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Abstract. This paper presents a concept of a DC-DC dual split buck converter with divided input voltage and a structure using
two DC-DC switch-mode converters that supply the output capacitor in parallel. All components in the converter have reduced
voltage stress and the average current value of their inductors is reduced by about twofold compared to that of a buck converter.
In the demonstrated implementation with GaN transistors, the converter achieved an efficiency higher than that of the buck
converter, and its power range is also larger. The paper also proposes a solution where, at the output of the converter, there is a
stack of capacitors with various configurations of connection with the converter modules and load. Depending on the
configuration, we achieve an output current ripple cancelation, a further reduction by half in the average value of the inductor
current, and a larger voltage control range. In addition, the converter operates with low voltage stress and has more than one
output. An integral part of the converter in this configuration is an output balancing circuit. In the proposed implementation, this
is a resonant switched-capacitor (SC) ladder converter based on low-voltage transistors of low resistance. This article contains
results of experimental research on both types of converters based on GaN transistors with 400 kHz output current ripple and
balancing circuit operation.
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1. INTRODUCTION

In recent years, the applications of DC-DC power converters
have continued to expand across diverse spheres, ranging from
ultra-low power-driven Internet of Things (IoT) devices to
large power intensive fields such as Electric Vehicle (EV)
systems, photovoltaic based power generation systems, wind
energy conversion systems, and energy storage systems. Many
of these applications require DC-DC converters capable of
handling wide input voltage variations while maintaining
stable output regulation [1], [2], [3]. Moreover, many modern
power electronic systems are required to handle extreme
voltage conversion ratios with high efficiency and compact
form factors. Conventional DC-DC converters, though simple
and widely used, often become inefficient and impractical
under such extreme step-up/step-down requirements. In
particular, their performance deteriorates due to ultra-low duty
cycles (D < 0.02), resulting in poor control resolution, greater
switching losses, and decreased efficiency due to large current
ripple and parasitic effects [4].
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In this regard, hybrid DC-DC converters have emerged as a
promising solution to address these challenges by combining
switched-capacitor (SC) and switched-inductor (SL)
techniques. These topologies leverage the high-power density
characteristics of capacitive energy storage with the continuous
energy transfer capabilities of inductive elements, thereby
achieving high step-down conversion ratios with reduced
voltage stress and lower conduction losses, as compared to the
conventional approaches [5]. Recent development in hybrid
DC-DC converter topologies has focused on many key
challenges: high voltage conversion ratios with minimal
component count, reducing voltage stress, minimizing passive
component size, and improving transient response [6]. In [7], a
hybrid SL/SC converter with a low inductor current, transistor
peak stress, and improved efficiency (up to 98.5%) is proposed,
while a bidirectional hybrid SC converter for a supercapacitor
system is proposed in [8], which was further enhanced using
GaN-based devices to reduce passive requirements and
switching losses, and multi-stage configurations for extreme
voltage reduction [9], [10]. In these converters, however, the



cost rises greatly owing to the increased component count. A
single-switch high step-up converter utilizing SL configuration
with design simplicity is presented in [11]. A comparative
performance analysis of regulated hybrid SC topologies is
presented in [12], indicating improved performance of such
topologies in various applications. A high-gain converter with
low input current ripple and reduced voltage stress is discussed
in [13], although it was experimentally demonstrated for low
power. Another such converter, combining coupled-inductors
(CIs) with SCs, is presented in [ 14]. A further advanced version,
with a three-winding CI converter with bipolar outputs and
regenerative clamping, employing leakage inductance to
facilitate soft-switching, was proposed in [15]. The evolution
toward quadratic and multi-stage converter designs has enabled
even higher voltage conversion ratios. A single-switch high
step-up quadratic converter with SC cells has been proposed for
DC microgrid application in [16]. In [17], a transformerless
quadratic hybrid converter operating over a wide duty cycle
range has been demonstrated. Another approach utilizes
modular-multilevel-converter based hybrid SC design with
bidirectional capability [18]. In [19], a fully soft-switching
semi-interleaved converter is proposed, employing valley-fill
capacitors. Similarly, an ultra-high step-up soft-switching
converter that integrates interleaved operation with voltage
multiplier stages has been proposed in [20]. The converter
proposed in [21] utilizes a series-capacitor with Cls to
facilitate zero-voltage switching (ZVS) across primary
switches. In [22], a specialized converter topology has been
developed that incorporates voltage multiplier cells to achieve
higher voltage gains at lower duty cycles. An integrated step-
up/step-down converter implemented with SC circuits for
battery-powered bioelectronics applications has been presented
in [23]. A very helpful comprehensive survey of SCs-based
DC-DC converter topologies has been presented in [24],
providing valuable insights into design characteristics, control
strategies, and practical applications. Multi-stage approaches
have further extended the capabilities of hybrid converters. For
example, a multi-stage SL-SC high gain converter integrating
active-switch-capacitor (ASC) and active-passive-inductor-cell
(APIC) components has demonstrated scalable voltage gain
characteristics suitable for microgrid applications [25].

In [26], a transformerless quasi-resonant boost converter is
presented that achieves a high degree of voltage gain and soft
switching in the entire load power range. In [27] and [28], the
results for bidirectional DC-DC systems with soft switching
operation are described, in which a coupled inductor and a
flying capacitor are used. The use of SiC transistors allowed
an efficiency of over 99%. A comprehensive study of power
loss reduction in modified isolated and non-isolated boost
DC-DC converters based on flyback, half-bridge, push-pull
topologies is presented in [29]. The use of a transformer
allows for any conversion ratio to be set. At high switching
frequencies, the transformer used can be compact; however,
additional losses must be taken into account [30]-[31].
Despite the aforementioned progress in hybrid DC-DC
converters, there remains a significant scope in conceptualizing
novel topologies of DC-DC switch-mode converters and the

topologies with synergistic effects of combining SC and SL

techniques, specific to the need for high step-down conversion.

