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Abstract –In this paper, a new circuit topology of tapped-inductor DC-DC converter 

has been introduced, considering the impacts of parasitic elements. The converter is able 

to provide wide input and wide output voltage (WIWO) range with high efficiency, 

including Buck, Boost and Buck-Boost modes. First, the principle and algorithm of the 

new converter has been investigated in detail. Then, the power conversion efficiency has 

been examined under different duty ratios. The voltage gain and efficiency have 

simultaneously been analyzed with various loads. Finally, the experimental results show 

that the efficiencies of the new topology are high in most ranges, thus verified the 

correctness of theory and the effectiveness of the proposed topology. 

Index Terms—DC-DC converter, Boost, Buck, Buck-Boost, Tapped inductor, Power 

supply, wide step-down, wide step- up, wide-input-wide-output (WIWO) 

I. INTRODUCTION

Conventional topologies of DC-DC converter include buck, boost and buck-boost modes 

with a single inductor. Theoretically, the boost circuit can provide high voltage conversion of 

input to output with a relatively large duty ratio. However, for boost circuit, the higher the 

voltage gain is, the bigger the duty ratio is and thus the lower efficiency will be produced. 

Similarly, the efficiency of the buck converter will also be poor when the duty ratio is small [1]. 

The poor efficiency is mainly due to the energy storage in the magnetic components that is not 

efficiently processed under extreme value of large or small duty ratio. The consequence is that 

high pulsation current will be generated, deteriorating the performance in semiconductor power 

processing. Also, the poor efficiency limits the applications of converters in the industry and 

this limitation is investigated in [2-3]. Recently, most researches usually focus on studying 

suitable topologies of Buck, Boost and Buck-Boost converters which can provide a simple and 

non-isolation method for power conversion with high efficiency, because in the industry, 

converters need to operate in a wider range of duty ratio when the isolation is negligible. A 

conventional bidirectional integrated configuration of the converter with a single inductor is 

proposed in [4] as shown in Fig.1 (a). It not only controls the MOSFETs 1 to 4, and can realize 

the function of converter without diode, but also the converter can transfer energy 

bidirectionally under the Buck, Boost and Buck-boost modes. 
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(a) A Conventional bidirectional Buck/Boost DC-DC Converter

(b) Tapped-inductor topology

(c) Tapped-inductor with parasitic components

Fig 1:  Circuit topology of various formats of Buck-Boost converters 

For the conventional DC-DC converter with a single inductor under the pulse width 

modulation (PWM) control, the voltage gain 
oV /  is determined by the duty ratio, however, 

inV
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the range of voltage gain are so strikingly limited by the turns of the single inductor that limits 

the actual conversion achievement as compared with the non-isolation counterpart [5]. 

Therefore, in theory, tapped inductor converter is employed and its turns can be controlled for 

the adjustment of the range of duty ratio. The range of voltage gain, the high conversion 

efficiency and reliability can be extended finally [6]. The concept is similar to the 50/60Hz 

auto-transformer design. 

In order to achieve prominently high/low voltage gain with high efficiency, various 

topologies tapped inductor DC-DC converters have been explored recently. Grant et al. 

proposed and categorized the topologies of tapped-inductor converter based on the static 

performance [7-12]. Significantly, tapped inductor buck converter has been proposed for 

simple configuration and low cost, and that to change the duty ratio and to maintain the high 

efficiency [13]. Moreover, a higher efficiency is the ultimate goal of research achievement to 

the tapped inductor techniques [14-18]. The application to AC-DC [19] using a tapped inductor 

is reported to be successful. 

The comparisons of the voltage gain, efficiency and component stress between the 

traditional and tapped-inductor converters with parasitic components have been explored. 

Analysis of the tapped-inductor boost converter with parasitic parameters shows that under the 

same duty ratio, not only the voltage gain but also the conversion efficiency of tapped-inductor 

converter are always higher than the traditional converter. Therefore, the range of voltage 

conversion of the tapped-inductor converter has been extended further than that of 

conventional converter [20-21]. However, only has boost circuit been analyzed in the previous 

researches. The buck and buck-boost modes have not been studied yet.  

