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Abstract—This paper proposes an auxiliary-less precharging
method for all capacitors, including flying capacitors, in a
flying-capacitor current-fed dual active bridge converter. The
converter employs a small magnetizing inductance to achieve
zero-voltage switching over the entire operating range. The duty
ratio is determined by a control scheme that dynamically limits
the transformer peak current and the boost inductor peak
current, enabling fast precharging while preventing magnetic
saturation. The precharging process is divided into multiple
sequences, with the duty ratio adjusted according to the
operating mode. Due to parameter tolerances of passive
components, deviations from simulation are observed. However,
the errors are limited to 12% at 150 V. and 5% at 500 V.
Experimental results confirm that the transformer and boost-
inductor currents are clamped to S0 A, validating the proposed
method.

Keywords— dual active bridge converter, flying-capacitor
converters, multilevel, initial charging strategy.

1. INTRODUCTION

In recent years, the spread of Al servers and cloud servers
has led to the installation of megawatt-class data centers.[1][2]
As aresult, the power supply systems have become larger, and
modular configurations that use multiple converters in parallel
have been adopted in megawatt-class power supplies in order
to improve efficiency and scalability. In such configurations,
each module is repeatedly turned on and off according to the
load to maintain the overall conversion efficiency. In addition,
DC-bus voltages of 380 V and 800 V have been investigated
for data-center applications. However, a DC-bus voltage of
1500 V is also a strong candidate in order to accommodate
large power capacity and compatibility with renewable energy
sources [3][4][5].

With the increase in voltage, multilevel circuits have been
considered strong candidates[6], particularly flying-capacitor
topologies, to improve circuit performance[7][8][9]. However,
the voltage management of the flying capacitors is an
important issue. In applications where startup and shutdown
are repeated, each capacitor, including the flying capacitors,
must be charged to the specified voltage within a short period
in order to ensure stable system operation. Previous studies
have mainly discussed precharging methods for non-isolated
converters and inverters[10][11]. Most of these methods
realize precharging by employing additional components such
as resistors and diodes. However, these approaches increase
both cost and volume.

In the isolated DC-DC converters, such as the Dual Active
Bridge (DAB) converter, precharging methods for the output

This work was supported by JST SPRING, Japan Grant Number JPMJSP2189.

(C)20261EEJ

capacitors have also been investigated. One method operates
only on the primary side, while the secondary side operates as
a rectifier[12]. The duty ratio is controlled in order to avoid
transformer saturation. However, as the output voltage
increases, the charging current decreases, resulting in a longer
charging time. Moreover, the maximum output voltage is
limited to the secondary-referred input voltage. On the other
hand, some studies have considered DAB operation that
transfers power from the primary side to the secondary side to
charge the output capacitors. However, the studies have not
sufficiently considered the effect of the magnetizing
inductance [13].

This paper proposes an initial charge method for the
flying-capacitor current-fed DAB (FCCF-DAB) converter
that achieves the precharging of all capacitors, including the
flying capacitors. The FCCF-DAB converter is designed with
relatively small magnetizing inductance in order to achieve
zero-voltage switching (ZVS) over the entire operating range.

The main contribution of this paper is an auxiliary-less
precharging strategy for the flying-capacitor current-fed DAB
converter, which enables all capacitors, including the flying
capacitors, to be charged without additional dedicated
components. The proposed method strictly maintains both the
transformer and boost-inductor currents within their designed
saturation limits throughout the entire precharging sequence,
achieving fast, simple, and highly reliable initialization as
demonstrated by simulation and experimental results.

II. CIRcUIT CONFIGURATION

Fig. 1 shows the circuit configuration of the FCCF-DAB
converter with the precharging scheme. A precharging resistor
Rpre for inrush current limitation is connected in parallel with
the primary-voltage side relay. Also, the secondary side is
connected to the 1500 V grid using a DC relay. Furthermore,
these relays and the low-side precharge resistor are commonly
used components, which are not additional components
dedicated to precharging, and an anti-windup PI controller
employed.

