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Design and Implementation of a Dual-Mode Fast
Charger for Supercapacitors

Yang Chen

Abstract—Supercapacitors can be charged or discharged by
pulse currents with much higher magnitudes compared to the
maximum continuous current for limited periods of time. To exploit
this characteristic, this article proposes a dual-mode fast charger
for supercapacitors that utilizes both continuous and fine-tuned
pulse currents by modifying the conventional forward converter.
Specifically, the proposed charger introduces two energy storage
capacitors to tune the rising and falling edges of the pulse current,
respectively. By establishing and maintaining relatively high volt-
ages on the two capacitors, the pulse rising and falling processes
are significantly accelerated and the charging time is shortened. To
evaluate the proposed charger, a prototype is designed and imple-
mented, which is then used to charge a 12 V/1.5 F supercapacitor
moddule from 4 to 8 V. The charging times are 1.68 and 2.04 s
when the prototype is configured to operate in the dual-mode and
the continuous current mode, respectively. Therefore, the charging
time is reduced by 17.6% . Moreover, the pulse characteristics of
the proposed charger are significantly improved compared to the
conventional forward converter. Specifically, the pulse rising and
falling times are dramatically reduced: 4.4 versus 150 s and 4.2
versus 100 us, respectively.

Index Terms—Continuous current, dual-mode charging, fast
charger, pulse current, supercapacitor.

I. INTRODUCTION

UPERCAPACITORS are usually characterized as an en-
S ergy storage technology with a high power density, a long
cycle life, and a wide operating temperature range while their
downsides include alow energy density and a high self-discharge
rate [1]. In fact, supercapacitor-based energy storage systems
have been adopted in various electrified transportation sys-
tems [2], [3], [4], [5], [6], [ 7], [8], renewable energy systems [9],
[10], [11], [12], [13], [14], [15], low-power systems [16], [17],
and defense systems [18], [19].

Supercapacitors can be charged in the constant current (CC),
constant voltage (CV), or constant power (CP) modes and
multiple aspects of their charging mechanisms have been in-
vestigated [20], [21], [22]. For example, as a critical relaxation
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process of supercapacitors, charge redistribution has been stud-
ied [23], [24], [25]. In particular, an optimal charging protocol is
proposed to minimize the voltage decay during the charge redis-
tribution process [26]. In addition, advanced charging strategies
have been proposed for supercapacitors. For example, a model
predictive control (MPC)-based charging strategy is proposed to
minimize the charging time for lithium-ion capacitors [27]. As
another example, the temperature of the supercapacitor module
is utilized to tune the maximum charging current [28]. Moreover,
when the supercapacitor charging time is specified, the charging
process can be optimized accordingly [29]. Furthermore, an
optimal charging method is proposed to maximize the capac-
ity utilization of a hybrid energy storage system incorporating
supercapacitors [30].

Other than investigating the supercapacitor charging mecha-
nisms, different types of supercapacitor charging circuits have
also been designed, implemented, and tested. For example, a
charging circuit dividing a supercapacitor bank into two parts
is proposed [31]. A push converter is utilized to implement
CC and CP charging modes for supercapacitors [32]. Matrix
converters are adopted to charge supercapacitor banks from
the power grid [33], [34]. A coordinated charging strategy is
proposed for supercapacitor banks [35]. For wireless power
transfer (WPT) systems, supercapacitor charging has also been
investigated [36]. A WPT system is developed to charge the on-
board supercapacitors of a sightseeing car [37]. A converter with
a current-controlled semiactive rectifier is proposed to enhance
the supercapacitor charging efficiency [38]. A method based on
a variable resistance is proposed to design a WPT system for the
onboard supercapacitors in an electric vehicle [39].

