six phase) is shown in Figure 16. The supply voltage range is considered to be 0–5 V. The converter is fed with a nominal voltage of 5 V. Figure 17 depict the six phase MPIBC pulses waveform and Figure 18 shows the six phase MPIBC output voltage waveform.



The output current, output voltage, and output power of MPIBC (six phase) at a switching frequency of 5 kHz are listed in Table 15; if also maintained at a duty cycle of 50%.



Based on the output current, voltage and power comparison at 5 kHz switching frequency of six phase IBC, the values of output voltage is boosted 15.6 V at input voltage of 5 V. The output voltage and output power values are more for the six phase hardware setup compare with two phase IBC hardware results. The six phase IBC output voltage and output power values are 1.181 times and 1.409 times higher than the two phase IBC hardware setup (refer Table 11 and Table 14).





5. Conclusions


A simulation model and hardware implementation of the MPIBC-based EV is discussed in this paper. MPIBC based EV simulation is carried out for four different phases of IBC and two, three, four and six phases of MPIBC. The simulation is performed with an input voltage of 20 V and the boosted output voltage is 39.04 V. By comparing four different phases of MPIBC, the output voltage, current and power values quickly settle for the six phase model of MPIBC. The power loss calculation of four models reveals that the six phase IBC has minimum loss with an efficiency of 93.82% for 20 V input voltage. Further, efficiency of 95.74% is obtained for 200 V input voltage. The effectiveness of the six phase MPIBC is validated by comparing it with the existing converters, such as BC and IBC. Further, six phase MPIBC is specifically compared with the existing converter. The presented converter provides efficiency of 98.68% which is 1.78% better than the existing converter. The two phases of the MPIBC hardware prototype are fabricated and various comparative analyses are performed in the hardware prototype. The output power is increased at a 5 kHz switching frequency compared to 10 kHz as per the qualitative study. The performance and features of the two phases of the MPIBC system under various duty cycle conditions have been analyzed. The simulation and experimental results show that the MPIBC can reduce the switching stresses and increases efficiency. By using the proposed two phase and six phase fabricated MPIBC hardware, the EV output can be easily controlled. The presented converter provides better performance, smooth speed control and improved battery life. The proposed converter can be used in various other applications, such as battery charging, fuel cells, solar panels, PHEV, etc.
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Nomenclature




	N
	no phase for MPIBC



	D
	duty ratio



	Vin
	input voltage (V)



	fs
	switching frequency (Hz)



	∆Iin
	input current ripple



	∆Vout
	output voltage ripple



	Iout
	output current (A)



	Vout
	output voltage (V)



	LN
	inductance at Nth phase (H)



	CN
	capacitance at Nth phase (H)



	RDS(on)
	drain source resistance (Ω)



	rD
	series resistance of diode (Ω)



	VF
	diode forward voltage (V)



	rL
	internal series resistance of the inductor (Ω)



	rC
	internal Series resistance of the capacitor (Ω)



	Pinput
	input power (W)



	Poutput
	output power (W)



	Pswitch
	losses due to switching operation (W)



	Pdiode
	losses due to diode (W)



	Pinductor
	losses due to diode (W)



	Pinductor
	capacitor power loss (W)



	  η  
	efficiency
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Figure 1. N phase IBC schematic diagram. 
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Figure 2. Output voltage comparison of MPIBC at duty cycle of 50%. 






Figure 2. Output voltage comparison of MPIBC at duty cycle of 50%.



[image: Wevj 13 00067 g002]







[image: Wevj 13 00067 g003 550] 





Figure 3. Output current comparison of MPIBC at duty cycle of 50%. 
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Figure 4. Output power comparison of MPIBC at duty cycle of 50%. 
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Figure 5. All phases inductor current comparison of MPIBC at duty cycle of 50%. 
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Figure 6. Total power loss comparison of MPIBC (input voltage: 20 V). 
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Figure 7. %Efficiency comparison of MPIBC (input voltage: 20 V). 
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Figure 8. MPIBC (Two phase) hardware circuit diagram. 
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Figure 9. Hardware prototype for MPIBC (two phase). 
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Figure 10. Load output voltage waveform. 
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Figure 11. Output voltage comparison at different duty cycles and fs = 5 kHz. 
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Figure 12. Output voltage comparison at different duty cycles and fs = 10 kHz. 






Figure 12. Output voltage comparison at different duty cycles and fs = 10 kHz.



