
XXX-X-XXXX-XXXX-X/XX/$XX.00 ©20XX IEEE 

Non-isolated Interleaved High Step-down DC-DC 

Converter with Reduced Switched Capacitor Stages 

for Data Center Applications 

Taira Shirahase  

Graduate school of environment, life,  

natural science and technology 

Okayama University  

Okayama, Japan 

pjqx5fnk@s.okayama-u.ac.jp 

Masataka Ishihara  

Graduate school of environment, life,  

natural science and technology 

Okayama University  

Okayama, Japan 

masataka.ishihara@s.okayama-u.ac.jp 

Fumie Ishitani 

Graduate school of environment, life,  

natural science and technology 

Okayama University  

Okayama, Japan 

prj124mw@s.okayama-u.ac.jp 

Eiji Hiraki 

Graduate school of environment, life,  

natural science and technology 

Okayama University  

Okayama, Japan 

hiraki@s.okayama-u.ac.jp 

Kazuhiro Umetani  

Graduate school of environment, life,  

natural science and technology 

Okayama University  

Okayama, Japan 

umetani@s.okayama-u.ac.jp 

 

 

Abstract— In recent years, the power supply system for data 

centers requires high efficiency, high power density converters 

with high step-down ratios for power conversion from 48 V to 

loads requiring low voltage and high current. The previous 

study proposed a non-isolated switched capacitor (SC) 

converter with a high voltage step-down ratio and a more 

compact design. This converter reduces the number of stages of 

the SC compared to conventional topologies. The converter has 

been tested at low output currents, but not at high currents. In 

addition, the use of isolated power supplies in the gate drive 

circuit has led to a large-scale circuit board. In this paper, a 

prototype circuit was developed for high-current applications 

and its operation was verified. As a result, the converter 

successfully operated up to 90A, achieving a power density of 

18.22 W/in³. This demonstrated the potential of the proposed 

converter as a high-power-density PoL converter. 

Keywords—dc-dc converter, high step-down converter, 

Switched capacitor, high-power density, gate drive 

I. INTRODUCTION  

In recent years, with the global development of the 
information society, the increasing power consumption in data 
centers has become a significant issue [1, 2]. As a result, data 
centers require power supply systems that are highly efficient 
and have high power density. A promising power supply 
system that meets these demands is the high-voltage direct 
current (HVDC) system. 

Figure 1 illustrates the conventional AC power supply 
system and the HVDC system. In the AC power supply system, 
power is distributed from an uninterruptible power supply 
(UPS) to servers at AC 100–200V. The emergency battery 
within the UPS operates on DC, while the CPUs and memory 
within the servers operate at DC 5V, 3.3V, and 1V. Therefore, 
as shown in Figure 1, the AC power supply system requires a 
total of four power conversion stages, resulting in significant 
power conversion losses. 

On the other hand, in an HVDC system, high-voltage DC 
power is directly supplied to the servers. This eliminates 
unnecessary AC-DC and DC-AC conversion stages, thereby 
reducing installation space and improving efficiency. 
Furthermore, the use of high-voltage power lines allows for 

thinner wiring, which also contributes to reducing installation 
space. 

However, despite these advantages, the HVDC system 
requires high-performance step-down converters, known as 
point-of-load (PoL) converters, to supply stable DC power to 
internal server components such as CPUs. 

In modern data centers, PoL converters are required to step 
down a 48V DC bus to a low voltage (around 1V) and supply 
high current (100A) to the load. However, conventional PoL 
converters commonly used in data centers, such as buck 
converters, do not have a sufficient step-down ratio and 
require multiple step-down converters connected in series to 
achieve the desired voltage reduction. As a result, the current 
delivery path is becoming longer, hindering system 
miniaturization and reducing overall efficiency. 

To address this issue, various high step-down ratio 
converter topologies have been proposed. These converters 
include transformer-based converters [3]-[6] and switched 
capacitor (SC) converters [7]-[9]. Transformer-based 
converters generally use ferrite cores in their transformers, but 
ferrite is not well-suited for frequencies above 1 MHz, which 
hinders miniaturization through high-frequency operation. 

 

On the other hand, SC converters do not use transformers, 
allowing for high-frequency operation. However, SC 

 
Fig.1. Power supply system for data centers 
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converters require multiple SC stages to achieve a high step-
down ratio, which increases the number of components. As a 
result, achieving high power density becomes difficult. 

To solve this problem, a previous study proposed an SC 
converter [10] that achieves a high step-down ratio with fewer 
SC stages compared to conventional SC converters. However, 
prior research has only conducted experiments to verify the 
operating principle, and performance evaluation under high-
current conditions for practical applications has not been 
carried out. Furthermore, the gate drive circuit used an isolated 
power supply, leading to an increase in circuit board size. 