This paper presents a new tapped-inductor converter topology, which focuses on wide input 

and wide output voltage conversion range (WIWO). Especially, on the static performance, the 

new converter is applied with an appropriate control method to the three active switching 

devices without diode and with existence of parasitic parameters that has never been discussed. 

At the same time, there are three modes for basic principle of operation to be described, 

including Buck, Boost and Buck-Boost. 

In Section II, the basic circuit configuration and theoretical derivation have been elaborated 

in detail. Section III shows the analysis of the comparisons between the voltage conversion 

ratio and power conversion efficiency, and the relationship of voltage conversion ratio and 

power conversion efficiency with different loads to three modes of operation in Buck, Boost 

and Buck-Boost of proposed converter. Then, the experimental results are shown in Section IV. 

Finally, conclusions are made in section V. 
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II. CIRCUIT DESCRIPTION 

The basic tapped inductor DC-DC converter consists of two active switches, a 

tapped-inductor, a diode and a capacitive output filter. Although the modified tapped-inductor 

converters are prominently similar, there are three active switches without diode, thus 

providing the potential wider input and wider output voltage conversion range (WIWO) with 

higher efficiency. Therefore, the new tapped inductor converter topology consists of three 

actives switches, a tapped-inductor and two output filter capacitors as shown in Fig.1 (b). It is 

significant to note that the tapped-inductor converter is bidirectional for both the conventional 

topology and the proposed topology. 

Fig.1 (c) shows this converter with consideration of parasitic components. In the circuit 

topology, RL1 and RL3 is the Equivalent Series Resistance (ESR) of primary N1 and secondary 

N2 windings, respectively. Rds1, 2, 3 is the on-state resistance of active switching devices S1, S2 

and S3, respectively. Rc is the ESR of capacitor, R is the load resistance, and C is the 

capacitance of capacitor.  and are the input voltage and output voltage, respectively. In 

particular, N1 is equal to N2 and all represented by N, then L is a quarter of the inductance of 

total tapped inductor, and the insurance of each side of the tapped-inductor is proportional to 

the number of turns N1 or N2. Assume RL1=RL3=RL, Rds1=Rds2=Rds3 in this paper. Table 1 shows 

the parameters used in the simulation of voltage gain and efficiency.  

 

Table.1 Parameters used in the simulation of voltage gain and efficiency 

Resistance        RL (mΩ)        RC (mΩ)           Rds (mΩ)              R (Ω) 

 

Values            50             70             55       10 , 20 , 50 , 100 , 200 

 

The analysis in the following sections (A) to (C) is using the following expression for 

simplification and neatness:  

1) The equation of the series connection of parasitic resistances two RL, two Rds, Rc 

parallel with load R is 2 +2 +
c

ds L

c

R R
R R

R R

 
 

 
 or in different conditions of 

the switches, which as defined as X1 and X2, respectively. 

2) The equation of  is defined as Y1. 

 

A. Buck Converter 

Fig.2 shows the modified converter that is controlled by the PWM in Buck mode. Active 

switches S3 is always maintained at on-state, and S1 and S2 are complementary conducting. 

When S1 is maintained at on-state; S2 is maintained at off-state, the input voltage  -  is 

inV oV

2 + +
c

ds L

c

R R
R R

R R

 
 

 

1

( + )cR R

inV oV
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developed across the tapped inductor causing an increase in current, and the capacitance C is 

being charged. However, when the S2 is maintained at on-state; S1 is maintained at off-state, 

the current will be reduced through the inductor L in the N2 side. It is significant to note that S1 

and S2 are never turned on or off at the same time. 

 

Fig.2 A tapped-inductor Buck converter with parasitic components 

Formulas (1) to (6) describe the state of proposed buck converter with parasitic resistors. In 

all formula, is the flux of magnetic core, is the voltage of capacitor, and which are 

identified as state variables. The duty ratio is represented by . 