[image: Wevj 13 00067 g012]







[image: Wevj 13 00067 g013 550] 





Figure 13. Output voltage, current and power comparison at switching frequencies fs = 5 kHz and fs = 10 kHz. 
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Figure 14. Inductor voltage, current and power loss comparison at fs = 5 kHz and D = 50%. 
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Figure 15. Inductor voltage, current and power loss comparison at fs = 10 kHz and D = 50%. 
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Figure 16. Hardware prototype MPIBC (six phase). 
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Figure 17. Pulse waveform MPIBC (six phase). 
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Figure 18. Output voltage waveform MPIBC (six phase). **** Duty Cycle = 0.5. 
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Table 1. MPIBC comparison with other converters.






Table 1. MPIBC comparison with other converters.





	DC-DC Converter
	Ripple (Voltage/Current)
	Switching Frequency
	Complicity of Control Circuit
	High Power Conversion
	Cost





	IBC [1]
	Reasonable
	High
	Reasonable
	Suitable
	Low



	QZBC [26]
	Simple
	High
	Multifaceted
	Suitable
	Medium



	MPIC [27]
	Multifaceted
	Low
	Multifaceted
	Suitable
	High



	MPIBC
	Simple
	Low
	Reasonable
	Suitable
	Medium
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Table 2. Comparison of objective, outcome and benefits of different converters with MPIBC.






Table 2. Comparison of objective, outcome and benefits of different converters with MPIBC.











	DC-DC Converter
	Objective
	Outcomes
	Benefits





	IBC [1]
	
	
Number of passive components are reduced





	
	
Obtains a quick dynamic response



	
Loses are reduced





	
	
Low ripple current at low output voltage



	
High switching loss








	QZBC [26]
	
	
To achieve a wide range of voltage gain as well as an absolute common ground





	
	
Achieved maximum efficiency





	
	
Switching stress is lower



	
Component ratings are small








	MPIC [27]
	
	
To optimize the system behavior by controlling duty cycle



	
To reduce overall system losses



	
To look into dynamic analysis.





	
	
Obtains a quick dynamic response



	
Power flow can be controlled independently



	
To obtain high efficiency





	
	
Voltage gain is high.



	
Low output voltage ripple








	MPIBC
	
	
To decrease ripples in output current and inductor current



	
In order to achieve optimal control and a quick transient response



	
To reduce overall system losses



	
To improve the system efficiency





	
	
Obtains a quick dynamic response



	
In comparison to IBC, the current and voltage ripple are reduced



	
Low switching stress are obtained



	
More stable





	
	
Low ripple current at low output voltage



	
Efficiency improved to compare with IBC



	
Transients are reduced
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Table 3. Parameter values of MPIBC.






Table 3. Parameter values of MPIBC.





	Parameter
	Value
	Unit





	Solar PV voltage
	20
	V



	Output voltage
	40
	V



	Output current
	1.25
	A



	Output power
	50
	W



	L1 = L2 = L

(2 phase IBC)
	3.225 m
	H



	L1 = L2 = L3 = L

(3 phase IBC)
	2.15 m
	H



	L1 = L2 = L3 = L4 = L

(4 phase IBC)
	1.613 m
	H



	L1 = L2 = L3 = L4 = L5 = L6 = L

(6 phase IBC)
	1.075 m
	H



	C (2 phase IBC)
	504 µ
	F



	C (3 phase IBC)
	336 µ
	F



	C (4 phase IBC)
	252 µ
	F



	C (6 phase IBC)
	168 µ
	F



	Rload
	32
	Ω



	Lload
	120 m
	H



	Switching frequency (fs)
	31 k
	Hz



	Input Current Ripple (∆Iin)
	5%
	-



	Output Voltage Ripple (∆Vout)
	2%
	-



	Duty ratio (D)
	50%
	-



	Drain Source Resistance (RDS(on))
	0.045
	Ω



	Series resistance of Diode (rD)
	0.30
	Ω



	Internal Series resistance of the inductor (rL)
	0.25
	Ω



	Internal Series resistance of the capacitor (rC)
	0.05
	Ω
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Table 4. Loss estimation equation for MPIBC.






Table 4. Loss estimation equation for MPIBC.





	Equation
	Equation Meaning
	Equation Number





	    P  s w i t c h   = N ∗  R  D S ( o n )   ∗ D ∗    [     I  o u t     N ∗ ( 1 − D )    ]   2    
	Switching loss
	(4)



	    P  d i o d e   = ( (  r D  ∗  I  o u t  2  ) + (  V F  ∗  I  o u t   ) )   
	Diode loss
	(5)



	    P  i n d u c t o r   =  r L  ∗    [     I  o u t     ( 1 − D )    ]   2    
	Inductor loass
	(6)



	    P  c a p a c i t o r   =  r C  ∗  I  o u t  2    
	Capactior loss
	(7)



	    P  i n p u t   =  P  o u t p u t   +  P  s w i t c h   +  P  d i o d e   +  P  i n d u c t o r   +  P  c a p a c i t o r     
	Input power
	(8)



	   % η =  (     P  o u t p u t      P  i n p u t      )  × 100   
	Efficiency
	(9)
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Table 5. Output parameter values of MPIBC (input voltage: 20 V).






