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Abstract—This paper describes non-isolated high step-down 
converters used to connect photovoltaic modules to the battery 
storage of a bicycle charging station. Due to the high voltage 
difference between input and output, some problems may occur 
with conventional non-isolated DC-DC buck converters. The 
characteristics of alternative topologies of high step-down 
converters have been explored. Ideal converter models were 
created in the PLECS simulation software package based on 
which the voltage and current stress of the semiconductor 
switches were determined. Based on measured voltage and 
current relations, commercial switches were selected. Based on 
catalogue data, electro-thermal models of the switches were 
created. A comparative analysis of converters based on 
conduction and switching losses was performed. Converters 
were also compared based on the number of components and 
complexity of control. 

Keywords—photovoltaic module, batteries, step-down 
converters, duty cycle, conduction losses, switching losses 

I. INTRODUCTION 
Photovoltaic (PV) energy can be stored in a suitable 

storage device, used to power DC or AC loads or delivered to 
the power grid [1], [2], [3]. In this paper, the storage of  energy 
generated from a photovoltaic module in the batteries of a 
bicycle charging station is considered. For appropriate 
conditioning of photovoltaic energy, different types of 
converters with control algorithms are used depending on the 
load to ensure that the photovoltaic module always operates at 
the optimal operating point [4], [5], [6]. In this particular case, 
the energy of the photovoltaic module is stored in the battery 
storage at a nominal voltage several times lower than the 
nominal voltage of the module. For this application, isolated 
or non-isolated DC-DC converters can be used [4]. In 
applications with extreme conversion ratios, conventional 
non-isolated step-down converters may experience several 
problems. Disadvantages of conventional buck converters 
under these conditions are described in [7] and [8]. 

Alternative topologies of non-isolated high step-down 
converters [9] - [23] are considered in this paper. A 
comparative analysis of the characteristics of these converters 
with particular reference to conduction and switching losses is 
performed. Section II describes the design of DC nano-grid of 
electric bike charging station with battery storage. Current and 
voltage relations of a conventional non-isolated step-down 
converter are presented, as well as the problems of operating 

with an extremely small duty cycle. The disadvantages of 
isolated step-down converters are also described in this 
section. Section III gives an overview of non-isolated high 
step-down converter topologies. Section IV describes 
simulation models of converters and results obtained from 
simulations. A comparative analysis of the basic 
characteristics with emphasis on conduction and switching 
losses of the described converters is given in Section V. 

II. CHARGING STATION NANO-GRID 
The charging station nano-grid consists of the PV module, 

the battery storage, DC and AC loads and the power converters 
for connecting the source and loads to the DC bus and the 
public power grid, Fig. 1. 

Fig. 1.   DC nano-grid of the bicycle charging station 

The battery storage directly connected to the DC bus, 
maintains the voltage level of the nano-grid. The PV module 
is connected to the DC bus via a step-down converter. Power 
is supplied to DC and AC loads via DC-DC converters and 
inverters. Charging of bicycle batteries is done through a buck-
boost DC-DC converter. The connection of the charging 
station nano-grid to the AC power grid is done through a 
bidirectional DC-DC converter and a PWM inverter that 
allows bidirectional power flow. In cases where excess energy 
is generated from the photovoltaic module, energy can be 
transferred to the power grid. In cases where energy 
consumption is greater than production, the difference in 
energy can be drawn from the grid. 

All the costs of publishing of this paper are co-financed by the 
“Development of an Advanced Electric Bicycle Charging Station for a 
Smart City” project co-funded under the Operational Program from the 
European Structural and Investment Funds 
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A. Photovoltaic module 
From the calculated energy balance of the charging station, 

it was concluded that a PV module with a power of 2.3 kW is 
required. The rated voltage of the PV module is 240 V. 
Photovoltaic modules of the manufacturer SOLVIS were 
chosen. According to the data sheet, the efficiency of the 
modules is about 19 %, the area of a module is 1.98 m2 and the 
nominal voltage is 40 V. The required power is achieved by 
interconnecting 6 of these modules in a string with a rated 
string voltage of 240 V and the area of 11.88 m2. 