While the mechanisms, strategies, and circuits above explore
different aspects of the supercapacitor charging process, the fact
that supercapacitors can be charged by a relatively large pulse
current for a limited period of time has not been fully utilized
to develop fast and even ultra fast chargers. Supercapacitor
datasheets typically specify a continuous current and a pulse
current. For example, a 3 V/6 F supercapacitor (manufacturer:
Eaton, part number: TV1020-3R0605-R) can sustain a con-
tinuous current of 2.4 A and a pulse current of 7.4 A [40].
Based on this fact, a dual-mode fast charger employing both
continuous and pulse currents has been proposed for super-
capacitors [41], which is developed based on a conventional
forward converter [42]. The key feature of this charger is that
its pulse characteristics are significantly improved compared to
the conventional forward converter. Specifically, by introducing
an energy storage capacitor and a branch resistor, the rising and
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Fig. 1. Dual-mode fast chargers. (a) Topology proposed in [44]. (b) Topology

proposed in this article.

falling edges of the pulse current generated by this charger are
much sharper than those of the conventional forward converter.
Therefore, the transitions between the continuous and pulse
current modes are much faster in this charger. Ultimately, this
charger shortens the charging time compared to the conventional
forward converter. To reduce the circuit complexity and facilitate
the circuit implementation, this charger is improved by removing
two switches and introducing one diode [43]. Then, a prototype
is designed, implemented, and evaluated to demonstrate the
feasibility of the dual-mode operation and the impressive pulse
characteristics of the improved charger [44].

This article further enhances the work of [44] in the following

three aspects.

1) First, the pulse falling process is further accelerated.
Figs. 1(a) and 1(b) show the fast charger topologies pro-
posed in [44] and in this article, respectively. The branch
resistor I2y in Fig. 1(a) is replaced by the energy storage
capacitor C'y in Fig. 1(b). Compared to the voltage across
Ry, the Cy voltage (i.e., Vo ) is higher, which leads
to a sharper pulse falling edge. An additional benefit of
introducing C'y is that energy is stored in C instead
of being dissipated by 2y, which reduces the loss and
improves the efficiency of the charger.

2) Second, the pulse rising process is further optimized.
As shown in Fig. 1(b), to establish and maintain the
high voltage across the energy storage capacitor C,., two
auxiliary transformer windings W, and W, are added.
Specifically, C, is charged through W,. When the C,
voltage (i.e., Vo, ) reaches the predefined threshold, the
charging process is terminated to ensure that its voltage is
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maintained at a proper level. On the other hand, Fig. 1(a)
shows that the voltage of the energy storage capacitor C's
[i.e., the counterpart of C). in Fig. 1(b)] is established by
L,,. If its voltage is above the threshold, C; is discharged
through the Zener diode Dy and the discharging resistor
R,., which introduces additional losses and reduces the
charger efficiency.

3) Third, energy recycling is introduced to further improve
the charger efficiency. Specifically, if Vo, > Vo, — Vsc,
where Vsc is the voltage across the supercapacitor, Dy is
turned ON. In this case, energy is transferred from C'y to
C, through Dg and Lj to achieve energy recycling.

The rest of this article is organized as follows. Section II
presents the topology of the proposed charger and analyzes its
operation modes. Section III analyzes the voltage and current
stresses of the switches in the proposed charger. Section IV
discusses the design considerations for the proposed charger.
Section V shows the experimental setup and results. Section VI
evaluates the proposed charger against other converters. Finally,
Section VII concludes this article.

II. TOPOLOGY AND OPERATION OF PROPOSED CHARGER

The topology of the supercapacitor dual-mode fast charger
proposed in this article is shown in Fig. 1(b). Similar to the
one shown in Fig. 1(a), the charger proposed in this article
is also built on the conventional forward converter [42]. As
elaborated in [44], while both continuous and pulse currents
can be generated using the conventional forward converter, the
transitions between these two types of currents may be too slow.
To accelerate such transitions, the charger shown in Fig. 1(b)
introduces two energy storage capacitors C'. and C'y to tune the
rising and falling edges of the pulse current, respectively. The
supercapacitor is denoted as SC in Fig. 1(b), which could be a
supercapacitor cell, a supercapacitor module, or even a superca-
pacitor pack depending on its ratings. For the four transformer
windings Wy, Wy, W3, and Wy, their turns ratio is written as
ni : ng : ng : ng. The input power source is denoted as Vj,. The
operation of the proposed charger is elaborated as follows. The
key waveforms are plotted in Fig. 2.

A. Steady Current Modes

When the output current of the charger is stabilized at either
the continuous current or the peak value of the pulse current
and no transitions between the continuous and pulse currents
are needed, the charger operates in a steady current mode. In
this case, the charger behaves as a forward converter. Fig. 2
shows that S is turned ON at ¢(. Correspondingly, Fig. 3 shows
the equivalent circuit. Clearly, energy is transferred from the
power source Vj, to the supercapacitor through Wy and Ws. In
the meantime, the current of the magnetizing inductor L,, rises
linearly.