S3 is on-state, during S1on, and S2off 

                                                    (1) 

                                       (2)  

                                           (3) 

S3 is on-state, during S1on, and S2off 

                                                  (4) 

 
                                            (5) 

                                              (6) 

   

The average state-space formula is (7), (8) 
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At steady-state 

                                                        (9) 

                                           (10) 

 

The average output voltage 

o o cV v v                                                        (11) 

 

Combining the formulas (7) (8) with (9) (10), respectively, (12) (13) are obtained to 

represent the  and  

                             (12) 

                                          (13) 

 

The voltage conversion ratio and flux with steady-state can be obtained as (14) and (15) 

                        (14) 

                         (15) 

 

And the  is obtained as (16), (17) and (18)                              

 

                                                 (16) 

                                                   (17)

                            (18) 

 

So the efficiency is (19) 

                   (19) 

 

Fig.3 (a), (b) and (c) exhibit the voltage gain against duty ratio, the conversion efficiency 

with duty ratio and the relationship between voltage gain and conversion efficiency of buck 

converter, respectively. 
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 (a) Voltage gain with duty ratio of tapped-inductor buck converter 

 

 (b) Conversion efficiency with duty ratio of tapped-inductor buck converter 

 

 (c) Comparison of the relationship between voltage gain and conversion efficiency 

Fig.3. Characteristics of the Buck Converter 
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B. Boost Converter 

Fig.4 shows a tapped-inductor Boost converter version. The switches S1, S2 and S3 work in 

the similar pattern. S1 is always maintained at on-state, when the S2 is maintained at on-state, 

S3 is off, the input voltage -  is developed across the inductor L in the N1 side that causes 

the inductor current to increase, the load current is supplied by the capacitor C. When S3 is 

maintained at on-state; S2 is at off-state, the -  is developed across the tapped inductor 

causing an increase in current, i.e. capacitance C is under charging. 

   

Fig.4 A new tapped-inductor Boost converter with parasitic components 

Formulas (20) to (25) describe the model state of tapped-inductor buck converter with 

consideration of all parasitic resistors. 

S3 is in on-state, during S2on, and S3off 

                                             (20) 

                                                      (21) 

                                                              (22) 

 

S3 is in on-state, during S3on, and S2off 
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                                     (24) 

                                                  (25) 
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            (26) 

 

So the efficiency is then 

       (27) 

 

Fig.5 (a), (b) and (c) describe the voltage gain with duty ratio, the conversion efficiency 

with duty ratio and the relationship between voltage gain and conversion efficiency of boost 

converter, respectively. 

 

(a) Voltage gain with duty ratio of tapped-inductor boost converter 

 

(b) Conversion efficiency with duty ratio of tapped-inductor boost converter 
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(c) Comparison of the relationship between voltage gain and conversion efficiency 

Fig.5. Characteristics of the Boost Converter 

 

C. Buck-Boost Converter 

Fig.6 shows a tapped-inductor Buck-Boost converter version. S2 is always maintained at 

on-state, and the operation for S1, S3 and the inductor current are similar to Section A and B 

above.  

 

Fig. 6 A new tapped-inductor Buck-Boost converter with parasitic components 

Formulas (28) to (33) again describe the model state of proposed buck-boost converter with 

parasitic resistors. 

S2 maintains on-state, during S1on, and S3off 
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S2 maintains on-state, during S3on, and S1off        

   
                                     (31) 

                        (32)        

                            (33) 

 

The average state-space formula is (34), (35) 

            (34)  

                          (35) 

 

In steady-state 

                                    (36) 

                                    (37) 

 

The average output voltage 

                                             (38) 

 

Integrating the formulas (34) (35) with (36) (37), respectively, we can get (39) (40) to 

represent  and  

               (39) 

                                               (40)           

The voltage conversion ratio can be obtained as (41) 

                  (41) 

So the efficiency is (19) 

      (42) 