B. Battery storage 
The battery storage stores the excess energy of generated 

from the photovoltaic modules and maintains the voltage level 
of the DC bus. The voltage of the nano-grid is 48 V. Valve 
Regulated Lead-Acid (VRLA) 12 V batteries were chosen for 
this application. The capacity of one battery is 55 Ah. 
Although the energy density of lead-acid batteries is not as 
good as that of lithium-ion batteries, VRLA batteries were 
chosen because of their low price and easy maintenance. 

C. PWM inverter 
The DC bus is connected to the AC power system through 

the DC-DC converter and the PWM inverter which ensures 
bidirectional power flow. The bidirectional DC-DC converter 
ensures that the voltage level of the DC part of the inverter is 
matched to the voltage level of the grid. Single-phase inverters 
are used in low power systems, while three-phase inverters are 
preferred in higher-power systems. The bicycle charging 
station is connected to the grid using a three-phase inverter 
with a nominal power of 4 kW and the appropriate grid 
synchronization algorithm. 

D. DC-DC converters 
In the considered nano-grid of the electric bike charging 

station, several DC-DC converters are used: (i) for storing the 
energy generated in the PV modules in the battery storage, (ii) 
for supplying the DC loads of the charging station from the 
battery storage, (iii) for connecting the DC bus of the charging 
station to the inverter, and (iv) for charging the electric bikes 
from the battery storage. The battery storage and DC loads are 
connected using a non-isolated DC-DC step-down converter, 
while an isolated buck-boost converter is used to charge the 
electric bicycles. 

The output voltage of the photovoltaic module (240 V) is 
higher than the nominal voltage of the battery storage (48 V). 
Therefore, a step-down converter is needed to connect the 
module and the battery storage. The converter regulates the 
voltage of the PV module and ensures maximum utilization of 
the available power using MPPT algorithms. 

The module’s operating point is calculated using current 
and voltage measurements. If the module is not operating at 
MPP, a change in the control signal is calculated to ensure the 
transition to a new operating point. MPPT algorithms can be 
classified into three categories: (i) indirect algorithms, (ii) hill-
climbing algorithms and (iii) intelligent algorithms. A detailed 
analysis of MPPT algorithms can be found in [24]. The P&O 
algorithm is easy to implement [25], which is why it is 
preferred for the charging station. 

In cases with a large voltage difference between the output 
voltage of the PV module and the nominal voltage of the 
battery storage, certain problems may occur in the operation 
of the conventional non-isolated buck converter, Fig. 2. 

 

Fig. 2.   Conventional non-isolated buck converter 

The buck converter operates at a low duty cycle, which 
causes converter control problems and reduces efficiency [7]. 
The increase in losses is highest at the main switch. The high 
voltage stress on the switch results from the large difference 
between input and output voltage. Also, due to the short 
conduction time, the peak current through the switch is large, 
which together with the voltage stress leads to large switching 
losses of the switch. Due to these losses, the switching 
frequency is limited, which ultimately leads to larger and more 
expensive filter components. In addition, the short conduction 
time of the switch can affect the proper operation of the switch. 
An increase in losses can also be observed in the diode. Unlike 
a switch, a diode has a long conduction time, which is why the 
conduction losses increase. Due to the large current ripple, the 
stress on the inductor is higher. 

A possible solution is to use a converter with a high-
frequency transformer, Fig. 3. The voltage ratio of the primary 
and secondary windings is used to match the voltage level of 
the photovoltaic module to the voltage level of the battery pack. 
The galvanic isolation also allows easy grounding of the 
photovoltaic module. However, transformers increase the 
volume and price of the converter. Copper and core losses 
increase, while leakage inductance increases the voltage stress 
on the switches. An alternative solution for connecting PV 
modules to batteries with a large voltage difference between 
the nominal voltages of both elements is to use special non-
isolated high step-down topologies. 

Fig. 3.   Isolated DC-DC converter  

III. NON-ISOLATED STEP-DOWN CONVERTERS FOR HIGH 
VOLTAGE RATIO CONVERSIONS 

The basic idea is to use the DC converter topology which 
increases the duty cycle of the switch. With this approach, the 
conduction time of the switch is increased and hence the 
efficiency is also increased. Due to the longer conduction time, 
the peak current value is lower for the same power. The 
switching losses are reduced for the same switching voltage. 