To enable a fast transition from the continuous current mode
to the pulse current mode, the energy storage capacitor C
associated with the pulse rising process needs to establish and
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Fig. 2. Key waveforms of proposed charger.

Fig. 3. Steady current mode I: transferring energy from source to supercapac-
itor through transformer and storing energy in L.
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Fig. 5. Steady current mode III: resetting of transformer magnetizing current
through D;.

maintain a high voltage V;:
Vi = Vit
na
As illustrated in Figs. 2 and 4, if the voltage of C, (i.e., Vi)
is lower than V;, when S is turned OFF at t1, D> is turned ON.
Consequently, L,, charges C. through W, and D, till the L,,
current is reset to zero at to.

On the other hand, if V-, exceeds V;, when \S; is turned OFF
at t3, Dy is turned ON to reset the L,, current to zero through
W, as shown in Figs. 2 and 5. During this process, the currents
of L,, and D, decrease linearly to zero at t4. In the meantime,
C, is not charged by L,, and its voltage is maintained around
Vi.

)]

B. Pulse Rising Mode

When the conventional forward converter switches from the
continuous current mode to the pulse current mode, the rising
rate of its output current is written as

> V;n
dip, & — Vb, —Vsc

at L, )

where N = ny/ns, Vp, is the forward voltage of Ds, and Vsc
is the supercapacitor voltage.

For the proposed charger, when its output current needs to
change from the continuous current to the pulse current, Sy is
turned OFF while Sy and S5 are turned ON at ts, as illustrated in
Fig. 2. The corresponding equivalent circuit is shown in Fig. 6.
The high voltage of C,. established in the steady current modes
is applied to L, and the supercapacitor. Assuming that V. is
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constant, the rising rate of the output current is
dip, Ve, —Vsc 3)
dt L,

Note that Vo, >> Vi, /N. Therefore, (2) and (3) indicate that the
output current rising rate of the proposed charger is much higher
than that of the forward converter. Consequently, the proposed
charger realizes a much faster transition from the continuous
current mode to the pulse current mode. Once the pulse rising
process is completed at tg, the proposed charger returns to a
steady current mode.

C. Pulse Falling Mode

As for the pulse falling mode, the conventional forward con-
verter makes a relatively slow transition from the pulse current
mode to the continuous current mode because its current falling
rate is relatively low:

dip, Vb, +Vsc
dt L,
where Vp, is the forward voltage of D.

For the proposed charger, Fig. 7 shows the equivalent circuit
in the pulse falling mode. In this case, S3 is turned OFF at t7,
as shown in Fig. 2. Moreover, D5 and C are introduced into
the output loop. Consequently, C'; is charged to build a high
voltage. Ultimately, a sharp pulse falling edge is generated:

dir, Ve, + Vb, + Vb, + Vsc

at L, )

where V¢, is the voltage of Cy. Clearly, Ve, + Vp, + Vp, +
Vsc >> Vp, + Vsc. Therefore, (4) and (5) show that the current
falling rate is much higher for the proposed charger compared

“
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to the forward converter. Once the pulse falling process is
completed at tg, the charger switches to a steady current mode.

When Vi, > Vi, — Vsc, Dg is turned ON. Energy is trans-
ferred from C'y to C,. through D¢ and Ly, to achieve energy recy-
cling until the current of L is reset to zero. During this process,
the charging current for the supercapacitor is isc = i1, — i1,
where i, is the current of Ly. Since iy, is relatively small, ¢sc
is approximately equal to 77, . It should be noted that energy
recycling can still be implemented even without L. In this case,
iy, is shared by two branches: 1) the branch with Cy and the
supercapacitor and 2) the branch with C,. and Dg. Therefore,
isc is approximately equal to iy, C/(Cy + C,). Also note that
when the proposed charger works stably, Ve, and Vi, + Vsc
are both approximately equal to V;. Therefore, C. and C are
maintained at a high voltage to enable fast transitions between
the continuous and pulse current modes.

III. VOLTAGE AND CURRENT STRESSES OF SWITCHES

This section analyzes the voltage and current stresses of the
switches in the proposed charger. The continuous and pulse
currents are denoted as I/ and Ip, respectively.