Fig.7 (a), (b) and (c) shows the voltage gain with duty ratio, the conversion efficiency with 

duty ratio and the relationship of voltage gain and conversion efficiency of tapped-inductor 

buck-boost converter, respectively. 
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(a) Voltage gain with duty ratio of tapped-inductor boost converter 

 

(b) Conversion efficiency with duty ratio of tapped-inductor boost converter 

 

(c) Comparison of the relationship between voltage gain and conversion efficiency 

Fig.7. Characteristics of the Buck-Boost Converter 
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D. Switching loss and Magnetic loss 

Except the conduction loss, there is two significant factors in the total power loss for 

tapped-inductor converter that cannot be ignored: switching loss and magnetic loss. 

The size of passive components will be increased to reduce by the switching frequencies in 

the circuit of the converter. Therefore, the switching loss of MOSFET is a dominant parameter 

for the tapped-inductor converter. As we know, the junction temperatures and the efficiencies 

of converter could be predicted by the estimated MOSFET switching loss from the device 

datasheet. However, for the non-linear of MOSFET parasitic capacitance and traditional 

inductive load converters, the switching loss is too complex and difficult to analysis and 

estimate [22]. 

In the tapped-inductor converter, the switching loss will be calculated based on the 

processes of the charging and discharging of the capacitance of switched [23]. A commonly 

used equation for calculating the switching loss
_SW lossP is given by, 

                       2

_S W l o s s s w s w DP f C V                          (43) 

where
swf ,

swC , 2

DV are the switching frequency of the MOSFET, the output capacitance of the 

MOSFET and the voltage of the MOSFET increases from zero to 2

DV , respectively. However, 

swf and
swC can be estimated form the datasheet of the MOSFET. Accordingly, 2

DV is an only 

parameter need be calculated.  

In the buck and boost mode, the
_ 1D swV is equal to

_ 3D swV , so the relationships of the
_ 1D swV ,

_ 2D swV

and
_ 3D swV are given by, 

                     _ 1 _ 3 ( )D sw D sw o inV V V V                       (44) 

                                
_ 2 ( )

2

o in
D sw

V V
V


                                (45) 

                    _ 1 _ 2D D sw D swV V V   Or _ 3 _ 2D D sw D swV V V                  (46) 

So the switching loss
_SW lossP of the buck and boost converter is equal and which is given by, 

                       2

_

5
( )

4
SW loss sw sw o inP f C V V                              (47) 

From the above, we can see clearly that 
o inV V is an only influence factor on the 

switching loss in the converter. In other words, the parasitic elements have no relationships 

with switching loss. Therefore, firstly the parasitic elements of the tapped-inductor converter 

as the core have be explored and analyzed as in this paper, which is no impact on the power 

switching loss. Secondly, the all analyses and calculations of this paper are invented in the 

general condition, but only in the specific situation, according to the actual requirements of 

various converters, then the switching loss of MOSFET should be focused and calculated by 

the exact
oV and

inV . 

The magnetic loss is also a complicated factor in the power electronics converter, 
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according to the turns of inductance coil winding, thickness of inductance coil winding, and 

the size of the inductive iron core, etc. As above discussed, in the different converters with 

actual requirements, the magnetic loss is also varied. Therefor in the general situation, the 

magnetic loss also does not need to be considered. 

 

III. COMPARISON OF VOLTAGE CONVERSION RATIO AND POWER CONVERSION 

EFFICIENCY  

A. Comparison of the Voltage Conversion Ratio and power conversion efficiency of 

tapped-inductor Buck, Boost and Buck-Boost converters 

   The voltage conversion ratio and power efficiency with different loads of the 

tapped-inductor buck, boost and buck-boost converters obtained above in Fig 3, 5 and 7 are 

analyzed. In the case of the voltage conversion ratio, it is obvious to see that the efficiency 

increases with the increase of the loads. However, In the case of the load, there are different 

variations in three modes. In the buck mode, with the increase of the voltage conversion ratio, 

the efficiency is decreased, and then increased. In the boost mode, the efficiency decreases 

with the increase of the voltage conversion ratio. In the buck-boost mode, with the increase of 

the voltage conversion ratio, the efficiency is increased, and then decreased.  