The simplest method to increase the duty cycle is to 
cascade conventional buck converters [9]. The conversion 
ratio is shared among the converters, allowing a wider range 
of duty cycles to be used. However, the increased number of 
components reduces the reliability and efficiency of the 
system. Each converter requires separate control loops, which 
makes the converter more expensive. 
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A. Quadratic step-down converter 
The quadratic buck converter, [10], was created as a 

modification of a cascaded converter to be controlled with 
only one switch, Fig. 4. The duty cycle of the converter is 
equal to the product of the duty cycles of the individual 
converters. Current and voltage waveforms of the 
semiconductor switches and a waveform of a load current are 
shown in Fig. 5. 

Fig. 4.   Quadratic buck converter 

Fig. 5.   Current and voltage waveforms of the switches and a waveform of 
the load current of the quadratic buck converter 

In the interval from 0 to DT, switches S and D1 are 
conducting. Inductors L1 and L2 accumulate energy through 
switch S. Capacitor C1 discharges through diode D1. In the 
interval from DT to T, the switch S is off. The inductor L1 
discharges and delivers the energy to the capacitor C1 through 
the diode D2. The inductor L2 delivers the energy to the 
capacitor C2 and the load through the diode D3. 

By using only one active switch, the control of the 
converter is simplified. However, the main switch is under 
high voltage stress which reduces the efficiency of the 
converter. The topology of the quadratic converter can be 
modified to a double quadratic buck converter to reduce the 
voltage stress of the main switch, Fig. 6. The switches S1 and 
S2 are controlled with the same control signals. The operating 
principle of the converter and the relation between a duty cycle 
and the conversion ratio have not changed [11]. The reduced 

voltage stress of the switches can be seen in the voltage 
waveforms of the double quadratic buck converter in Fig. 7. 

Fig. 6.   Double quadratic buck converter 

Fig. 7.   Voltage waveforms of the switches of the double quadratic buck 
converter 

B. Series capacitor buck converter 
The series capacitor buck converter, [12], was created by 

modifying a conventional interleaved buck converter, Fig. 8. 
The added capacitor in one branch of the converter acts as a 
DC voltage source. The value of the capacitor voltage is equal 
to half the input voltage which doubles the duty cycle of the 
converter. The normal operating range of the converter is for 
the duty cycles up to 50 %. Larger duty cycles increase the 
voltage and current stress of switches, so this operating range 
is avoided [13]. 

Fig. 8.   Series capacitor buck converter 

The phase shift in the control signals of switches S1 and 
S2 is 180°. The switching period consists of 4 intervals. In the 
first interval, switch S1 is on. The inductor L2 and the 
capacitor Ca accumulates the energy from the source. The 
inductor L1 delivers its energy to the output capacitor Co and 
the load via the diode D1. In the second interval, both switches 
are closed. The inductor currents flow through the diodes. In 
the third interval, switch S2 begins to conduct. The capacitor 
Ca discharges through the switch S2 and the diode D2 and 
delivers the energy to the inductor L1. At the same time, the 
inductor L2 delivers the energy to the load through the diode 
D2. The fourth interval is the same as the second interval. The 
voltage and current waveforms of the switches and the 
waveform of the load current are shown in Fig. 9. 
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Fig. 9.   Current and voltage waveforms of the switches and a waveform of 
the load current of the series capacitor buck converter 

Compared to the conventional interleaved buck converter, 
the control is simplified due to the automatic current balancing 
through the inductors. The voltage stress of active switches 
during switching is reduced, but the current stress of diodes is 
increased. The ripple of the output current is reduced as with 
the conventional interleaved buck converter. 

In combination with certain parameters of the converter 
(switching frequency, inductance of the coils, capacitance of a 
series capacitor), oscillations in voltages and currents may 
occur due to the automatic current balancing mechanism [14], 
Fig. 10. These oscillations are in the counter phase through the 
branches of the converter, so the influence on the output 
waveforms is minimal. Moreover, the oscillations are reduced 
at higher switching frequencies, which is why this converter is 
usually used in systems with switching frequencies from a few 
hundred of kHz up to several MHz [12] – [15], [28], [29].  

The topology can be modified to further extend the duty 
cycle and reduce the voltage stress of the switches. With two 
more switches and three more capacitors [15], the duty cycle 
can be expanded four times while the voltage stress can be 
reduced to a quarter of the input voltage. Additional switches 
require more complex control, which affects the size and price 
of the converter. 