The voltage stresses of So, Ss, Do, D3, Dy, D5, and Dg are
all V;. For S and D, their voltage stresses are Ving/ny + Vi,
and Vi, (1 + na/n1), respectively.

The current stresses are determined when the output current
is Ip because Ip is much higher than /. Specifically,

ISg_rms = IP (6)
IDgfrms = \/EIP (7)
ID47rms =Vv1- DIP (8)

where D is the duty cycle of 5.

When S is turned ON, its current equals the sum of Ip /N and
the L,, current. Assuming that the L,, current has been reset to
zero before S is turned ON and this current rises linearly after
S is turned ON, the current stress of 57 is

Lo PT (I Vi )\
Is. s =\ — —_— t) dt
= [ ()

Vi D?
= 3 +
3L,,° f?
where T is the switching period, f is the switching frequency,
and T, =1/f.
When V¢, is lower than V; and S| is just turned OFF, a current
flows through D. During this process, V¢, is considered to be

constant and the current through L,,, decreases linearly to zero.
The current stress of Ds is

I1p°D
N2

VinlpD?
NLy,f

©)

1 [ DVl Ve \?
Uz Cr ints C
In, ms = 4] — — 2 at
D2 ni \/Ts /0 ( Lm Lm >
ingl)3
_ | Ve DR (10)
ni 3VC’TLm f2



9684

Similarly, when V- is higher than V; and S is just turned OFF,
a current flows through D;. The current stress of D is

S DVLT. V2
\/ / ( n tt> dt
m Lm
Vi’ D?
=2 (11)
3ViLn®f?
Since S5 is only turned ON during the pulse rising process and
it is a relatively short process compared to the steady current
modes, the maximum value of the Sy current is a more mean-

ingful metric compared to its root-mean-square (rms) value.
Therefore, the current stress of S5 is determined as

IDers =

ISQ_peak - IP~ (12)

Similarly, Ds is only turned ON during the pulse falling process
and its current stress is determined as

ID57peak = IP~ (13)

The current stress of Dg is determined as follows. During the

pulse falling process, C's absorbs energy from L,, and the change
of Vi, can be written as

LO(I}23 —1 g‘)
QCfVCf '
As for Dg, it is turned ON when Vi, > Vi, — Vsc. Assuming
that Vo, is constant, the instantaneous vc, can be determined
by solving

AVg, = (14)

LbCTVCf“ +ve, = Ve,. (15)
In fact,
t
vo, = AVe, cos ———— + Vo . 16
¥ Cy \/m Cr (16)

Therefore, the current through Dg and L;, can be written as

dvcf
dt

ip, =i, = Cf AVCf (17)

n—-.
L,C;

By integrating (17) over one pulse period, the current stress of
Dg is determined as

1 T Lbcf C 2
-z t
IDg rms = x| =— AVe, ) =L sin —— | dt
Po- Tp /0 i Lb \/LbC’f
_% (18)
ATp(Ly)?

where T'p is the period of the pulse current.

IV. DESIGN CONSIDERATIONS

To design, implement, and test a prototype for the proposed
charger, a supercapacitor module is built by connecting four
3 V/6 F supercapacitor cells in series. The supercapacitor cell
(manufacturer: Eaton, part number: TV1020-3R0605-R) can
sustain a continuous current of 2.4 A and a pulse current of

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

TABLE I

PROTOTYPE PARAMETERS
Parameters/Components Symbols Values
Input voltage Vin 80 V
High voltage Vi 200 V
Transformer ni:ng:n3g:ng 40:16:10:40
Magnetizing inductor Ly, 0.64 mH
Resonant inductor Ly 3.3 mH
Output inductor Lo 168 uH
Switching frequency f 100 kHz
Energy storage capacitor Cr 4.7 uF
Energy storage capacitor Cy 2.2 uF
Diode forward voltage 1%5) 1.1V
Output branch resistance Ron 200 mS2
Switches 1 and 2 S1,2 NVBG160N120SC1
Switch 3 S3 CI90ON120SM
Diodes 1, 2, and 6 D126 S8NC-13
Diodes 3, 4, and 5 D345 SDUR30Q60

7.4 A [40]. While the supercapacitor cell can be charged or
discharged by a continuous current of 2.4 A for a long time, it
can only be charged or discharged by a pulse current of 7.4 A
for a limited period of time to ensure that its temperature rise
is under control. Therefore, instead of setting the pulse current
as 7.4 A during the prototype design, implementation, and test
processes, a 7.1 A pulse current is utilized, which means that a
0.3 A margin is introduced. As for the continuous current, it is
set as 2.4 A without introducing a margin. The rated voltage and
capacitance of the supercapacitor module are 12 V and 1.5 F,
respectively. The supercapacitor module is charged from the
initial voltage of V; =4 V to the final voltage of V., =8 V.
The output branch resistance, including the resistances of L,,
S3, and the supercapacitor module, is denoted as R,,. The key
parameters of the prototype are designed as follows, which are
also listed in Table I.