B. Power conversion comparison with different loads in buck, boost and buck-boost modes 

This simulation is conducted to analyze the proposed circuits in terms of the relationship 

between conversion efficiency and voltage gain. Five sets of resistances are used for the loads.  

 

      (a)  (b) 



15 
 

 

 (c) (d) 

 

 (e) 

Fig.8. Power conversion comparison with different loads in buck, boost and buck-boost modes 

  (a) 10 Ω, (b) 20 Ω, (c) 50 Ω, (d) 100 Ω, (e) 200 Ω 

Fig.8 shows the conversion efficiency comparisons among buck, boost and buck-boost 

modes in different loads. Firstly, no matter how the resistance and voltage gain change, buck 

mode maintains higher efficiency than 95%, also the range of voltage gain covers the whole 

range from 0 to1. Secondly, in boost mode, voltage gain and conversion efficiency becomes 

larger and higher respectively as the resistance increases, similar to the trend of change of the 

buck mode mentioned above. Lastly, buck-boost mode is not recommended due to its low 

conversion efficiency. 

Consequently, the results review that the performance of buck mode and boost mode 

outweigh the buck-boost mode, in terms of the efficiency and the range of voltage gain. 

Therefore, the proposed converter is a promised candidate for its simple structure, also the 

integration of buck and boost converter shows splendid improvements in conversion efficiency.  
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IV. EXPERIMENTAL RESULTS 

A bidirectional WIWO tapped-inductor DC-DC converter has been built for the 

experimental verification. The parameters of experiment are shown in Table.3. 

Table.3 Parameters of experimental setup 

Duty Ratio                                                                 0.2-1 

Load R                                                     5 Ω (buck) and 50 Ω (boost) 

Switching Frequency                                                        50 kHz 

Total Inductance                                                            509µH 

Transistor Side Inductance                                                    128µH 

Secondary Side Inductance                                                    128µH 

Input Voltage of Converter                                                     5-24V 

Firstly, in buck mode, the input voltage is constant at 24V controlled by three IRF541 

MOSFETs, and one of them is kept to be open states, the waveforms of experiment are shown 

in Fig.9 (a), (b) and (c). 

 

(a) Top trace: gating voltage of S1 switch (10us/15V/div); middle trace: drain voltage of S1 switch (10us/25V/div); 

bottom trace: current of S1 switch (10us/1.5A/div) 

 

(b) Top trace: gating voltage of S2 switch (10us/12V/div); middle trace: drain voltage of S2 switch (10us/18V/div); 

bottom trace: current of S2 switch (10us/2.2A/div) 
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(c) Top trace: input voltage (10us/24V/div); middle trace: output voltage (10µs/7V/div); bottom trace: current of 

inductor L (10us/2.4A/div) 

Fig.9. Measured waveforms of experimental of buck converter (a) S1 switch, (b) S2 switch, (c) Vo, Vin, IL 

Fig.9 (a) is the measured waveforms of MOSFET S1, VGS1 is the gating voltage, Vds1 is 

drain voltage and I ds1 is the current. The waveforms of MOSFET S2 are similar to MOSFET S1 

above as shown in (b), and (c) that are input voltage, output voltage, and current of 

tapped-inductor. Significantly, keeping the input voltage to be 24V and output voltage to be 5V, 

the measured waveforms of buck converter are shown in Fig.10 (a), (b) and (c). When the load 

is 5 Ω, the duty ratio is then varied to maintain the output voltage to be 5V.  