In this paper, a novel approach to switch-mode DC-DC

converter is proposed which utilizes split DC bus capacitor at

the input stage to feed two anti-parallelly connected DC-DC
converters, reducing voltage stress across transistors by

operating each at half the input voltage. The use of such a

converter concept (Split Buck Converter — SBC) also gives the

following benefits compared to a synchronous buck converter:

e higher efficiency,

e a larger power range due to the division of the output
current into two circuits and a lower current value of the
inductors,

e ahigher ripple frequency, which allows for a reduction in
the capacitance of the input capacitors.

e the input and output circuits share a direct connection,
which allows us to create a system with common input and
output ground.

This has been confirmed in tests of the system at a conversion
ratio of 400-t0-48V, as for supplying a 48 V battery from high
DC voltage.
A further modification of the proposed topology is a system in
which the DC-DC converter operating partly in two stages has
three series connected outputs (HC3L). It can power a stack of
three batteries or loads with any power asymmetry. The
asymmetry is balanced by an output balancing circuit (BC) with
switched capacitors. It is a very simple system that does not
require a closed control loop. In such a case, the DC-DC
converter operates with about 50 % reduction of inductors
currents. Part of this concept was proposed in [7], where an
analytical and simulation-based performance evaluation of the
hybrid converter was performed. This paper extends the
proposed concept with the following points:

e introduction of new step-down converter topologies,

e proof of feasibility,

e  experimental results that confirm the converter operation
principle, parameters, and efficiency,

e results of bi-directional operation of the converter
confirmed by experiments,

e  input voltage balancing and basics of control system,

e comparison to the state-of-the-art.

The paper is structured as follows. In Section 2, the concept of

a new DC-DC switch-mode converter is presented with its

analytical model of efficiency. Section 3 discusses a hybrid

converter that achieves a significant reduction in the average
currents of the inductors. Section 4 presents the results of
computer simulations of the proposed converters, and the
design guidelines are summarized in Section 5. The
experimental results are shown in Section 6.

2. HIGH STEP-DOWN DC-DC CONVERTER CONCEPT

2.1. Converter concept and basic properties

Figure 1 shows the concept of a DC-DC high step-down dual
split buck converter (SBC). It is made up of two switch-mode
converters connected to the capacitors of the input voltage
divider.
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Fig.1. Proposed DC-DC dual split buck converter (SBC)

The converter has been tested for voltage step-down operation.
Compared to a DC-DC synchronous buck converter, it has the
following advantages:
e approximately 50% lower voltage stress of the
components, which allows operation at a high frequency,
e larger output power range due to the two-way power
supply of the output capacitor,
e higher ripple frequency.
Figure 2 shows the operating states of the SBC. The high-side
(HSC) and low-side (LSC) converters operate independently of
each other and have two operating states: the inductor energy
increase state and the energy decrease state. The switching of
these converters is synchronized and the signals are phase-
shifted (Fig. 3) to achieve an increase in the output current
ripple frequency.
The high-side converter (HSC) has a buck topology, while the
low-side converter is a buck-boost. Assuming that both
converters operate at an input voltage equal to Uin/2, their duty
cycles are the following (D; — HSC and D, — LSC):
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Fig.2. States of operation of high- and low-side converters of SBC

_ Uout _ - Uout
D, = Your _ 5 lome 0
2 m

Uout _ Dy

D, = )

Uin -
— T Uout Dy+1

Equations (1) and (2) also indicate that the ratio of output to
input voltage depends on the duty cycles of the control and can
be adjusted continuously.
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Fig.3. Timing of control and operation of SBC (Fig. 1)

The voltage stress of the transistors is the following:

Uin Uin
Upssisz2 = = » Upssssa= = + Uou 3)
For the 400-to-48V conversion, Ups si.s2 =200 V and Ups s3,54
=248 V.

The current stress of the components is the following:

P 1
lLlav — out _ Liav (4)

2Wour” M2 T (1-Dp)’
ID_Sl = IL1\/ Dy, ID_SZ = IL1\/ 1-Dy, (5
Ip g3 = IL2\/ Dy, Ip sa = IL2\/ 1-D,, (6)

where

Al A2
I, = 1’1L1av2 + %5 I, = 1’1L2av2 + 1L22 (7

are the rms values of the inductor currents and

_ Uout(1-Dy1) _ Uout(1-D3)
Ay = 2B gy, = BowCoR) (g

are the peak-to-peak values of currents i1 and iz,.

2.2. Efficiency and comparison to the buck converter

It is assumed that Uy, =400 V, Uin1 = Ui = Uin /2 =200 V, Ut
= 48 V, and that both parts of the converter supply the same

amount of power to the output (Pouck = Pour/2).
The efficiency of the converter is:

Pou
n= s—r— (€

PouttPloss

where Ploss is the sum of losses in the converter.
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Based on typical loss models for a switch-mode DC-DC
converter, Figure 4 shows the results of the efficiency calculation
of the SBC for the 400-to-48V conversion ratio, compared to
those for a synchronous buck converter. The loss model is
calculated using a set of equations collected in Table 1.
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Fig.4. Efficiency of the proposed SBC (Fig. 1) and a synchronous buck
converter — analytical results. Conversion ratio: 400V/48V

TABLE 1. Losses model of SBC

Origin of losses Formula

Resistive  loss  in
inductors and S}-S4
branches (Rg, is the sum
of Rpsn and parasitic
resistances  in  the
branch)

Overlapping

. _ 2 _ 2
Inductors: Ppycon = Rpalf1s Pracond = Riz2lfa,

. _ 2 . _ 2
Sl- PSlcond - RSllD,Sb SZ- PSZco - RSZID,SZs
83 Po3e

where the currents are given by Egs. (5)-(7).