A. Transformer

For the transformer, the turns ratio n4/ns is first determined
as
n Vi
et (19)
n2 ‘/in
A higher V; means a faster dynamic response and a higher
voltage stress at the same time, which is finalized as 200 V.
Then, to ensure the volt—second balance for L,,,, the maximum
duty cycle is calculated as

Ving

Dy = ——mm——.
T Viang + Ving

(20)
To extend the duty cycle range, ny = nq.

Finally, to ensure that the supercapacitor module can be
charged within the specified voltage range between V; and V,
the turns ratio nq /ng is determined as

nq o VInD lim

M= .
n3 Ve +Vp + IpRoy

21
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B. Output Inductor
The duty cycle of S; can be found as

N (Vsc + Vp + I Ron)

Vi
where I, is the output current. Since the prototype works in
the steady current modes most of the time, the output current
should remain almost constant. Specifically, its ripple Ai, is
designed to be less than 17% of the output current. When the
supercapacitor module is charged to V, with I, the current
ripple reaches the maximum value. Therefore, the requirement
for the output inductor is

D(VmN - VD - ICRon - VSC)
9N, f

D= (22)

L, >

. (23)

C. Energy Storage Capacitors

For the energy storage capacitor C'., its voltage should remain
almost constant during the pulse rising process. Assuming that
its voltage drop is within 2% of V;, C, is sized as

Lo(Ip? — Ic?)
(V2 —0.9604V;2)"
Similarly, the voltage of the energy storage capacitor C'y

should remain almost constant during the pulse falling process.
Assuming that its voltage rise is within 3% of V;, C is sized as

Lo(Ip? — Ic?)
(V% —0.9409V;2)"

C, > (24)

Cf>

(25)

D. Resonant Inductor

To size Ly, it is assumed that during a pulse period, the energy
stored in C'y during the pulse falling process can be transferred
to C... According to (17), Ly is sized as

Ly < —

wCr (26)

E. Magnetizing Inductor

For the pulse rising process, assuming that V, remains
constant, the energy provided by C,. can be written as

(Ip? — Ic*)V,L,
2(Vy = Vse)

Similarly, for the pulse falling process, assuming that Vg, re-
mains constant, the energy absorbed by C'y can be written as

(Ip? — Ic*) (Vs — Vse) Lo
2V, '

Clearly, E, is less than F,. To maintain the voltage of C,., for
every pulse period, the energy transferred from L, to C,. should
be greater than E, — F,. To determine L,,, it is required that
the C,. voltage can still be maintained at V; when the output
current is I~ at V; and D takes the minimum value of Dy,:

272
M (29)
2ffp(Ep — Eq)

E, = @7

B, =

(28)

LW’L <
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where [p is the frequency of the pulse current and fp = 1/Tp.

F. Loss Analysis

This section analyzes the losses of the proposed charger,
which mainly include the diode losses, switch losses, trans-
former losses, and conduction losses.

The diode losses are mainly contributed by D3 and Dy. During
the charging process, the forward voltages of D3 and D, share
voltage with the supercapacitor module. The total loss associated
with D3 and Dy is

Boss_diode = [Dpu]seIP + (1 - Dpulse)IC]VD

where Dy is the duty cycle of the pulse current, which is the
ratio of the pulse width to the pulse period. As for D1, Do, D5,
and Dg, their forward voltages are relatively low compared to the
other components (e.g., C. and C) in their conduction loops.
Therefore, their losses are ignored.