 

(a) Top trace: gating voltage of S1 switch (10µs/15V/div); middle trace: drain voltage of S1 switch (10us/24V/div); 

bottom trace: current of S1 switch (10µs/0.8A/div) 

 

(b) Top trace: gating voltage of S2 switch (10µs/12V/div); middle trace: drain voltage of S2 switch (10us/28V/div); 

bottom trace: current of S2 switch (10µs/1.8A/div) 
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(c) Top trace: input voltage (10µs/24V/div); middle trace: output voltage (10µs/5V/div); bottom trace: current of 

inductor L (10µs/1.5A/div) 

Fig.10. Measured waveforms of experimental results of 24-input and 5V-output voltage buck converter. (a) S1 

switch, (b) S2 switch, (c) Vin, Vo, IL 

   And then the relationship of conversion efficiency and output power is shown is Fig.11 (a). 

The relationship of duty ratio, conversion efficiency and voltage gain is shown in Fig.11 (b). 

 

(a) The relationship of conversion efficiency and output power 

 

 

(b) Relationship of duty ratio, conversion efficiency and voltage gain 

Fig.11. Experimental results of the Buck mode 

As it is shown in Fig.11 (a) (b) and Fig.3 (a) (b), the conversion efficiency is increased with 

the duty ratio and voltage gain increase. Therefore, the trend and direction of the analysis 

are similar to the results of experiment approximately, so the characteristics of the preferred 

WIWO buck converter have been verified. 
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Secondly, in boost mode, the input voltage is kept at 5V and the output voltage is then 24V, 

with the load to be 50 Ω, the duty ratio is adjusted to keep the output voltage to be 24V. The 

corresponding measured relationship between conversion efficiency and output power is 

shown is Fig.12 (a). The corresponding relationships of duty ratio, conversion efficiency and 

voltage gain are shown in Fig.12 (b).  

 

(a) Measured the relationship of conversion efficiency and output power 

 

(b) Measured the relationship of duty ratio, conversion efficiency and voltage gain 

Fig.12 Measured result of the Boost mode 

Comparing the Fig.12 (a) (b) with Fig.5 (a) (b), the conversion efficiency improves as the 

duty ratio decreases whereas as voltage gain increases with the duty ratio increases. Therefore, 

the trend and direction experimental results agree with the analysis mainly. The boost mode 

operation of the proposed converter gives superior topology variation structure, and advantages 

of characteristics have been confirmed with experiment. 

The achievements of experiment have shown that the converter has higher conversion 

efficiency than classical converter. Even the duty ratio reduces to 0.2 or increases to 0.8. 

Therefore a wide range of the voltage conversion is now feasible. However, the experimental 

error is difficult to avoid, because of the precision of the inductance coil winding or the 

losses of the circuit connection, etc. So the direction and trend of the results of analysis 

and experiment should be compared as the key. 
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V. CONCLUSIONS 

This paper has proposed a new wide-input-wide-output converter topology, which is 

integrated with buck and boost modes with a tapped-inductor. The circuit development started 

with a synchronous MOSFET to reduce the losses of conduction effectively and reduce the 

voltage spike.  The modified topology is then accomplished, which consists of three 

MOSFETs and a tapped-inductor to realize a unified topology that is able to work under buck, 

boost and buck-boost modes.  Two MOSFETs are activated to operate complementary to 

realize the directional power flow.    

The analysis in both theoretical and simulation has been conducted to study correlation 

among the ratio, conversion efficiency and voltage gain.  The comparisons between duty ratio 

and conversion efficiency, and the other are about conversion efficiency under load variation. 

In boost mode, the conversion efficiency is increased as output power reduces, but the 

conversion efficiency and voltage gain are increased with increasing duty ratio. The preferred 

range of duty ratio is from 0.2 to 0.8. In buck mode, the conversion efficiency is similar to the 

boost above, but the conversion efficiency increases with the duty ratio increasing and the 

preferred range of duty ratio is from 0.2 to 1. Compared with conventional converter, the 

conversion efficiency of the proposed converter is higher, especially when the duty ratio is less 

than 0.2 or greater than 0.8.  

Finally, the correctness of theory and the effectiveness of new circuit topology have been 

verified by experiment. The improvements of proposed WIWO converter are the wider 

conversion range of voltage and higher power conversion efficiency up to 95%. Application of 

the converter can be used in the charging for super-capacitor due to its wide range of operation. 
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