Table 5. Output parameter values of MPIBC (input voltage: 20 V).





	Number of Phases of MPIBC
	Output Voltage

(Vout) in V
	Output Current

(Iout) in A
	Output Power

(Po) in W





	2
	38.74
	1.211
	46.914



	3
	38.89
	1.215
	47.251



	4
	38.96
	1.218
	47.453



	6
	39.04
	1.220
	47.628
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Table 6. Output parameter values of MPIBC (input voltage: 200 V).






Table 6. Output parameter values of MPIBC (input voltage: 200 V).





	Number of Phases of MPIBC
	Output Voltage

(Vout) in V
	Output Current

(Iout) in A
	Output Power

(Po) in kW





	2
	434
	13.56
	5.887



	3
	435.7
	13.62
	5.933



	4
	436.6
	13.64
	5.956



	6
	437.4
	13.67
	5.979










[image: Table] 





Table 7. Total power loss and efficiency values of MPIBC (input voltage: 20 V).






Table 7. Total power loss and efficiency values of MPIBC (input voltage: 20 V).





	Number of Phases of MPIBC
	Ploss

(W)
	Pinput

(W)
	Poutput

(W)
	%Efficiency





	2
	3.1772
	50.1772
	46.914
	93.66



	3
	3.1565
	50.1565
	47.251
	93.74



	4
	3.1448
	50.1448
	47.453
	93.78



	6
	3.1330
	50.1330
	47.628
	93.82
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Table 8. Total power loss and efficiency values of MPIBC (input voltage: 200 V).






Table 8. Total power loss and efficiency values of MPIBC (input voltage: 200 V).





	Number of Phases of MPIBC
	Ploss

(W)
	Pinput

(kW)
	Poutput

(kW)
	%Efficiency





	2
	267.347
	6.154
	5.887
	95.66



	3
	266.880
	6.199
	5.933
	95.71



	4
	266.263
	6.222
	5.956
	95.72



	6
	266.010
	6.245
	5.979
	95.74
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Table 9. MPIBC comparison with existing converter.






Table 9. MPIBC comparison with existing converter.





	Parameters
	BC [1]
	IBC [1]
	MPIBC





	Input Voltage (V)
	200
	200
	200



	Output Voltage (V)
	400
	400
	500



	Number of Phase
	1
	4
	6



	Output Power (kW)
	30
	30
	34.38



	Switching Freqency (kHz)
	20
	20
	20



	Inductor Current (A)
	250
	250
	182.7



	Inductor (µH)
	400
	100
	66.67



	Capactior (µF)
	780
	195
	168



	Duty Cycle
	0.5
	0.5
	0.5



	Inductor Current Ripple (A)
	12.5
	12.5
	9.28
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Table 10. Six phase MPIBC comparison with existing converter.
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	Parameters
	Six Phase IBC [28]
	Six Phase MPIBC





	Input Voltage (V)
	24
	24



	Number of Phase
	6
	6



	Switching Freqency (kHz)
	25
	25



	Duty Cycle
	0.6
	0.6



	Output Voltage (V)
	207
	213.8



	Output Power (W)
	453
	487.6



	%Efficiency
	96.90
	98.68
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Table 11. Comparison of output voltages at different duty cycles and with fs = 5 kHz and fs = 10 kHz.






Table 11. Comparison of output voltages at different duty cycles and with fs = 5 kHz and fs = 10 kHz.





	
Vin

(V)

	
Switching Frequency

fs = 5 kHz

	
Switching Frequency

fs = 10 kHz




	
Vout

(V)

at

D = 0.3

	
Vout

(V)

at

D = 0.4

	
Vout

(V)

at

D = 0.5

	
Vout (V)

at

D = 0.7

	
Vout (V)

at

D = 0.3

	
Vout (V)

at

D = 0.4

	
Vout (V)

at

D = 0.5

	
Vout (V)

at

D = 0.7






	
0.5

	
1.2

	
1.4

	
1.2

	
1.2

	
1.4

	
1.2

	
1

	
1.6




	
1

	
2.6

	
2.8

	
2.8

	
3.2

	
2.8

	
3.2

	
2

	
3.2




	
1.5

	
4.4

	
4.2

	
4.4

	
4.4

	
4.4

	
4

	
4.2

	
5




	
2

	
6

	
5.4

	
5.6

	
6

	
5.6

	
5.8

	
6.4

	
6.4




	
2.5

	
6.8

	
7.2

	
7.2

	
7.6

	
7.2

	
7.4

	
8.2

	
8.2




	
3

	
8

	
8.6

	
8.8

	
9.4

	
8.2

	
9.6

	
9.2

	
10.8




	
3.5

	
9.8

	
9.8

	
10.2

	
11

	
9.4

	
10

	
11.6

	
11.8
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Table 12. Output voltage, current and power comparison at fs = 5 kHz and fs = 10 kHz.