To analyze the switch losses, S is taken as an example. The
turn-ON switching loss Fy, and the turn-OFF switching loss o
can be obtained under specific test conditions. However, these
values need to be corrected to estimate the actual switching
losses. For E,,, the correction factor is Is, onVin/(VpsIps),
where Ig, o i8 the current of S; after S is just turned ON and
its value is I,/N. Vpg and Ipg are two parameters of .S;. For
Eof, the correction factor is I's, ofVi/(VbsIps), where I's, of
is the current of S; after S is just turned OFF and its value is
I,/N + ViyDT,/L,,. Consequently, for Sy, the total switching
loss per switching cycle is

(30)

L, | VuDT.
(W+ Lo )Vt

(%) Vi
E,
Vbsips

in
= 4+ F
on VDSIDS + off
Similarly, the total switching losses per switching cycle for Sy
and S3 can be determined as Eg, g, and E, g,, respectively.

Therefore, for all the three switches, the total switching loss is

P]oss_sw - fEsw_51 + fP(Esw_Sg + Esw_53)~ (32)

The transformer losses include the core loss and the copper
loss. Specifically, the core loss [42] can be expressed as

m VD"
7T 7 Aclnb
“fLmun>

where [,,,, 5, and A, are the transformer parameters while K ¢,
and p are constants. The copper loss is associated with the
winding resistance. When the charger works stably, the energy
transferred from L,,, to C,. through W is minimal, which means
that the current through W; is also low. Therefore, the copper
loss associated with 1 can be ignored. The copper loss of the
transformer is mainly contributed by the other three windings:

ViD? Vi I,D?>  I,°D
30,22 T NLof | N? )
ny? Vi 3D3
112 3V, Ly, f2
where Ry1, Rywa, and Ryy3 are the resistances of the Wy, W,
and W3 windings, respectively. Note that the currents of W7,

Esw75'1 = (3 1 )

Pcore = Kfe ( (33)

Pcopper = Ry (

+ Rw2 ( ) + RwsDIL,>  (34)
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Wy, and W3 are equal to the currents of Sy in (9), Dy in (11),
and Ds in (7) when Ip is replaced by the output current I,
respectively.

The conduction losses are analyzed as follows. Since S5 is
only turned ON during the pulse rising process and this is a
relatively short process, the conduction loss during this process
can be ignored. On the other hand, the current through L, is small
and this conduction loss is also ignored. In fact, the conduction
losses are mainly associated with .Sy and the output loop:

V2p3 ViI,D? I,°D
-Ploss con — RS1 < = 2 + 2 >
- 3L, f2  NLnf N
+ Ronl,? (35)

where Rg, is the drain—source ON-state resistance of 5.

Compared to the conventional forward converter, the pro-
posed charger experiences more losses such as the switching
losses of S5 and S3 as well as the forward conduction losses of
Dy and D5. However, such losses are not major contributors to
the total loss of the proposed charger. Therefore, the total loss
of the proposed charger can be assumed to be at the same level
as the conventional forward converter.

G. Component Selection

The key components of the prototype are selected as follows.
For all the three switches especially S; and So, the turn-ON and
turn-OFF times need to be short for fast switching. As listed in
Table I, S; and S5 are implemented using an SiC MOSFET
NVBG160N120SC1 [45] with a turn-ON time of 11 ns and a
turn-OFF time of 15 ns. Since S5 is turned ON most of the time and
included in the output loop, an SiC MOSFET CI90N120SM [46]
with a low drain—source ON-state resistance of 27 m(2 is selected
to improve the charger efficiency.

To implement the transformer, an EC2834 core is selected.
The numbers of turns for the Wy, Wy, W3, and W, windings
are 40, 16, 10, and 40, respectively. For L,,,, L,, and L, their
inductances are finalized as 0.64 mH, 168 pH, and 3.3 mH,
respectively.

For the two energy storage capacitors C,. and C's, polypropy-
lene film capacitors of 4.7 and 2.2 uF are selected because of
their low equivalent series resistances (ESRs) and good pulse
characteristics.

H. Control Scheme

The control scheme of the proposed charger is shown in
Fig. 8. To simply the control process, only the voltage of the
supercapacitor module is sampled. Once the sampled voltage
V¢q is greater than the preset threshold, the pulse width mod-
ulation (PWM) signal is set to zero and the charging process
is terminated. In the meantime, the duty cycle of S; is also
controlled based on V.