In this circuit configuration, the precharging operation is
not performed from the secondary-voltage side. The flying
capacitor and output capacitor are charged by transmitting
power from the primary side. Then, the relay on the output
side is turned on when the voltage of the output capacitor
matches the DC grid voltage.

III. PRECHARGING SEQUENCES AND CONTROL METHOD

Fig. 2 shows the flowchart of the precharging operation.
In Sequence 0, the input capacitor Ci, and DC-bus capacitor



Cy. are charged up to battery voltage Viae through the
precharging resistor. When the voltages of Cj, and Cy. reach
Vvat, the control transitions to Sequence 1. In Sequence 1, the
primary-side PWM is enabled to charge the Cq., the flying
capacitors Cg. and Crq, and the output capacitor Coy. The
control transitions to Sequence 2 when Cr. and Crq reach to
750 V, and Cdc reaches 800 V. The value of 750 V
corresponds to half of Veiq. The value of 800 V corresponds
to the command DC-bus voltage. In Sequence 2, Cou is
charged up to the DC-grid voltage Verig, which completes the
precharging process.

Fig. 3 shows the control block diagram of the precharging
operation in the FCCF-DAB converter. The inner loop
includes a current controller that regulates the input current.
The outer loop includes a voltage controller that regulates the
DC-bus voltage. Each controller is implemented using an anti-
windup PI controller.

A limit is imposed on the input-current command to
restrict the peak current of the boost inductor. This limit may
allow the input current lin to exceed the rated value,
depending on the input voltage Vin and the DC-bus voltage
Vde. The proposed method does not impose a current limit
based on thermal constraints to achieve rapid precharging
within a short duration. In addition, the limit before the duty
command D1 is introduced in order to prevent the transformer
peak current from exceeding the design value. Thus, the duty
ratio is adjusted according to each capacitor voltage to prevent
saturation of both the boost inductor and the transformer. The
charging current is limited to the designed maximum value of
the magnetic components.

A. Initial charging sequence

As mentioned in the previous section, Ci, and Cyc are
charged through Ry in sequence 0. When a step voltage is
applied from the V4, side, which occurs when the N-side relay
on the primary side is turned on, the maximum value of the
inrush current flowing into Cj, is determined by Ry and the
Viar. Therefore, Rpre is designed based on Ohm’s law in order
to ensure that the maximum inrush current does not exceed the
maximum current specified in the circuit design. In Sequence
0, the control transitions to the next sequence when Vi, and Ve
reach Via. The control then enables the positive-side input
relay.

In sequence 1, the primary-side PWM is enabled in order
to charge Cgc, Cre, Crd, and Cou. In addition, the lowest
switches on the secondary side, Sg and Si», are turned on
continuously. As a result, Cr. and Crq are connected in
parallel with Cou, which causes the secondary-side capacitor
to be charged uniformly. In Sequence 1, the control charges
the flying capacitors Crc and Crq to 750 V, corresponding to
half of Vgiq, while regulating Ve to its command Va.". The
charging of C. and Crq can be stopped by turning off switch
Qs or Q1 respectively. The control transitions to Sequence 2
after the completion of the charging operation.

In sequence 2, Coy is charged up to Vgie. However, the
condition that L, is sufficiently larger than Lga is not satisfied.
Therefore, Cou cannot be charged up to Vg only by switching
the primary side as in Sequence 1 or Sequence 2. In addition,
as Vg and Vip become asymptotic, the transformer current
decreases, and the charging process requires a longer time.

Therefore, DAB operation is performed in order to transfer
power to the secondary side by switching both the primary
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Fig. 1 Circuit configuration of the FCCF-DAB converter considering the
precharging operation. The N-side input relay is turned on to charge Ci,
and Cy up to Vy, through the precharge resistor. The P-side input relay is
then turned on to start the precharging operation. The output-side relay is
turned on after the completion of the precharging process.
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Fig. 2 Precharging flow of the FCCF-DAB converter. In Sequence 0,
charging is performed through the precharge resistor. In Sequence 1,
switching of the primary side completes the charging of Cgc, Crec, and Creq.
In Sequence 2, DAB operation completes the charging of Coy.
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Fig. 3 Control block diagram of'the precharging operation. The control structure consists of an inner input-current controller and an outer DC-bus voltage
controller. The output limit of the voltage controller restricts the peak current of the boost inductor. The output limit of the current controller restricts the

peak transformer current.

side and the secondary side, so that Coy is charged up to Verid.
The primary-side duty ratio is determined by the boosting
ratio and is expressed as

D1 — de _* in (1)
de
where V4" is the command value of the DC-bus voltage,
which is 800 V, and Vi, is the input capacitor voltage.