C. Switched inductor step-down converter 
The switched inductor step-down converter, [16], consists 

of an additional inductor and an additional diode compared to 
a conventional buck converter, which allows the expansion of 
the duty cycle, Fig. 11. It operates on the principle of charging 
two inductors in series and discharging them in parallel, which 
increases the duty cycle. Voltage and current waveforms of the 
converter are shown in Fig. 12. 

Fig. 10.   Oscillations in waveforms of the series capacitor buck converter 

Fig. 11.   Switched inductor step-down converter 

When the active switch S is on, the inductors L1 and L2 
are connected in series between the source and the load and 
are accumulating the energy from the source. When the switch 
S is off, the inductors discharge in parallel through the diodes 
D1 and D2, delivering the energy to the load. 

Fig. 12.   Current and voltage waveforms of the switches and a waveform of 
the load current of the switched inductor step-down converter 
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The control of the converter is the same as that of a 
conventional buck converter. The voltage stress of 
semiconductor elements is reduced, but the ripple of the output 
current is increased, Fig. 12. 

D. Switched capacitor step-down converter 
The switched capacitor step-down converter operates on a 

similar principle to the switched inductor step-down 
converter, with two capacitors charged in series and 
discharged in parallel. Two additional capacitors, three diodes 
and an inductor are added to the conventional buck converter 
to form a switched capacitor step-down converter, Fig. 13. 

Fig. 13.   Switched capacitor step-down converter 

When switch S is on, capacitors C1 and C2 are discharged 
in parallel through the diodes D2 and D4, delivering energy 
through the switch S to the output filter and load. When the 
switch is off, the capacitors are connected in series through the 
diode D3 and are charged with energy from the source. Energy 
accumulated in inductor L1 is delivered to capacitor Co and 
the load through diode D1. The inductor L2 limits the current 
peak caused by discharged capacitors. Voltage and current 
waveforms of the converter are shown in Fig. 14. 

Fig. 14.   Current and voltage waveforms of the switches and a waveform of 
the load current of the switched capacitor step-down converter 

The efficiency of the switched capacitor step-down 
converter is reduced due to the influence of the equivalent 
series resistances of the capacitors. In addition, the voltage 

stress of the main switch is greater than that of the switched 
inductor step-down converter, Fig. 14. The control of the 
converter is the same as that of a conventional buck converter. 
Additional duty cycle expansion can be achieved by upgrading 
the converter topology with additional capacitors and diodes 
as described in [17]. 

E. Tapped inductor buck converter 
Tapped inductor buck converter, [18], is made as a 

conventional buck converter with the additional inductor, i.e., 
the additional winding. Both inductors are wound on the same 
core, Fig. 15. The duty cycle of the converter can be increased 
by adjusting the ratio of the turns of these two windings. 

 Fig. 15.   Tapped inductor buck converter 

In the interval from 0 to DT, the switch S is on. Both 
windings are connected in series between the source and the 
load and are accumulating the energy. In the interval from DT 
to T, switch S is off. The circuit is closed by diode D. The 
energy accumulated in both windings is delivered to the load 
through the secondary winding Ls. The current flows through 
only one winding and is multiplied by the turns ratio, Fig. 16. 

Fig. 16.   Current and voltage waveforms of the switches and a waveform of 
the load current of the tapped inductor buck converter 

Simplicity and a small number of elements are the main 
features of the tapped inductor buck converter. However, the 
leakage inductance of the inductor causes voltage spikes at the 
main switch, which further stresses the switch and reduces the 
efficiency (ideal elements were used in the simulation, so the 
voltage spike caused by leakage inductance is not shown in the 
waveforms in Fig. 16). Also, the emitter of the main switch is 
at the floating potential, which may introduce additional 
difficulties in generating the control signal for the switch. The 
output current ripple is increased due to the sudden changes in 
the current value. The current stress of the diode is also 
increased. 

One of the possible modifications of the tapped inductor 
buck converter to reduce the voltage spikes at the main switch 
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is the topology shown in Fig. 17. Two additional diodes Ds1 
and Ds2 and capacitor Cs are used to accumulate the energy 
from leakage inductance during one switching interval and 
reuse it in another switching interval. The emitter of the switch 
S is not at the floating potential, so that the generation of the 
control signals is simplified [19]. 