— 2 . — 2
- RS31D753’ S4' PS4con - RS41D754'

during Pstl(3) = 0-5fsUDs_s1(3)(1L1(2)av -
Alpyy/2) (ter + tp) +

O'SfSUDS_Sl(3)(IL1(2)av + AILl(Z)/Z)(tcf + tyr)

transistor switching

Capacitive loss (Cos 1S 2
Posi=0.5f5Cys1 U,
the sum of Cey and st f5Cas1Us 51

- 2
parasitic capacitances) Pos3=0.5£5Cos3Ups 53

ESR Pein(2) = ESRe1zp f2yav(1 = D12)) D1z
PCout = ESRCout[AILz,l/lz + IEZav(l - Dz)]

Dead-time Paerczy = fotae[Uspliayav + RoscomylE2ymax)

Core Customer calculator and estimation for
74437529203151 — based on [32]

Assumed parameters: Rpsnsiss = 55 M, Rpgnysesa= 35 mQ at 25°C, Ryray=
0.5 mQ in each branch, Cogensis)= 65 pF, Cossenszsy= 150 pF, inductor Rpc=
15 mQ, ESRcow= 1 mQ, ESRcn =1 mQ, Peoe= 0.35 W, Cpaasisic = 500 pF,
transistor temperature range: 7= 25-100C, Rps(on) vs. T: based on transistor
datasheet, Rpcpawindings V8. temperature: 0.39% per ‘C (assumed AT = 25-75'C),
gate driver losses Py= Q,Ugs fs (not included in measurement results); f, fer,
tf, tw, denotes current and voltage fall and rise time during switching of
transistors. Cys losses are also increased by losses in transistors S, and S at
light load and resistive losses associated with the output capacitances of the
transistors charging. Usp = 2,4 V (Source-Drain Reverse Voltage); z4 =20 ns.

The proposed SBC converter has a higher efficiency than a

synchronous buck converter, for two reasons mainly:

e  lowering the voltage across the transistors at turn-ons (Eq.
3), which results in a reduction in Poss:

1 1 Uin 2
Poss(SBC) =fs 8 CossUizn +fs 2 Coss (T + Uout) (10)

1
Poss(buck) =fs 2 CossUiZn (11)

e the output current is divided into two branches; this
decreases the rms value of the currents, and the result is a
reduction in conduction losses I’R.

3. IMPROVEMENT OF PARAMETERS IN HYBRID
CONVERTERS

In the case of supplying a stack of more than one battery or load,
an integral part of the converter can be an active balancing
circuit (BC). Such converters are called here “hybrid
converters”. This circuit using switched capacitors has a very
simple design and control, operates in an open loop, and leads
to equalization of voltages across the output capacitors
connected in series. In addition, the BC works with the voltage
stress resulting from the output voltage, allowing the use of
transistors with very low resistance. A beneficial aspect of the
pseudo-two-stage transformation with an active voltage
balancing circuit BC on the output capacitor stack is a reduction
in the average value of the inductor current and continuous
output capacitor current.

3.1. Hybrid converters with continuous output capacitor
current

Figure 5 shows the concept of split converters with a continuous
output capacitor current. In each case, uoy is equal to 48 V. The
high- and low-side buck converters supply separate output
capacitors with voltages of the same polarity. The balancing
circuit (BC) in the switched-capacitor (SC) ladder topology,
like the one presented in [33], equalizes the voltages on the
output capacitors. If only one capacitor is loaded, the BC works
at 50% of P,y but if their load is the same, the BC power equals
Zero.

a) Hybrid converter for a single load (HC1L) - low voltage stress, and
low load of balancing circuit BC
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—

b) Hybrid converter for two loads (HC2L) - low voltage stress, decreased
inductor current, and nonzero load of balancing circuit BC in case of

load asymmetry
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Fig.5. Proposed hybrid converters with continuous output capacitor
current

3.2. Hybrid converter with three outputs

The converters shown in Fig. 5 can be further modified to
achieve a significant reduction in the average current of the
inductors, partial power conversion in the second stage, and
operation with an increased voltage range. The converter
presented in Fig. 6 (hereafter called HC3L — Hybrid Converter
with Three Outputs) consisting of three parts: high-side switch-
mode buck converter (HSC2), low-side switch-mode buck-
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boost converter (LSC2), and balancing circuit (BC), contains
three output capacitors in a stack.
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Fig.6. Proposed hybrid converter (HC3L) with low continuous inductor
currents

The output currents of inductors L; and L, are reduced by about
50% compared to those of the SBC (Fig. 1). In the HC3L, the
switch-mode input converters charge the output capacitor Cour,
as well as capacitor Cou (charged by the high-side converter
HSC2) and Cous (charged by the low-side converter LSC2).
Capacitor Cou is charged by both converters with twice the
power delivered to capacitors Cou1 and Cous. The system works
as a pseudo-two-stage converter and the output balancing
circuit BC (SC ladder composed of two switched capacitors)
operates with 50% of output power Pou.

Uout HSC2 = Ucoutr T Ucoutz> Uout.Lscz = Ucoutz T Ucout3
12)

Assuming that both HSC2 and LSC2 generate the same voltage,

their output voltage reaches the upper limit at #coun = Uin/4:

— — Uin
Uout HsC2 = Uout LsC2 = (13)

The total output voltage (across the whole output stack in Fig.
6) is

3

20m  (19)

Uoutmax = 3Ucoutn =

Assuming that Uoy: = 48 V and Uinmax = 400 V, Ubs 53 s4max =
248 V. The minimum input voltage value for the SBC (Fig. 1)
1S Uin-minssc = 96 V, and for the HC3L, Uin-minucsL = 72 V.
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Fig.7. States of operation of switch-mode converters in HC3L (Fig. 6)
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Fig.8. States of operation of balancing circuit (BC) in HC3L

The operation states of the HSC2, LSC2 and the balancing
converter (BC) in this topology are shown in Figs. 7-8. The BC
equalizes the output voltages of the output capacitors in all
cases of load. It is assumed that the main output of the system
is capacitor Coup because it is charged by both the switch-mode
converters HSC2 and LSC2. Two border cases of BC load can
be distinguished, which will be investigated.