The same value as D is used for the secondary-side duty
D in order to simplify the implementation. Sequence 2 ends
after Cou is charged up to Vgig, and the precharging process is
completed.

Fig. 4 shows the relationship between the three
transformer current modes and the phase-shift duty in the
FCCF-DAB converter. Thus, in Sequence 2, three
transformer current modes must be considered to control the
transformer current and the power appropriately. The current
modes are classified as modes A, B, and C. These modes
correspond to Mode III, Mode IV, and Mode V in [14],
respectively. In mode C, the transmitted active power does not
depend on the phase shift, and the phase-shift duty is set to
D1, which corresponds to the maximum-power condition.
Ds3apmax and D3gpmax are derived from a conventional power
equation presented in [14], where the maximum transferable
power that does not cause saturation of the boost inductor is
used as the power command. Dsaimax and Dspimax are
calculated as the maximum phase shift values that do not
cause transformer saturation under the given voltage
conditions and duty ratios D; and D,. These expressions are
derived based on the theoretical current waveforms presented
in [14]. These conditions define the saturation constrains of
the boost inductor current and transformer current. The
smaller value is selected in each phase shift duty. Dsapmax,
D3BPmax, D3aImax, and D3pimax are expressed as

=D — D2 _ Pmaxf;Ldab
1

D3 Pmax 1 R (2)
' e
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de

where Pmax is the maximum transferable power from the
primary side to the secondary side, f; is the switching
frequency, Laab is the sum of the external inductor and leakage
inductor of the transformer, Vs, is the primary-side
transformer voltage, V. is the DC-bus capacitor voltage, /ipmax
is the transformer peak current.
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Fig.4 Three operation regions of the FCCF-DAB converter. The
operating region transitions according to the boosting ratio and the
transmitted power. In mode C, the transmitted power does not increase
through the phase shift between the bridges, which makes the maximum-
power condition the boundary between region A and C.
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Fig. 5 Two operational waveforms during the precharging period when
only the primary side is switching. The primary-side switching duty D is
controlled to maintain the transformer peak current up to the saturation
current.

In Sequence 2, the initial charging operation completes
when Coy reaches the grid voltage of 1500 V. The control then
turns on the output-side relay.

B. Transformer current constraints

During the charging of the secondary-side capacitors,
power transfer is carried out through the transformer.
Therefore, the primary-duty ratio must be carefully
determined in order to prevent saturation of the transformer
and the external inductor. In particular, the external inductor
is designed based on the saturation current value. Depending
on the bridge-to-bridge voltage and the conduction angle of
the current, the inductor current may exceed the design current
value.

Fig. 5 shows the operating waveforms during the
precharging process of Sequence 1. The converter operates in
mode I when the output capacitor voltage is sufficiently low.
When the output capacitor voltage is partially charged, the
converter operates in mode II.



In this circuit configuration, the magnetizing inductance is
designed to be relatively small in order to achieve ZVS over
the entire operating range. Therefore, it is necessary to
consider the magnetizing current to maintain the maximum
current of the transformer. According to the definition in Fig.
(5), the transformer current reaches its maximum at time # in
Mode 1. The transformer current at time # in Mode I is
expressed as

Vie Ve .
T(tz_’l)""(tl)- (6)

‘dab
The transformer current and the magnetizing current are
equal at iup.moder(?1). The magnetizing current has a triangular
waveform, and the maximum value can be calculated. The
relationships are expressed as

i[rpiModeI (tZ ) =

v

ilrpﬁModel (tl) =-1 m_Model (tl ) =" 4 Lw f ) (7)

where the L, is the magnetizing inductance.