In this paper, a cascaded bootstrap circuit is applied to the 
gate drive circuit to achieve a compact circuit board, and a 
prototype circuit suitable for high-current applications is 
developed. The performance is then evaluated under high-
current conditions assuming practical applications, and 
potential issues under high-current operation are identified. 

 

II. REVIEW OF THE PREVIOUS STUDIES ON SC CONVERTER 

A. Circuit Topology 

Figure 2 shows the SC converter proposed in previous 
research. The converter shown in Figure 1 consists of an SC 
stage that steps down the infiput voltage to 1/7 and two series 
capacitor converter stages that perform step-down conversion 
through duty cycle control. This converter improves the step-
down performance by forming an interleaved output through 
the addition of SM1, SM2, L1, L2, and C1 to the previously 
proposed converter [11], as discussed later. 

Additionally, this converter achieves interleaved operation 
by operating switches Sa and Sb with a 180-degree phase shift. 
Switches S1, S3, ... operate complementarily to SM2, while 
switches S2, S4, ... operate complementarily to SM1. This 
converter does not allow a moment when both SM1 and SM2 

are off-state. If the duty cycle of SM1 and SM2 is less than 
0.5, a shoot-through current may flow in the SC stage (e.g., 
the current loop of S1, S2, and C2). Therefore, the duty cycle 
of SM1 and SM2 must be greater than 0.5. The detailed 
operating principles are described in [10]. 

B. Characterisics of the previous studies on sc converter 

The converter shown in Fig. 2 consists of an SC stage and 
a series capacitor converter stage that performs step-down 
conversion by controlling the duty cycle. As stated in [12], the 
duty cycle of the high-side switch in the series capacitor 
converter is twice that of a conventional buck converter. As a 
result, the converter in Fig.2 can achieve the same step-down 
ratio as the converter in [11] with only half the number of SC 
stages. 

Additionally, the converter in Figure 1 has advantageous 
features for miniaturization. Since each component 
experiences lower voltage stress, smaller components can be 
used. Furthermore, the output stage is equipped with an 
interleaved output, which reduces output current ripple. This 
contributes to reducing the total size of the inductors required 
for output current smoothing. 

However, in conventional converters with interleaved 
outputs [13]–[15], special control is required to balance the 
currents of the two output inductors. This increases the size of 
the controller circuit due to the need for current sensing and 
feedback control. In contrast, this converter can automatically 
balance the inductor currents without additional control, 
enabling the implementation of a simpler controller. 

 

III. MINIATURIZATION OF GATE DRIVER CIRCUITS 

 In previous research, the SC converter proposed in [10] 
used an isolated power supply for gate driving to verify its 
operating principles, resulting in a significantly large circuit 
board. Considering its application in data centers, this large 
board size hinders both implementation in limited installation 
space and improvements in cooling efficiency. Therefore, this 
paper achieves circuit board miniaturization by applying a 
cascaded bootstrap circuit to the gate drive circuit. 

The cascaded bootstrap circuit [16] is an extension of the 
widely used bootstrap circuit, which is commonly employed 
for driving the high-side switch of a buck converter. It has 
been frequently applied in converters such as flying capacitor 
multilevel (FCML) converters, which contain multiple 
floating switches. The cascaded bootstrap circuit is 
particularly advantageous because, unlike isolated power 
supplies, it can be implemented using compact ceramic 
capacitors and diodes, making it highly effective in reducing 
circuit board size. 

However, in a multi-stage configuration, the higher stages 
suffer from the forward voltage drop of the diodes, which may 
prevent the circuit from supplying sufficient gate voltage to 
properly drive the switches. Therefore, ensuring that the 
upper-stage gate voltage remains sufficient is a crucial design 
consideration. 

A. Cascaded Bootstrap Circuit on Previous Studies SC 

Converter 

Figure 3 shows the circuit diagram of [10] with the 
cascaded bootstrap circuit applied. The cascaded bootstrap 
circuit in Fig.3 consists of bootstrap capacitors  

 
 

Fig.2. Non-isolated High Step-down DC-DC Converter 
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CB1~CB7and bootstrap diodes D1~D7, which are connected to 
gate drivers that supply gate voltage to MOSFET S1~S7. 

In the converter presented in [11], stepping down 48V to 
1V requires six SC stages (assuming extreme duty cycles are 
avoided to maintain efficiency). When applying the cascaded 
bootstrap circuit, the upper-stage switches cannot receive 
sufficient gate voltage. However, in the converter shown in 
Figure 3, the number of required SC stages is reduced by half, 
enabling the cascaded bootstrap circuit to supply sufficient 
gate voltage even to the topmost switch. 