The BC operates at maximum power if

Proad1 = Proaas = 0, Pout = Proad2, Poalancer = ou(tl/sz)

The BC operates at zero power if

POU
= _t’ Pyatancer = 0(16)
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Fig.9. Timing of control and operation of HC3L (Fig. 6)

It should be mentioned that there are also other cases of load
asymmetry.
The voltage stress of the transistors in the BC is

UDS_SS—Sl = Uput- (17)

The control in the hybrid systems is analogous to that in the
SBC (Fig. 1). Only the conversion ratios of the switch-mode
converters should be taken into account. The BC is controlled
with the use of a half-period duty cycle and operates in an open
control loop. The timing diagram for the HC3L (Fig. 6) is
shown in Fig. 9. The efficiency of the switch-mode part in this
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converter can be calculated in a similar way to that of the SBC
(Fig. 1). An important difference is that the average current of
the inductors is lower than that in the SBC.

In the hybrid converter, the balancing circuit (BC) can generate
power losses. These are conduction losses in transistors and LC
elements of the resonant circuit, losses in the core of resonant
inductors, and Cys losses. These losses can be determined by
assuming that the BC operates with a sinusoidal current
waveform and zero current switching (ZCS) occurs. With the
voltage stress of transistors Ss5-Sio at the output voltage level (in
the tested case Ups ss-sio= 0.12 Uin), the Coss losses are small
and the choice of ZCS control is advantageous. The total value
of power losses in the output balancing circuit (BC) is the sum
of conduction 10ss (Pscond) and Pcoss 10ss in transistors Ss.1o, loss
in resistances (Prcond) and cores (Peore) of the inductors, and
parasitic losses in the PCB (Ppcg) and ESRs (Pgsr) of the
capacitors.

Pbal_loss = PScond + PCoss + PLcond + Pcore + PPCB +
Pgsg (18)

Figure 10 shows the analytical result of the efficiency
calculation of the HC3L (including the BC) compared to that of
the SBC in Fig. 1. In the case presented, the hybrid system
HC3L operates with a single load attached to the center
capacitor (Couz), and this is the heaviest load condition in
relation to the output power. Under load on other output
capacitors, the power of the BC decreases and can reach zero
watts. From the results presented in Fig. 10, it is seen that the
hybrid system slightly reduces the efficiency of the converter.

100
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8 ° Analytical results
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Fig.10. Efficiency of hybrid converter HC3L with a single load (Fig. 6,
Pload2 = Pioad, Proadt = Ploads= 0 W) and SBC (Fig. 1) — analytical results.
Conversion ratio: 400V/48V

The general control structure for the HC3L system or SBC can
be very similar to typical switching converter control systems.
Figure 11 shows the concept of a system with a voltage
regulator. The untypical parts here are the signal generator
module for the balancing circuit BC (switching with a 50% duty
cycle) and the calculation of the duty cycle for the buck boost
system, according to Eq. (2).

50% duty cycle

uout_ref 4 Voltage | D1
B controller
uout

Fig. 11. Control system of HC3L and SBC

4. SIMULATION RESULTS

The simulation tests parameters are summarized in Table 2. The
simulation was carried out for an output voltage of 48 V, as this
is one of the typical voltage values of batteries.

4.1. Operation of the SBC

An advantage of the proposed SBC (Fig. 1) is the reduction in
the voltage stress of the components and in the current of the
inductors compared to those in a synchronous buck converter.
The current of the components is also more symmetric, and the
current and output voltage ripples are reduced.

Figure 12 shows the waveforms in steady state. From these
waveforms it can be seen that the voltage stress of the transistors
of the up-side circuit (HSC) is Ups = Ui/2 and that of the
inductor Ui = (—Uoy to Uin/2—Usy). For the low-side buck-
boost converter (LSC), Ups= Uin/2 + Uoui, Ur2= (—Uout to Uin/2).
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Fig.12. Steady-state waveforms in SBC: voltage across input
capacitors (Ucin1, Ucinz), output voltage (Uout = Uioas), VOltages across
transistors, inductor currents, and current of the output capacitor. Ui, =
400 V, Poag= 1000 W, fs = 200 kHz
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TABLE 2. Parameters for waveform simulations

IParameter Description and value
Simulation method and transistor Matlab/Simulink/Simscape
imodels [Electrical

Input voltage Un=400V

Output voltage (across capacitor Couz) |Uow =48 V

Inductors in switch-mode converters ILi =L, =150 uH
Inductors in SC circuits (BC) ILii=Lo=1pH

C51 = C52: 168 nF

s =200 kHz — switch mode,
b, =400 kHz — BC
ta=20ns

Capacitors in SC circuits (BC)

Switching frequency of a single switch

IDead time

The average value of the inductor currents at Poy= 1000 W is
approximately 711y = 10.5 A and I12.v = 13 A. The ripple
frequency in the output voltage is 200 kHz.

Active balancing of input voltages is not required in the system,
as they remain at the correct level while maintaining the
appropriate duty cycles for both converters according to the
typical dependencies (1) and (2).