The time #; in Mode I is derived based on the current
equations in the intervals ty — 1, t| — &, & — t3, and t3 — t4. The
time # is expressed as

! 1V, 1LV,
Uovoda =57 Dl—fﬂ_fw . ©
2f5 2V, 2LV,

From (6), (7), and (8), the command value of D; in Mode
I is expressed as

|4 L |4 L
D =l2I + trp dab " tp 1 4 Zdab
1_Model [ lmmaxfs 2Lm j Vdc _ V@ 2Vdc ( I j . (9)

m

According to the definition in Fig. 5(b), the current at time
t1 becomes the maximum transformer current in Mode II. The
equality between i(#)) and —i(#3) is satisfied. The transformer
current at time ¢ and the current at time £, are expressed as

v, Ve Ve, D,
i fy) =g -
v (0) =5 == R (10)
. ViV D Vo, D |_Vs
lModen(tz): oy p(tz_ljzptz. (11)
Ldab .fr Ldab /fr Lm

The current ivodeni(?1) is expressed as
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Intodets (tl) = dL = b F gy Mogen (tn) , (12)
‘dab

From (10), (11), and (12), the relationship between the
maximum transformer current /ipmex and D; is derived by
solving for D modenr. The relationship is expressed as

_ 2fs]lrp,max Ldab (Lm + Ldub)
DliModeII - s (1 3)
Vdc (ZLm + Ldab ) - 2Vtrp (Lm + Ldab )
In addition, the boundary condition between mode I and
mode II is expressed as

Vo [ L
D, =—2 | Zdb 4

The calculation result obtained from (9) is compared with
the boundary condition defined by (14). (9) is selected if the
calculation result is larger, whereas (13) is selected if it is
smaller.

The transformer current increases as the primary-duty
ratio D; approaches 0.5. The command value of primary-duty
ratio D" exceeds 0.5 under the condition that the boost ratio
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Fig. 6 Theoretical waveforms of the boost inductor current. During the
precharging operation, Vi, and Vg vary dynamically. The primary-side duty
ratio must be calculated to maintain an appropriate peak current and to
prevent saturation of the boost inductor.

from the input voltage Vi, to the DC-bus voltage Ve is higher
than 2. The transformer current decreases when the D
exceeds 0.5. The PI controller charges V. to Vg after the Dy
exceeds 0.5.

C. Boost inductor current constraints

In the initial stage of Sequence 1, the difference between
the DC-bus voltage and the primary-side transformer voltage,
which corresponds to the output voltage converted by the turns
ratio, is extremely large. The current limit is mainly
determined by the transformer peak current. During the
middle and final stages of Sequence 1 and during Sequence 2,
the DC-bus voltage gradually approaches the primary-side
transformer voltage. The current limitation is then determined
by the boost inductor peak current. This paper achieves a
seamless transition from transformer current limitation to
boost inductor current limitation by using a PI controller that
includes an anti-windup.

Fig. 6 shows the theoretical waveform of the boost
inductor current. The relationship between the average value
of the boost inductor current and the peak current is expressed
as [15]

1 V.
ILcPk:2[1in+Lc‘};Dljn (15)

where /i, is the input current, and L. is the boost inductance.

The first term in the parentheses of (15) represents the DC-
component of the boost inductor current. The second term
represents the ripple component and corresponds to the
variation of the inductor current over one switching period. /ix
represents the DC on the input side. The peak value of the
boost inductor current can be effectively limited by applying
an appropriate limit value to the current command. The
specific limit value of the input current command is expressed
by

Va

LcPk ch;

The input current limitation based on (16) can allow a
current that exceeds the rated current. The proposed method
assumes a short-duration operation corresponding to the
precharging process. The precharging process is completed
within a duration that is sufficiently shorter than the thermal
time constants of the switching devices and the winding of the

I

inmax

=21 D, (16)



magnetic components. The current limitation is determined
based only on the saturation flux density in order to simplify
the design. The determination of a specific current limit based
on thermal design remains a subject for future work.