Fig. 17.   Tapped inductor step-down converter with lossless clamp 

When switch S is on, both windings accumulate energy 
from capacitor Cs through diode Ds2 and from the source. 
When the switch S is off, the winding Lp delivers the energy 
to the load through the diode D1 while the energy from the 
leakage inductance is stored in the capacitor Cs through the 
diode Ds1.  

 The reduction of the losses of the tapped inductor buck 
converter can be achieved with the tapped inductor converter 
with series capacitor [20], [21]. However, the converter 
consists of three active switches which complicate the control, 
so it is not considered in this paper. 

F. Combined step-down converters 
Some of the mentioned topologies can be combined to 

further extend the duty cycle of the converter. The converter 
described in [22] was created by combining the quadratic buck 
converter and the switched inductor step-down converter, Fig. 
18. The topology described in [23] realizes the duty cycle 
expansion by switching inductors and capacitors 
simultaneously, Fig. 19.  

Fig. 18.   The combination of the quadratic buck converter and the switched 
inductor step-down converter 

Fig. 19.   The combination of the switched capacitor step-down converter and 
the switched inductor step-down converter 

IV. SIMULATION EXPERIMENTS 
Simulation models with ideal elements and electro-thermal 

models were implemented in the PLECS software package 
from Plexim for the previously mentioned step-down 
converter topologies. Using the ideal models, the current-
voltage characteristics of the switches were determined. Based 
on these results, commercial components were selected to 
simulate the electro-thermal losses of the switches. The 

efficiencies of the converters were calculated based on the 
simulations with the electro-thermal models. The operating 
points of the converters were set to the operating point found 
in the electric bike charging station. The rated voltage of the 
photovoltaic module is 240 V and the rated voltage of the 
battery storage is 48 V. The duty cycles of the mentioned 
topologies are given in Table I. 

TABLE I.   RATIO CONVERSIONS OF THE ABOVE-MENTIONED CONVERTERS 

Topologies Ratio conversion 
(Vout/Vin) 

Conventional buck converter ! 

Quadratic buck converter** !" 

Double quadratic buck converter !" 

Series capacitor buck converter ** !
2  

Modified series capacitor step-down converter 
described in [15] 

!
4  

Switched inductor step-down converter ** !
2 % ! 

Switched capacitor step-down converter** !
2 % ! 

Modified switched capacitor step-down converter 
described in [17] 

!
& % '& % 1) ⋅ ! 

Tapped inductor buck converter** 
!

! + , ⋅ '1 % !) 

Tapped inductor step-down converter with 
lossless clamp 

!
! + , ⋅ '1 % !) 

Tapped inductor converter with series capacitor 
described in [20] and [21] 

!
,  

Step-down converter described in [22] 
!

'2 % !)" 

Step-down converter described in [23] 
!

'2 % !)" 

** – converters simulated in PLECS 
D – duty cycle 

a – number of switching capacitor cells 
n – the winding ratio of tapped inductors 

 

A. Ideal models of semiconductor elements 
Fig. 20 shows a model of the switched inductor step-down 

converter, in which the main switch S and diodes D1 and D2 
are presented with an ideal model. Table II shows the 
parameters of the simulation model of the switched inductor 
step-down converter. 

TABLE II.   SIMULATION MODEL PARAMETERS OF THE SWITCHED INDUCTOR 
STEP-DOWN CONVERTER 

Parameter Symbol Value 

Input voltage Vpv 240 V 

Load voltage Vo 48 V 

Switching frequency fsw 20 kHz 

Inductor inductance L1, L2 560 μH 

Capacitor capacitance Co 150 μF 

Load resistance Rt 1 Ω 

The equivalent series 
resistance of a capacitor R1 1 mΩ 

Duty cycle D 1/3 
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Fig. 20.   PLECS simulation model of the switched inductor step-down 
converter 

B. Simulation results with ideal models of semiconductor 
switches 
Simulation results of a switched inductor step-down 

converter with ideal switches are shown in Fig. 21. Current-
voltage relations of switches used for component selection are 
given in Table III. Based on these relations, the IGBT 
HGTG30N60A4 and the diode IDW75E60 are selected. The 
parameters of these elements are given in Table IV. 
Simulation of other topologies has confirmed that the selected 
semiconductor devices can be used in other converters 
mentioned above. 