4.2. Operation of the hybrid converters

The concept of charging two output capacitors, as shown in
Figs.5a,b, requires the use of a circuit that equalizes the voltage
on these capacitors. This converter with a load attached to two
output capacitors becomes close to a ripple-free one, while the
active balancing circuit (BC) operates with very little power and
acts as protection. This system eliminates the disadvantage of
the SBC (Fig. 1), which is the output current ripple caused by
the low-side buck-boost converter (LSC). The voltage stress of
the transistors remains close to Ui/2. However, the
disadvantage of this solution is a high average current of the
inductors, because the high- and low-side converters work with
a conversion ratio of 200V/24V. This is demonstrated in the
waveforms shown in Fig. 13.

25

i (A)
20F X =
151 iL1 iL2
10
(5) i ‘ time (seconds) | |
0.00198 0.001985 0.00199 0.001995 0.002
10 —— - : :
i t
5 |iCout (A)
S .
time (seconds)
-10 ‘ : ‘
0.00198 0.001985 0.00199 0.001995 0.002

Fig.13. Inductor currents and output capacitor current in the hybrid
converter HC1L with two output capacitors and load connected to two
output capacitors (Fig. 5a)

When adding a load to one of the capacitors, the high- and low-
side circuits work with a conversion ratio of 200V/48 V, which
allows one to work with half the current of the inductors (Fig.
5b). The energy of one of the capacitors is transferred to the
load through the balancing circuit (BC). The current waveform
of the resonant inductor and the current in the output capacitor
are shown in Fig. 14. The converter from Fig. 5b is a very
advantageous solution for connecting two 48 V loads, e.g. two
batteries connected in series. In this case, it works with a small
current of the inductors in the switch-mode part and without

loading the balancing circuit (BC). The current of the switch-
mode converter inductors can be further significantly reduced
by modifying the output circuit of the converter in such a way
that the high- and low-side circuits operate at the 200/96
conversion ratio. This is possible in the hybrid system HC3L
shown in Fig. 6.

The high- and low-side circuits supply two output capacitors
each, and the active balancing circuit (BC) operating in the
second conversion stage equalizes the voltages on the output
capacitors. This is also a very advantageous system for
powering three consumers, e.g. a stack of three batteries
because then the current of the inductors is low and the power
of the BC is zero. However, even when powering a single load,
this solution is much more advantageous than a hybrid system
HC2L with two output capacitors (Fig. 5b, Fig. 16).

)

time (seconds)
0.00199

0.001995 0.002

(sec
0.00199

T T

-10
=20 ‘ time (seconds) i ]
0.00198 0.001985 0.00199 0.001995 0.002

Fig.14. Inductor current and output capacitor current in the hybrid
converter HC2L with load connected to one output capacitor (Fig. 5b).
Pioagt = 1000 W, Pioadz = 0

Figure 15 shows the waveforms of the input voltage and output
voltages in such a system. The values of the input voltages are
analogous to those in the basic system (Fig. 1), so the voltage
stress of the low-side system elements is 248 V.

Figure 16 presents a comparison of the steady-state inductor
current waveforms in the hybrid converter with three (Fig. 6)
and two output capacitors (Fig. 5b). In both cases, the circuits
operate with a load attached to a single capacitor. This is the
most load-bearing operating case for the balancing circuit (BC).
The waveforms in the system with two output capacitors are
presented using a dashed line. From the waveforms presented
in Fig. 16, it can be seen that the hybrid converter with three
output capacitors has a significantly reduced average value of
the inductor current, the current of the BC, and the current ripple
in the output capacitor. In addition, the inductor currents in the
hybrid system HC3L with three output capacitors (Fig. 6) have
a mean value half as low as that in the SBC converter.

Both switch-mode parts of the SBC and HC3L have very
favorable voltage stress conditions because they operate at the
voltage across the input divider capacitors. The voltage stress
of the transistors is listed in Table 3.
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Fig.15. Steady-state waveforms in hybrid converter HC3L (Fig. 6):
input voltage, voltage across input capacitors (ucin1, Ucinz), output
voltage (U.ad), Output voltage of switch-mode converters HSC2
(uoutiHSCZ) and HSL2 (Uouu_scz). Uin =400 V, Pload = 1000 W, fs =200
kHz

TABLE 3. Voltage stress across transistors (p.u.- related to input
voltage Uj,) for SBC and HC3L

Device Sl, S2 Sg, S4 S5*S1()
0.5+ =0.62| 0.12

in

[Voltage p.u. 0.5

5L S;'LZ — — —

[ time (seconds)
0.00199

L )

0.001985
Jibrt L2

0.001995

251 V7 N3 v/ time

= 7 (SQCQOGS) -
0.00198 0.001985 0.00199 0.001995

T T T

20fiCout (A) A T A A

L

-20F time (seconds) ]

0.00198 0.001985 0.00199 0.001995 0.002

Fig.16. Comparison of waveforms in the hybrid converters: HC3L with
three output capacitor (Fig. 6) at Pload1 = 0, Ploagz = 1000 W, Pioags = 0
(solid line), and HC2L with two output capacitors (Fig. 5b) at Pioad1 =
1000 W, Proag2 =0 (dotted Iine)

Figure 17 presents the operation of the SBC with closed voltage
control loop in transient states, such as the input voltage change
between 400 V and 350 V and the load change between 450 W
and 500 W. The converter exhibits stable operation and output
voltage control ability. The control system allows the output
capacitor to be charged at the start of the converter. DC-link
input capacitors can usually be charged using a series resistor,
and their balance when the converter does not operate, can be
maintained by a low-power resistive divider.