IV. SIMULATION RESULTS

Table 1 shows the circuit parameters used for the
simulation and the experiments. The maximum current of the

TABLE L CIRCUIT PARAMETERS
Element Symbol Value
Rated power P,ueq 20 kW
Boost inductor peak current Iiepr 50 A
Max. primary side
tran sfop;ner Ic’:yurrent Tirpmax A
Battery voltage Viat 150-500V
DC-bus voltage command Ve 800 V
Flying capacitor voltage command V}w*, V/cd* 750V
DC-grid voltage Vi 1500 V
Switching frequency 1 10 kHz
Boost inductor Lo Loy 333 uH
Extemal inductor +
leakage inductor Laas 108 uH
Magnetizing inductor L, 711 pH
Input capacitor G, 1650 pF
DC-bus capacitor Ci 1950 pF
Flying capacitor Cre Crea 227 pF
Output capacitor Cour 1300 uF
Sequence:
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i Primary side PWM signals (S,~ i
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0
9 :
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% E—
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0
182 ms 98 ms
280 ms
(a) V=150V

magnetic components, boost inductor L. and Lgap, is 50 A for
both.

Fig. 7 shows the simulation waveforms of the FCCF-DAB
converter from Sequence 0 to the completion of the
precharging process. The primary-side duty command is
applied in a ramp shape in order to prevent inrush current at
the beginning of switching in Sequence 1. Fig. 7(a) shows the
precharging waveform under an input voltage of 150 V. In the
initial stage of Sequence 1, the transformer current is clamped
to the maximum current of 50 A when the primary-side duty
ratio D; is lower than 0.5. The duty ratio is limited by (6) or
(7), which makes the operation effectively open-loop. As a
result, the boost inductor current charges the capacitor in an
unloaded LC circuit, which leads to LC resonance. The
resonance current is damped over time because the parasitic
resistances of the transformer and the inductor, and the
forward voltage of the body-diode and the IGBT are
considered in the simulation.

In Sequence 1, the charging of Cgc, Cr, and Cou progresses.
The duty command of D; is replaced with the PI controller
output based on Fig. 2 when D exceeds 0.5. A limit is applied
to the current command in order to prevent saturation of the
boost inductor. The limit value is defined by (9) as a variable,
which clamps the peak current of the boost inductor to the
design maximum value. During Sequence 1, Ve and Vig
reach 750 V, which turns off Qg and Qi> and completes the
charging of the flying capacitors. The sequence transitions
from Sequence 1 to Sequence 2 when Vg reaches the
command value of 800 V. In Sequence 2, Vo is boosted to
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Fig. 7 Simulation waveforms of the precharging process. During the precharging operation, the transformer current or the boost inductor current is
controlled to be clamped at the specified value. Thus, high-speed precharging is achieved.



1500 V. DAB operation is achieved by switching both the
primary side and the secondary side in order to transfer power
from the primary side to the secondary side. This operation
enables charging to the desired output voltage regardless of
the primary-side voltage. The phase shift D; between the
primary side and the secondary side is controlled to keep the
transformer peak current below the maximum value of 50 A.

Fig. 7(b) shows the simulation waveform under an input
voltage of 500 V. The precharging process starts with a ramp
increase of the primary-side duty ratio D1, and the transformer
current is clamped to the maximum current of 50 A, similar to
Fig. 7(a). Under the condition of an input voltage of 500 V,
the precharging process is completed while the primary-side
duty ratio of DI remains below 0.5. As a result, the
transformer current is the only constraint during the
precharging process under this condition.

V. EXPERIMENTAL VERIFICATIONS

Fig. 8 shows the precharging waveforms under input
voltages of 150 V and 500 V. In Fig. 8(a), current ringing
appears at the beginning of switching, similar to Fig. 7(a). The
boost inductor current is clamped to the specified peak value
of 50 A by the PI control. The FCCF-DAB converter starts
switching of both the primary side and the secondary side after
the DC-bus voltage V4. reaches 800 V. The FCCF-DAB
converter then operates in DAB mode of the Sequence 2.
Finally, the output voltage Vo increases and reaches 1500 V,
which completes the precharging process.