TABLE III.   MAXIMUM CURRENT AND VOLTAGE VALUES OF SWITCHES 
MEASURED FROM THE SIMULATION 

Switch Maximum voltage Maximum current 

IGBT 288 V 31.4 A 

Diodes D1 and D2 144 V 31.4 A 

 

TABLE IV.   PARAMETERS OF SEMICONDUCTOR SWITCHES 

IGBT  HGTG30N60A4 

UCE 600 V 

IC,25°C 75 A 

IC,110°C 60 A 

Icmax 240 A 

Dioda  IDW75E60 

URRM 600 V 

IFAV,25°C 120 A 

IFAV,100°C 75 A 

Ifmax 220 A 

UF,75A 1.65 V 

 

Fig. 21.   Current and voltage waveforms on elements of the switched 
inductor step-down converter 

C. Electro-thermal models of switches 
In order to calculate the semiconductor losses, i.e. the 

efficiency of the analyzed DC converters, the idealized switch 
models in the previous simulation models were replaced by 
electro-thermal models. Electro-thermal models consist of a 
temperature-dependent electrical model of the switch and a 
model of the thermal system of the switch represented by an 
equivalent RC network, Fig. 22. In the electrical model, the 
losses of the switch are calculated and brought to the input of 
the thermal model in the form of a current source. The voltage 
response of the equivalent RC network, due to the excitation 
of this current source, represents the temperature of the switch. 
The temperature thus calculated is used as a parameter in the 
next step of the simulation to obtain temperature-dependent 
conduction losses and switching losses from the look-up table. 

A look-up table for calculating conduction losses provides 
a temperature dependence of the static V-I characteristic of the 
switch. A look-up table for calculating switching losses 
provides a dependence of the switching energy on 
temperature, current and blocking voltage. The tables are 
created by importing graphs from a switch data sheet into a 
PLECS subroutine. The axes of the subroutine coordinate 
system are aligned with the axes of the graph. A sampling of 
the losses is performed by placing the mouse pointer on the 
characteristic. The coordinates of the point (current and 
voltage for conduction losses and current and energy for 
switching losses) are automatically calculated based on the 
position of the point between the axes. 
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Fig. 22.   Block diagram of electro-thermal switch model 

Examples of conduction losses and switching losses are 
shown in Figs. 23 and 24. Values not included in the look-up 
tables are interpolated between the two closest points. When 
calculating the conduction losses, based on the current from 
the look-up table, the voltage drop across the switch is taken 
in each iteration. The product of this voltage and current gives 
the power of conduction losses. To calculate switching losses, 
the current values of voltage and current are used to read the 
switching energy from the look-up table. This energy is then 
multiplied by the switching frequency to obtain the switching 
losses averaged over the switching period. 

Fig. 23.   Sampling of temperature-dependent V-I characteristics of the 
switch 

Fig. 24.   Sampling of a temperature and current dependent switching energy 
characteristics 

D. Simulation results with electro-thermal models of 
semiconductor switches 
The simulation model of a switched inductor step-down 

converter with electro-thermal models of the switches is 
shown in Fig. 25. The values of the model parameters are 
given in Table V.  

Fig. 25.   Switched inductor step-down converter model with the electro-
thermal models of switches 

TABLE V.   PARAMETERS OF ELECTRO-THERMAL MODELS 

IGBT 

UF 1.8 V 

Initial temperature 25 °C 

Diode 

UF 1.4 V 

Initial temperature 25 °C 

Others 

The initial temperature of the heatsink 25 °C 

The thermal capacity of the heatsink 0.05 J/K 

Thermal resistance Rth 2 K/W 

The temperature of an ambient TconstG 25 °C 

 

The efficiency of all the above converters is calculated 
based on these electro-thermal models using this formula: 

- . /01 % /2344544
/01

⋅ 100% (1) 
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where: 

• PPV is the power of the source (PV module), 

• Plosses is the power loss in semiconductors. 

The losses of the switches are measured and calculated in 
the subsystem “LOSSES”. The simulation was carried out for 
five different topologies of converters, listed in Table I and 
marked with **. 