(a) (b)

iL1

i_L2

U_out

1 I I
83 0.06 0.09 0.12
Time

Fig. 17. SBC control system operation using PI-type voltage controller

5. DESIGN GUIDELINES

The guidelines for the design are very clear since they are based
on the relevant assumptions, voltage stress estimation, and
power losses calculated in the previous chapters:

o  sclection of the LC elements of the switch-mode parts:
based on the current ripple, voltage limit, and the switching
frequency,

e  selection of switch-mode circuit transistors: it considers
reduced voltage stress in the topology with a voltage
divider, Rps(on) results from the conduction losses limit,
transistor type, and switching losses determine the
frequency limit,

e  breakdown voltage of BC transistors: it results from the
voltage stress, which is Ups_ss-10max < 2Uout,

e the capacitance of the BC capacitors results from the
maximum power at which this circuit operates, the
inductance of the BC inductor ensures an oscillating
current waveform and results from Cs, and the switching
frequency: Ly, = 1/(4n*fs*Cs,).

6. EXPERIMENTAL RESULTS

6.1. Split buck converter (SBC)

Figure 18 shows the laboratory system for testing the proposed
SBC (Fig. 1). Its parameters are presented in Table 4.

Figures 19-20 show the waveforms of the SBC (Fig. 1) with the
output voltage set to 48 V (Fig. 19) or 120 V (Fig. 20) according
to Egs. (1) and (2). For equal values of the input divider
capacitor voltage (Uini = Uin2), the voltage stresses across the
transistors are about half the input voltage: Ups si-s2 = Uin/2 and
Ups _s3-s4 = (Uin/2 + Uopuy).

Fig.18. Experimental SBC (Fig. 1); (a) PCB board with elements,
(b) converter tested with the second variant of inductors implemented
The waveforms shown in Fig. 19 confirm the principle of
operation of the system and the simulation results. The total
input voltage is Ui, = 400 V, the voltages on the input divider
are maintained at the correct level equal to half of the input
voltage Uciin= Uczin= 200 V, the inductor voltages are Uy =
—Uout 10 Uin/2-Uow), Uiz = (~Uout to Uin/2) and the variable
components of the inductor currents are in counterphase. The
average value of the inductor currents is approximately twice as
small as that which would occur in a buck converter (Zzbuckay =
1000W/48V =20.8 A).

Compared to the DC-DC buck converter, the proposed SBC
converter (Fig. 1) has a higher efficiency for the transistor
switching frequency of 200 kHz. This converter also has a
larger power range due to the lower average value of the

8

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



L B e e T SR ov
' 400V

! 300V

e B 0 o — 200V

100V,

[ e e e e e B ov
1 160V

{ 120V

| 80V

S e e e _\L S e R T e V|

a
=
v
PRI e 8
n
v
s
<

75 AN SR TNy AR R soca QLA S D L L R oy
) ‘ 200V
| 400 V.
i 8a
| aa
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr o
e 5 G R £ e R . i B R b B L
BA
an
S e e e O e Ehenen e S oa
P —_— — e — — _— — 200V
300V,
200V
100V

@u..ﬂs 5 s -4 ps 2 jis s 2 s ays B)s
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Fig.20. Steady-state waveforms of SBC (Fig. 1) at 400V/120V; fs =
200 kHz and Py = 1000 W; C1: uctin, C2: Ucain, C3: Uoyut, C4: U4, C5:
Ui, Co: fL1, C7: sz, M1: Uin

inductor current and ripple. Figure 21 shows a comparison of
the efficiency of a synchronous DC-DC buck converter and
that of the presented SBC converter (Fig. 1). To measure the
efficiency of the synchronous buck converter, a fragment of
the SBC converter with elements S1, S2, L1, and Cin; was used

and the input voltage was attached to capacitor Ciyi. These
relationships are similar to those obtained analytically. The
discrepancies result mainly from the estimation of parasitic,
capacitive, and resistive parameters.

TABLE 4. Parameters of the experimental model of SBC

IParameter IDescription and value
Input voltage U, =400V
Output voltage (Upy) U =48 V, 72V, 120 V

. IL =150 pH, Isat30%= 8 A (74437529203151 device)|
I t ’ .
nductors L = 150 pH, fuea= 15 A (NAC-15-0151 device)

1IS1, S5: IGLT65R055D2, Ups= 650 V, Ip =31 A

Transistors IRpsony= 55 mQ (typ. value at 25°C), Cois= 57 pF

1S5, S4: IGLT65R025D2, Ups= 650V, I =67 A
IRDS(0n) = 25 mQ (typ. value at 25°C), Coss= 130 pF

/s =200 kHz
tq =20ns

"The design variant with inductor 74437529203151 (Fig. 18a) was used in
preliminary tests. The second design variant with inductor NAC-15-0151 was
used in the experimental tests finally demonstrated (Figs. 28-32) to produce
a power up to Po,= 1000 W.

Switching frequency of
la single transistor
Dead time

Figure 22 shows the efficiency characteristics of the SBC that
operates at other conversion ratios that may occur when
working with batteries. The increase in the output voltage
results in an increase in the voltage stress of the LSC and in Cogs
loss. Therefore, this converter is designed to operate at a high
conversion ratio.

100

n %] [ I

20 e L
A,‘
80 ya 400-to-48V, 200kHz|
4
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60
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Fig.21. Experimental efficiency measurement results of SBC (Fig. 1)
and synchronous buck converter. Conversion ratio: 400V/48V
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Fig.22. Experimental efficiency measurement results of SBC (Fig. 1) for
various conversion ratio values

Figure 23 shows the experimental results of the operation of the
SBC converter during a load transient. The converter operates
without input voltage balance control and the load change does
not cause an imbalance. The SBC (Fig. 1) can operate in boost
mode when supplied from the output side. Figure 24 shows the
waveforms in this case of operation, and Fig. 25 shows the
efficiency compared to that of the classic boost converter. The
proposed SBC exhibits higher efficiency in the entire tested
output power range (up to 1000 W).
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Fig.23. Operation of SBC (Fig. 1) during load transient. Poymin = 200
W Poutmax 300 W C1 Uctin, CZ Uc2in, C3 Uout, C4 U, C5 Up2, C6
ir1, C7: iz, M1: uin. Conversion ratio: 400V/48V