In Fig. 8(b), the transformer current is clamped to the
specified peak value of 50 A during the entire operation,
which differs from Fig. 8(a). Ringing appears in the boost
inductor current at the initial stage of charging and in the latter
stage of sequence 1. This phenomenon is caused by the
increased variation of the primary-side duty ratio D;, which
enhances the resonance. Under this test condition, the peak
current does not significantly exceed 50 A. A limitation on the
variation of D, is required for parameter sets that produce
excessive current.

The error in the precharging time between the simulation
and experimental results is 12 % at an input voltage of 150 V
and 5% at an input voltage of 500 V. This mismatch is
attributed to parameter variations of passive components. One
factor is the capacitance tolerance of the capacitors used for
charging. The electrolytic capacitors used in this study
typically have a tolerance of 5% to 20%. In addition, (9), (13),
and (16) are calculated based on the inductance values
measured in advance, including the external inductance and
leakage inductance Lgab, the magnetizing inductance Lm, and
the boost inductance L.. Thus, measurement errors and
inductance variations under high current conditions of
approximately 50 A introduce parameter deviations, which
result in a slight difference in the precharging time between
the simulation and experimental results. Although the
charging current slightly exceeds the command value of 50 A
due to inductance variations, the deviation is within
approximately 5%, which indicates satisfactory performance.

In Mode I, during the initial stage of precharging, the
transformer current is maintained at 50 A because the
influence of the magnetizing current is small. The transformer
peak current decreases in the latter stage of Sequence 1. A
parameter error in the measured magnetizing inductance is
considered in Mode II because the influence of the
magnetizing current becomes significant.

i_Sequence: 1 2

] T T T T T T T

i1 JO[A/div] ipep SO[A/div]

I I

196 ms

314 ms
(a) Precharging waveform at Vi, = 150 V
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Lipos 2 S0.A
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i1 SO[A/div] Lo 40Ims/div]
190 ms 42 ms

232 ms

i1 S0[A/div]

(b) Precharging waveform at Vi, = 500 V.

Fig. 8 Experimental waveforms of the precharging process.

Fig. 9 shows the experimental waveforms of mode I and
mode II under an input voltage of 150 V. The waveform of
mode I appears immediately after the start of the precharging
process. The operating mode transitions to mode II after the
precharging process progresses to a certain level. In mode I of
Fig. 9, the transformer current is properly controlled and
maintained at the specified value of 50 A. In mode II, the peak
value of the transformer current becomes lower than 50 A due
to the limitation of the boost inductor current. The peak value
of the boost inductor current is controlled at 50 A.

Fig. 10 shows the waveforms during the transition from
Sequence 1 to Sequence 2. In Sequence 1, the secondary-side
switches are turned off, and the converter operates in diode
conduction mode. In Sequence 2, the secondary-side switches
are turned on, and the converter operates in DAB mode. Fig.
10 shows the transition of the operating modes, which
confirms that a seamless mode transition is achieved. No
magnetic bias of the transformer current is observed during
the mode transition.

VI. CONCLUSION

This paper presented an auxiliary-less precharging
strategy for the flying-capacitor current-fed DAB converter
and demonstrated its practical effectiveness through
simulation and experimental verification. The proposed
precharging method enables all capacitors, including the DC-



bus capacitor, the flying capacitors, and the output capacitor,
to be charged to their target voltages without relying on any
additional components. Throughout the entire precharging
sequence, the transformer and boost-inductor currents are
maintained within their designed saturation limits, ensuring
safe and stable operation. The precharging time is consistent
with the simulation results, with error of 12% at an input
voltage of 150 V and 5% at 500 V. These results indicate that

the

precharging process is achieved under conditions

comparable to those in the simulation. During limited to the
designed value of 50 A, as verified experimentally. Thus, the
effectiveness of the proposed precharging strategy is
confirmed.

These results confirm that the proposed method provides

a fast, simple, and reliable precharging solution suitable for
practical implementation.
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