V. COMPARATIVE ANALYSIS OF CONVERTERS 
The result of the previously performed simulations are 

conduction losses and switching losses of semiconductor 
switches, Fig. 26.  

Fig. 26.   Overview of losses of different converters 

In Fig. 26, it can be seen that for the given operating point 
and switching frequency, the switched inductor step-down 
converter and the tapped inductor buck converter have the 
lowest losses (79.5 W and 89 W respectively). Moreover, 
these converters are the series capacitor buck converter, have 
minimum switching losses. The switching losses of the tapped 
inductor buck converter would be even larger if the influence 
of the leakage inductance of the coupled windings was 
included in the simulation.  

Quadratic buck converter has the largest switching losses 
(42.22 W) due to the high voltage stress of the switches and 
the largest conduction losses (104.92 W) due to the longest 
duty cycle. 

Despite a large number of switches (1 transistor and 4 
diodes), the switched capacitor step-down converter has high 
efficiency due to the relatively low current and voltage stress 
on diodes D2, D3 and D4. 

The configuration of the semiconductor switches of the 
switched inductor step-down converter, the switched capacitor 
step-down converter and the quadratic buck converter is the 
same as that of the conventional buck converter, allowing the 
use of the same control circuits. Additional flexibility in the 
control of quadratic buck converter is that the current of either 
inductor can be measured and used in the current control loop. 

The series capacitor buck converter must be designed 
properly and used at high switching frequencies to avoid 
oscillation while its duty cycle is limited to 50 %. The emitter 
of the main switch of the tapped inductor buck converter is at 
a floating potential, which adds complexity to the control 
circuit. In addition, the design must account for voltage spikes 
caused by leakage inductance at the active switch. 

Switched inductor step-down converters and tapped 
inductor buck converters suffer from high output current 
ripple (current ripple over 2 A), which affects filter element 
selection and increases the price of the converter. 

Table VI contains the calculated efficiencies of the 
analyzed converters, the number of switches of the different 
converters, the complexity of the control and the ripple of the 
output current. 

TABLE VI.   BASIC CHARACTERISTICS OF SIMULATED CONVERTERS 

Topology No. of switches η Control ΔI 

Switched inductor 
step-down converter 

Transistors: 1 
Diodes: 2 96.54 % + 2.14  A 

Switched capacitor 
step-down converter 

Transistors: 1 
Diodes: 4 94.49 % + 0.13 A 

Quadratic buck 
converter 

Transistors: 1 
Diodes: 3 93.58 % ++ 0.1 A 

Series capacitor buck 
converter 

Transistors: 2 
Diodes: 2 95.85 % +++ 0.2 A 

Tapped inductor 
buck converter 

Transistors: 1 
Diodes: 1 96.13 % +++ 2.13 A 

VI. CONCLUSION 
In this paper, five high step-down converter topologies 

were analyzed (quadratic buck converter, series capacitor 
buck converter, switched inductor step-down converter, 
switched capacitor step-down converter, tapped inductor buck 
converter) that can be used to connect a photovoltaic module 
to battery storage when the voltage level of a module is 
significantly larger than the voltage level of batteries. The 
main disadvantages of a conventional buck converter 
operating at a large conversion ratio are reduced efficiency due 
to increased switching losses and increased peak current 
through the switch and the inductor. Isolated step-down 
converters suffer from additional copper and core losses while 
increasing the volume and mass of the converter.  

Analyzed topologies effectively expand the duty cycle and 
reduce the voltage stress of the switches, thereby increasing 
the efficiency of the converter. From the described 
simulations, it is concluded that the tapped inductor buck 
converter is the most efficient with the efficiency over 96 % 
and requires the least number of semiconductor elements (only 
two), but increased output current ripple and voltage spikes at 
the main switch should be considered in the converter design. 
Alternatives for this application include a series capacitor buck 
converter with the efficiency of 95.85 % as well as a switched 
inductor step-down converter with the efficiency of 96.54 %. 

The disadvantages of these high step-down converters are 
a larger number of elements with more complex control, 
which ultimately increases the price of the converter.  

Continuing the research of high step-down converter 
topologies, a physical model of a converter selected for 
installation in the electric bike charging station will be created. 
Measurements of this physical model will determine its 
characteristics and confirm the results from the simulation 
experiments. 
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