As a result, the gate drive circuit can be miniaturized 
without using an isolated power supply, significantly reducing 
the overall circuit board size. 

B. Operating Principles of the Cascade Bootstrap Circuit 

 Figure 4 shows the switching pattern and the current 
waveform of the bootstrap capacitor, while Figure 5 illustrates 
the current pattern of the bootstrap circuit in each mode. The 
bootstrap capacitor CB1  is charged from Vcc  through D1 and 
SM2 during Mode 3. Similarly, CB2  is charged from CB1 
through D2and S1  during Mode 1. In the same manner, the 
other bootstrap capacitors are charged from the bootstrap 
capacitor of the lower stage 

IV. THERMAL DESIGN OF THE PCB 

When operating the circuit in Fig. 3 under high-current 
conditions, particularly large currents flow through the current 
path around the inductor and the path carrying the output 
current. Additionally, in the SC stage, the lower-stage 
capacitors bear a greater current load, which is expected to 
cause significant heating due to ripple current during charging 
and discharging. Therefore, it is crucial to design a PCB that 
is both compact and capable of providing sufficient heat 
dissipation performance. 

 

A. Paths of Output Current and Inductor Current 

Generally, when manufacturing circuit boards, the copper 

foil on a PCB with a thickness of 35 μm is designed with a 

guideline of allowing a current of 1A per 1mm trace width 

to keep the temperature rise within 10°C. For high-current 

applications, heat dissipation performance is typically 

improved by increasing the copper foil thickness or using a 

metal-based heat dissipation substrate. However, due to the 

complexity of the wiring patterns in this design, a four-layer 

PCB was adopted, and the maximum manufacturable copper 

thickness was limited to 70 μm. To further enhance heat 

dissipation, the solder resist covering the copper foil was 

removed, and additional copper plates were soldered on top 

to increase the thickness.  

 

B. Current Path of the Switched Capacitor 

The current flowing through the switched capacitors 
increases toward the lower stages of the SC stage, with C1 and 
C2 carrying three times the current of C5 and C6, and C3 and 
C4 carrying twice the current. Therefore, when implementing 
the circuit on the PCB, the number of capacitors connected in 
parallel for C5 and C6 was determined based on their ripple 
current heating characteristics. To address heat dissipation, C1 
and C2 were implemented with three times the number of 
parallel capacitors as C5 and C6, while C3 and C4 were 
implemented with twice the number. 

 
Fig.3 A non-isolated high step-down converter with an 

applied cascade bootstrap circuit 
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Fig.4. Switching patterns and current waveforms of the 

bootstrap capacitor 

 
Fig.5. Current patterns of the cascade bootstrap circuit 
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V. EXPERIMENT 

An experiment was conducted to verify the operation of 
the cascaded bootstrap circuit and evaluate its performance 
under high-current conditions in the converter shown in Fig. 
3. The prototype converter was designed with three switched-
capacitor stages, as illustrated in Fig. 3.  

Table I presents the specifications of the prototype, and 
Figure 6 shows a photograph of the prototype. In this 
experiment, a low switching frequency of 500 kHz was 
selected to facilitate the observation of voltage waveforms 
under high-current conditions using an oscilloscope. 

A. Gate-to-source voltage waveform 

Figure 7 shows the gate-source voltages of S1 to S7. In the 
experimental waveforms, VGS decreases as it moves to the 
upper stages due to the influence of the diode's forward 

voltage, however, sufficient voltage is supplied to operate the 
switches. Although switching noise was visible in the 
measured VGS waveform, the VGS itself was confirmed to 
operate as theoretically possible even during high-current 
operation. 

B. Output Voltage 

Figure 8 shows the relationship between the output current 
and output voltage (theoretical and measured values when the 
duty cycle is fixed at 0.71). Additionally, Factor 1 and Factor 
2 in Figure 6 indicate the proportion of the causes of output 
voltage drop. Figure 9 shows the waveforms of the gate-to-
source voltage (measured) and the drain-to-source voltage 
(measured and lossless simulation) of SM1 during the 
transition from Mode 2 to Mode 3 when the output current is 
70A. As shown in Figure 6, the output voltage decreases as 
the output current increases. 