Waveform View E 3 ]

Ch3 Chs
50 V/div 50 Vrdiv 10 V/div 100 V/dlv 100 V/div i i
20 MHz ™ 20 MHz & J20 MHz % 500 MHZ B 500 MHz % ] 120 MHz ® ] 120 MHz ®
Fig.24. Steady-state waveforms of SBC at boost mode operation at

48V/400V, fs = 200 kHz and P, = 1000 W. C1: ucin1, C2: Uginz, C3:
input voltage, C4: u1, C5: uy,, C6: ip1, C7: i, M1: output voltage

6.2. Hybrid converter HC3L

To demonstrate the operation of the balancing circuit (BC), the
case of a hybrid system with three capacitors and maximum
asymmetry of load (the load is attached to the middle capacitor
as in Fig. 26) was chosen. Figure 27 shows an HC3L laboratory
converter (Fig. 6). The switch-mode part uses inductors with an
inductance of 150 pH and a much higher volume than those in
the SC balancing circuit (BC).

100
N(%] oerrrrrrrreeees
90 /,/",A «
o
80 / 48-t0-400V, 200kHz,
70 * SBC
60 » SBC in reverse boost
o operation Py [W]

0 200 400 600 800 1000

Fig.25. Experimental efficiency measurement results of SBC (Fig. 1) at
boost mode operation. Conversion ratio: 48V/400V

The BC parameters are presented in Table 5. Both parts of the
HC3L use GaN transistors. The BC is a low-voltage circuit that
allows the use of a small clearance on the PCB. In the
demonstrated system, it was made using GaN transistors in a 3
x 5 mm QFN package with surface mounting and Rps(on)= 1.2
mQ. A 470 nH resonant inductor is used with dimensions of
12.8 x 12.8 mm and height of 6.2 mm, as well as a switched
capacitor bank (Cs;, Csz) composed of 22 nF, 200 V MLCC
capacitors. The switching pattern of a balancing circuit of this
type requires the input of one control signal and its inversion on
two sections of transistors (Fig. 9). There is no regulation here,
and the BC equalizes the voltages on the three capacitors.
Figure 26 shows the results demonstrating the operation of such
a system, where - through switched capacitors (Cs,) - the
voltages across the capacitors of the main circuit (Ci.3) remain
at the same value despite loading only one of them. Operating
in ZCS and ZVS modes, such a converter can achieve very high
efficiency (97.8% in the test conducted), which is also shown
in Fig. 26. Therefore, the BC used is a circuit with low
complexity of topology and control, operating with high
efficiency, and configured using low-volume elements.

éﬂ]w) 100 N[%],eeo oo oooeoe
90 .
80 144V supply,
Single load,
70 Uieas=Uc,=48V
60
50 POIJ([W]
0 200 400 600
>
20V
[c ov
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v
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; 20v
7 | B SAE BAEA SE Rt I ERAE oy
v
v
oV
2v
cs ! ov
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(Dt e R O s e e
. r b ; Nt 04
208
A
i 15A
b y TS5 A
S e e R S
aps s 2us s 0. 1ps 2ps 3ps aps A

Fig.26. SC balancer (BC) test circuit configuration, its efficiency and
waveforms at Poy = 500 W. C3: Uczoaq), C4: Ucst, C5: Ucsz, C7: ir1, C8: ez
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TABLE 5. Parameters of the switched-capacitor balancing circuit (BC)

Parameter
Conversion voltage

IDescription and value
3x48V
IL:»=470 nH (HCI1365-R47)

Inductors

IEPC2367
UDS: 100 V, ID =101 A, RDS(on): 12 mQ)
(typ. value at 25°C)

o = 400 kHz

ta=20ns

[Transistors

Switching frequency of a single
transistor
IDead time

Fig.27. Experimental setup of HC3L (Fig. 6)

The measurement results of the hybrid system HC3L (with the
balancing circuit BC — Fig. 6) are shown in Figs. 28-32.
According to the concept of operation and simulation results, a
voltage of 48 V is maintained on the load by the BC working
with oscillating overcharges of switched capacitors (Fig. 16).
When comparing the properties of the hybrid converter (HC3L)
and the purely switch-mode circuit (SBC - Fig. 1), it is seen that,
in the HC3L, the average values of currents in the inductors of
the switch-mode parts are approximately twice lower (Fig. 29).
This allows the use of inductors with a lower inductance in a
system with the BC. At 500 W of load power, the power of the
BC is approximately 250 W.

The application of a hybrid system allows for a reduction in the
current of the inductors and the use of three outputs. At the
maximum tested load asymmetry of these outputs, where there
was only one load, a slight decrease in the efficiency of the
converter was observed (Fig. 30). This is due to two factors:

e in the HC3L, the voltage stress of transistor 3 is greater

than that in the SBC, i.e.:

Uin
2

fs1 fil 2
Poss(SBC) = ;SE CossUizn + ;SE oss ( + Uout) (19)

fs1 fs1 Uin z
Poss(HC3L) =33 CossUizn + 5 3 “oss (T + 2Uout) (20)

e in the HC3L, there are energy losses in the balancing
circuit BC (Fig. 6, Fig. 26). Assuming zero switching
losses and neglecting core losses, the power losses in the
BC are the following:

Bem
Pgceond = %Rtot 21

where Ry contains Ry, ESRcs, ESRcou, and Rason) of two
transistors in series and Igcm is the amplitude of current in
the BC.