Table 12. Output voltage, current and power comparison at fs = 5 kHz and fs = 10 kHz.





	
Vin

(V)

	
Switching Frequency

fs = 5 kHz

	
Switching Frequency

fs = 10 kHz




	
Vout

(V)

	
Iout

(mA)

	
Pout

(mW)

	
Vout (V)

	
Iout

(mA)

	
Pout

(mW)






	
0.5

	
1.4

	
14

	
19.6

	
1.4

	
14

	
19.6




	
1.1

	
2.3

	
23

	
52.9

	
2.8

	
28

	
78.4




	
1.5

	
4.3

	
43

	
184.9

	
3.6

	
36

	
129.6




	
2

	
5.12

	
51.2

	
262.14

	
4.4

	
44

	
193.6




	
2.5

	
7.38

	
73.8

	
544.64

	
6.2

	
62

	
384.4




	
3

	
9.46

	
94.6

	
894.92

	
7.4

	
74

	
547.6




	
3.5

	
9.83

	
98.3

	
966.29

	
8.6

	
86

	
739.6




	
4

	
11.22

	
112.2

	
1258.88

	
10.2

	
102

	
1040.4




	
4.5

	
12.54

	
125.4

	
1572.52

	
11

	
110

	
1210




	
5

	
13.2

	
132

	
1742.4

	
12.4

	
124

	
1537.6
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Table 13. Inductor voltage, current and power loss at fs = 5 kHz and D = 50%.
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	Inductor1

Voltage

(V)
	Inductor2

Voltage

(V)
	IL1

(A)
	IL2

(A)
	PL1

(W)
	PL2

(W)





	0.28
	0.28
	0.35
	0.23
	0.098
	0.065



	0.36
	0.36
	0.45
	0.30
	0.162
	0.108



	0.72
	0.56
	0.9
	0.47
	0.648
	0.261



	0.76
	0.68
	0.95
	0.57
	0.722
	0.385



	0.96
	0.84
	1.2
	0.70
	1.152
	0.588



	1.16
	1.04
	1.45
	0.87
	1.682
	0.901



	1.32
	1.2
	1.65
	1.00
	2.178
	1.200



	1.44
	1.28
	1.8
	1.07
	2.592
	1.365



	1.56
	1.48
	1.95
	1.23
	3.042
	1.825



	1.64
	1.64
	2.05
	1.37
	3.362
	2.241










[image: Table] 





Table 14. Inductor voltage, current and power loss at fs = 10 kHz and D = 50%.






Table 14. Inductor voltage, current and power loss at fs = 10 kHz and D = 50%.





	Inductor1

voltage

(V)
	Inductor2

voltage

(V)
	IL1

(A)
	IL2

(A)
	PL1

(W)
	PL2

(W)





	0.360
	0.240
	0.450
	0.200
	0.162
	0.048



	0.440
	0.280
	0.550
	0.233
	0.242
	0.065



	0.560
	0.400
	0.700
	0.333
	0.392
	0.133



	0.720
	0.520
	0.900
	0.433
	0.648
	0.225



	0.920
	0.720
	1.150
	0.600
	1.058
	0.432



	1.000
	0.760
	1.250
	0.633
	1.250
	0.481



	1.200
	0.960
	1.500
	0.800
	1.800
	0.768



	1.320
	1.040
	1.650
	0.867
	2.178
	0.901



	1.520
	1.160
	1.900
	0.967
	2.888
	1.121



	1.560
	1.280
	1.950
	1.067
	3.042
	1.365
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Table 15. Output voltage, current and power at fs = 5 kHz.






Table 15. Output voltage, current and power at fs = 5 kHz.





	
Vin

(V)

	
Switching Frequency

fs = 5 kHz




	
Vout

(V)

	
Iout

(mA)

	
Pout

(W)






	
0.5

	
11

	
110

	
1.21




	
1.0

	
11.6

	
116

	
1.34




	
1.5

	
11.8

	
118

	
1.39




	
2

	
12.1

	
121

	
1.46




	
2.5

	
12.4

	
124

	
1.53




	
3

	
12.8

	
128

	
1.64




	
3.5

	
13.1

	
131

	
1.72




	
4

	
13.6

	
136

	
1.85




	
4.5

	
14

	
140

	
1.96




	
5

	
15.6

	
156

	
2.43
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