The primary causes of this voltage drop can be attributed to 
two factors. The first factor, as indicated by Factor 1 in Fig.9 , 
is that the drain-to-source voltage of SM1 in its off-state is 
6.8V in the simulation, whereas the measured waveform 
shows approximately 5.8V, which also applies to SM2. As a 
result, the voltage applied to the inductor becomes lower than 
expected, leading to a reduction in the output voltage. This 
phenomenon is caused by the losses occurring in the SC stage. 
The second factor, as indicated by Factor 2 in Fig.9 , is that 
the actual duration of the drain-to-source voltage is shorter 
than that in the ideal simulation. This is due to the minority 
carrier storage effect in the MOSFET, which causes the 
effective duty cycle to be longer than the set value during 
high-current operation. This issue can be mitigated by using 
MOSFETs with superior reverse recovery characteristics. 

 

 
Fig. 8. Relationship output voltage against output 

current, as well as the rate of output voltage drops, 

when the duty cycle is fixed at 0.71. 

 

 
Fig. 9.  The waveforms of the gate-to-source voltage 

and drain-to-source voltage of SM1 during the 

transition from Mode 2 to Mode 3. 
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Fig.6. Photo of the prototype of the high step-down 

converter for application implementation 

 

 
Fig.7. Gate-source voltages of S1 to S7 
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C. Efficiency and loss analysis 

The efficiency was evaluated by fixing the duty cycle at 
0.71 and varying the output current from 30A to 90A using a 
constant current load. The results are shown in Figure 10. 
From Fig.10, it can be observed that the efficiency decreases 
as the output current increases. Additionally, Figure 11 
presents the results of the loss analysis. The analysis revealed 
that the primary contributors to the losses were the losses 
occurring during dead time due to current flowing through the 
body diode and the conduction losses caused by the wiring 
resistance on the PCB. Regarding the losses during dead time, 
it is expected that they can be reduced by implementing 
Adaptive Dead Time Control. Furthermore, to address the 
conduction losses due to PCB wiring resistance, a thermal 
analysis will be conducted to identify the specific areas where 
these losses occur, and improvement methods will be 
discussed. 

 

D. Thermal analysis 

Figure 12 shows a thermal image captured using an 
infrared camera. This image was taken under a condition 
where the output current was 40A without fan cooling. From 
Fig12, it was confirmed that the temperature rise of the copper 
plates installed around the output side and the inductor, where 
a particularly large current flows, was suppressed to 
approximately 20°C. Additionally, the temperature rise of the 
switched capacitors in the SC stage was effectively controlled 
by implementing an appropriate number of parallel capacitors. 

However, it was observed that switches S3 and S4 in the SC 
stage experienced significant heating, causing an increase in 
the temperature of surrounding components. The reason for 
this is considered to be the insufficient heat dissipation area of 
S3 and S4. While S1, S2, S5, and S6 had sufficient heat 
dissipation area, S3 and S4 were placed in close proximity to 
each other due to miniaturization constraints, preventing 
adequate heat dissipation. 

Furthermore, the PCB was designed so that current flows 
between the top and bottom layers through vias. However, to 
secure a sufficient heat dissipation area, the current path 
became longer, increasing wiring resistance and leading to 
higher losses. 

As a solution to this issue, as shown in Figure 13, the 
current path of the SC stage can be shortened, and heat 
dissipation paths can be extended from the current path to the 
unoccupied areas of the PCB to increase the heat dissipation 
area. 

 

VI. CONCLUSIONS 

In this paper, we miniaturized the gate drive circuit of a 
non-isolated high step-down DC-DC converter with 
interleaved output, which was proposed in previous research 
with a reduced number of SC stages and evaluated the circuit 
board under high-current conditions for application feasibility. 
As a result, by applying a cascaded bootstrap circuit, we 
successfully reduced the PCB size while confirming that the 
circuit operates as theoretically expected even under high-
current conditions. Additionally, it was revealed that under 
high-current conditions, the output voltage of this converter 
decreases more than expected due to the minority carrier 
storage effect in the MOSFETs of the series capacitor 

 
Fig.10. Measured efficiency at duty cycle 0.71 

 

 
Fig.11. Loss analysis results 

 

 
Fig.12. Temperature distribution captured by the 

thermal camera during the experiment at an output 

current of 40A. 
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converter stage. Furthermore, it was found that dead-time 
losses and losses due to wiring resistance in the SC stage 
account for a significant portion of the total losses. These 
issues can be improved by adopting MOSFETs with superior 
reverse recovery characteristics, implementing appropriate 
dead-time control, and designing the PCB to shorten wiring 
while ensuring sufficient heat dissipation area. 

 

REFERENCES 

[1]  M. Pedram, “Energy-efficient datacenters,” IEEE Trans. Comput.-
Aided Des. Integr. Circuits Syst., vol. 31, no. 10, pp. 1465-1484, Oct. 
2012.  