av
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Fig.28. Experimental results of HC3L (Fig. 6) operating at 400V/48V
conversion ratio; Ui = U, fs = 200 kHz, f, = 400 kHz, Py = 700 W,
Pguﬁ = Pout3= OW.C1: up1, C2: Ucout1, C3: Ucout2, C4: Ucout3, C5: Ucs1, C6:
Ucsa, C7: f/_m, C8: f/_,z
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Fig.29. Steady-state waveforms at 400V/48V operation, Py, = 500 W
(from the top: uy1, Ui, i1, ir2). (@) HC3L, (b) SBC

In a switch-mode system with a lower current, the use of
inductors with a lower saturation current may allow their
volume to be reduced due to a smaller core cross-section area.
The PR resistance losses in the inductor windings are also
reduced. Figure 31 shows the results of the thermal
measurements of the HC3L. At Py = 700 W (unbalanced
loads Poutt = Pous = 0 W), the switch-mode part of the converter
and the balancer BC reached a similar temperature with forced
airflow. In the experimental model presented, this value of the
load power was considered to be the maximum when working
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TABLE 6. Comparison of high step-down converters with gain extension

No. In/out f
Voltage of NO'.Of I.Efﬁ- Gain Extension Count of Inductors / Poner voltage (kHz) sk
Ref Gain Dio- Swit- ciency Technique Capacitors Rating ) PIV
des ches (%) 1 P W)
Switched-Inductor . . (120-400)/ 2U/(2-
1] D/(2-D) 2 1 95-96 Hybrid 2 inductors / 2 capacitors 5000 (50-120) 9 D)
D/(4-D) Cuk-derived SC-SL . , 1500 (si- Un/(1-D)
4] (1-D) 5 1 86.7 Hybrid 3 inductors / 3 capacitors mulation) 380/15 100
4-Phase Hybrid SC 1 inductor / 3 flying 250" :
31 0.021 0 7 85-91 (1 inductor) capacitors 100 48/(1-2) -10000 Un/2
GaN-based High
(9] 0.17 5 s ~ss.go | SwpdownSCSL ) L uctors /5 capacitors 85 48/8 56.5 Ual2
Converter + soft
switching
Step-down n-Cell . . 200V/(12, Uin(3-D)/
[10] D/(3-2D) 4 3 94.4 Converter 1 inductor / 3 capacitors 170 24) 50 (3-2D)
Transformerless @+Dy/
[17] D*(1-D)? 7 3 91-93 Quadratic-Based SC 5 inductors / 6 capacitors 430 600/20 30
; (B-D)Un
Hybrid
D -Si3 o o , Split switch-mode (*) 2x150 uH” "
1:;‘;1 DJI-Dy) | 0 41’0§m’ Sl andSCresonant | (2x150, Ix])uH, 1xSC™ ;gg‘l: ‘7‘(2)0/1(;3)’ 2000 | 0.62U
P -S4 ’ ladder (") (2x150, 2x1) pH, 2xSC™ ’
* switch-mode converter SBC (Fig. 1), ™ hybrid converters (Figs. 5a,b), ™ hybrid converter HC3L (Fig. 6), " Peak Inverse Voltage, ™ for simulation results

with maximum asymmetry, fs =200 kHz, f, = 400 kHz, and the .
conversion ratio of 400-to-48V. The HC3L can operate with =~ #———rr e A A s wﬁ
one, two or three loads (Fig. 6). Figure 32 shows the waveforms | e s
in a system with three equal loads. In this case, the load on the 1)
output circuit of the balancer BC is less than in a single-load on : 400 mA
system due to less load asymmetry.
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Fig.30. Experimental efficiency measurement results of HC3L with {c7 *W-—-T_“»»v,.,,,\..m.f._«W-_,_NHVJ,.MVH“J
single load (Poyz < 700 W, Pout1 = Pouz= 0 W) and SBC. Conversion ratio: ;2
400V/48V : -
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Fig.32. Experimental results of HC3L (Fig. 6) operating with three loads,
at 400V/48 V conversion ratio; Un1 = Uz, fs = 200 kHz, f, = 400 kHz, Pou
= Pouz= Pous: C1: lioadt, C2: iLoad2, C3: iioads, C4: U1, C5: U2, CB: Ucow, CT:
i1, C8: iz

7. CONCLUSIONS

Fig.31. Thermal results of HC3L (Fig. 6) operating at 400V/48V . . .
conversion ratio: Ugni = Uon, fs = 200 kHz, f, = 400 kHz, Py = 700 W This article presents the concept of a DC-DC high step-down

converters with the ability to continuous regulation of the

A comparison to the state-of-the-art is presented in Table 6. It~ Output voltage.The configuration of switch-mode converters in
includes the most important parameters of the selected each system allows them to be connected to an input voltage
converters. From this comparison, it is seen that the proposed divider and operate with an input voltage equal to about half the
converter achieves high efficiency at a very high pulse total .input. Voltage.' This reduces voltage stress across the
frequency. This is an aspect that can be used to optimize the  transistors in the switch-mode converters. )

DC-DC converter. These systems use two switch-mode converters with phase-
shifted control. In such a configuration the inductor current is
lower than that of a single-stage buck converter and the
converters achieve a larger power range. The results in this
paper are demonstrated for a supply voltage of 400 V and an
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output voltage of 48 V, which is one of the typical battery
voltage values. This article also presents the concept of
supplying a stack of two or three output capacitors, which
allowed one to demonstrate the new properties of such a DC-
DC system, which, depending on the configuration, are:

e  ripple cancelation or reduction in the output current;

. further reduction in inductor currents;

e  possibility of using one, two, or three loads.

Maintaining the rated voltage of the load requires the use of an
output balancing device. This is a switched-capacitor-based
resonant ladder converter. The balancer operates in ZCS mode.
The voltage stress of its transistors is low, equal to the output
voltage, i.e. 48 V, and it uses elements with a very low volume.
The advantage of the balancing circuit BC is also that it does
not require a control system because this type of SC converter
ensures functional operation and the use of a control with a
constant duty cycle.
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