[2] Miyuru Dayarathna, Yonggang Wen, Rui Fan, “Data Center Energy 
Consumption Modeling: A Survey” IEEE Communications Surveys & 
Tutorials, vol. 18, no. 1, pp 732-794, 2016 

[3] Y. Zheng, S. Li and K. M. Smedley, “Nonisolated high step-down 
converter with ZVS and low current ripples,” IEEE Trans. Ind. 
Electron., vol. 66, no. 2, pp. 1068-1079, Feb. 2019. 

[4] M. K. Ranjram and D. J. Perreault, “A 380-12 V, 1-kW, 1-MHz 
converter using a miniaturized split-phase, fractional-turn planar 
transformer,” IEEE Trans. Power Electron., vol. 37, no. 2, pp. 1666-
1681, Feb. 2022. 

[5] M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “Single-Stage 
HighEfficiency 48/1 V Sigma Converter with Integrated Magnetics,” 
IEEE Transactions on Industrial Electronics, vol. 67, no. 1, pp. 192–
202, 2020. 

[6] M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “48-V Voltage Regulator 
Module With PCB Winding Matrix Transformer for Future Data 
Centers,” IEEE Transactions on Industrial Electronics, vol. 64, no. 12, 
pp. 9302–9310, 2017. 

[7] N. M. Ellis and R. C. Pilawa-Podgurski, “A Symmetric Dual-Inductor 
Hybrid Dickson Converter for Direct 48V-to-PoL Conversion,” in 
2022 IEEE Applied Power Electronics Conference and Exposition 
(APEC), 2022, pp. 1267–1271. 

[8] S. Khalili, M. Esteki, M. Packnezhad, H. Farzanehfard and S. A. 
Khajehoddin, “Fully softswitched non-isolated high step-down DC–
DC converter with reduced voltage stress and expanding capability,” 
IEEE J. Emerg. Sel. Top. Power Electron., vol. 11, no. 1, pp. 796805, 
Feb. 2023. 

[9] M. Uno and A. Kukita, “PWM switched capacitor converter with 
switched-capacitorinductor cell for adjustable high step-down voltage 
conversion,” IEEE Trans. Power Electron., vol. 34, no. 1, pp. 425-437, 
Jan. 2019. 

[10] Kazuhiro Umetani, Fumie Ishitani, Taira Shirahase, Masataka Ishihara, 
Eiji Hiraki, "Non-Isolated Interleaved High Step-Down DC-DC 
Converter with Reduced Switched Capacitor Stages and Automatic 
Current Sharing", 2024 IEEE International Communications Energy 
Conference (INTELEC), pp.1-6, 2024. 

[11] M. Dalla Vecchia and T. B. Lazzarin, “Hybrid DC-DC buck converter 
with active switched capacitor cell and low voltage gain,” in Proc. 
IEEE Energy Conversion Congr. Expos. (ECCE), Milwaukee, WI, 
USA, 2016, pp. 1-6. 

[12] Pradeep S. Shenoy, Orlando Lazaro, Mike Amaro, Ramanathan 
Ramani, Wlodek Wiktor, Brian Lynch, and Joseph Khayat, “Automatic 

Current Sharing Mechanism in the Series Capacitor Buck Converter,” 
IEEE Energy Conversion Congress and Exposition, Oct. 2015. 

[13] O. Kirshenboim and M. M. Peretz, “High-efficiency nonisolated 
converter with very high step-down conversion ratio,” IEEE Trans. 
Power Electron., vol. 32, no. 5, pp. 3683-3690, May 2017.  

[14] C. Torres, J. M. Blanes, A. Garrigós, D. Marroquí and J. A. Carrasco, 
“Single point failure free interleaved synchronous buck converter for 
microsatellite electrolysis propulsion,” IEEE J. Emerg. Sel. Top. Power 
Electron., vol. 10, no. 5, pp. 5371-5380, Oct. 2022.  

[15]  L. Ntogramatzidis, S. Cuoghi, M. Ricco, R. Mandrioli and G. Grandi, 
“A novel MIMO control for interleaved buck converters in EV DC fast 
charging applications,” IEEE Trans. Ctrl. Syst. Tech., vol. 31, no. 4, pp. 
1892-1900, July 2023. 

[16] Nachiketa Deshmukh, Sandeep Anand, “A Cascaded Interleaved 
Bootstrapped Gate Driver Power Supply for Multilevel Photovoltaic 
Inverters,” 2020 IEEE 21st Workshop on Control and Modeling for 
Power Electronics (COMPEL), Nov. 2020. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.13 Thermal design in the SC stage 
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