For S; and S3, they are not controlled by sampling the current
because the pulse rising and falling processes are fast. Instead,
they are controlled based on the pulse rising and falling times,
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Fig. 8. Control scheme of proposed charger.

which can be written as

(IP 7IC)LO
t, = ——""— 36
A 50
Ip —Io)L
tf ( P C') o (37)

’ :ch-f—Vsc-i-VDAl—i-VDs.

Specifically, S5 is turned ON during a period of time equal to the
pulse rising time ¢,- and then turned OFF. On the other hand, S5 is
turned OFF during a period of time equal to the pulse falling time
ty and then turned ON. Moreover, to ensure that the transitions
between the steady current modes and the pulse rising/falling
modes are safe, a 1 us dead time is added.

The stability of the proposed charger is analyzed as follows.
For the steady current modes, the small signal equations can be
written as

di A ~ 4
[t i g
die _ 7
Csc g =L,

where d is the duty cycle of S7, Re is the ESR of the superca-
pacitor module, and C'sc is the capacitance of the supercapacitor
module. The transfer function from the duty cycle of S to the
output current is determined as

¥ Csc
52L,Csc 4 8Res:Csc + 17

6) = in,(s)
sz( )_ dA(S) -

The Bode plot of the transfer function is shown in Fig. 9. Since
the phase margin is 90°, the charger is stable.

(39)

V. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup

The proposed charger is evaluated using the experimental
setup shown in Fig. 10. Specifically, the front and back views of
the prototype are shown in Figs. 10(a) and 10(b), respectively.
The test setup is illustrated in Fig. 10(c). As elaborated in
Section IV, the supercapacitor module is built by connecting
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Fig. 9. Bode plot of transfer function.

four 3 V/6 F supercapacitor cells in series. The continuous and
pulse currents are set as 2.4 and 7.1 A, respectively. The pulse
width and period are set as 0.25 and 2.5 ms, respectively.

B. Dual-Mode Operation

The dual-mode operation of the proposed charger is demon-
strated in this section. The supercapacitor module is charged
from the initial voltage of V; =4 V to the final voltage of
V. = 8 V. Note that the rated and surge voltages of the super-
capacitor cell are 3 and 3.3 V, respectively. Consequently, the
rated and surge voltages of the supercapacitor module are 12 and
13.2 V, respectively. To demonstrate the dual-mode operation of
the proposed charger, the middle part (i.e., between 4 and 8 V)
of the operating voltage range of the supercapacitor module is
utilized. In real-world applications, to avoid overcharging the
supercapacitor module, the pulse current mode can be simply
disabled when the voltage is approaching the upper bound.

The experimental results are shown in Fig. 11. In particular,
the supercapacitor module voltage Vsc and the corresponding
charging current 77, are illustrated in Fig. 11(a). When the
charging current is active, the supercapacitor module voltage
increases. The charging process continues until the sampled
voltage reaches a specific threshold determined in the following
manner. The maximum ESR of the supercapacitor cell is 35 mS)
[40], which suggests that the maximum ESR of the superca-
pacitor module is 140 m{2. When the pulse current of 7.1 A is
considered, the maximum instantaneous voltage change due to
the ESR is approximately 1 V. Therefore, when the final voltage
of the supercapacitor module is set as 8 V, the charging process
can be terminated if the sampled voltage reaches approximately
9 V. For the experiment shown in Fig. 11(a), the charging
process is terminated when the sampled voltage reaches 8.9 V.
The charging time corresponding to this termination voltage is
approximately 1.68 s.

To more clearly observe the dual-mode operation, Fig. 11(b)
shows a zoomed-in view of Fig. 11(a). Both the continuous and
pulse currents are generated properly. The current ripples are
0.33 A at 2.4 A and 0.36 A at 7.1 A, respectively. The pulse
characteristics are listed in Table II. Specifically, the pulse rising
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TABLE II
PULSE CHARACTERISTICS OF PROPOSED CHARGER AND FORWARD CONVERTER

Proposed Charger | Forward Converter
Rising time 4.4 us 150 ps
Falling time 4.2 ps 100 ps
Peak current 7.1 A 6.4 A
Duration of peak current 0.24 ms Not applicable

and falling times are 4.4 and 4.2 us, respectively. The pulse
duration is approximately 0.24 ms.

To illustrate the benefits of the dual-mode operation, a com-
parative study is performed. Specifically, the pulse current mode
is disabled and the prototype is configured to operate in the
continuous current mode only. To implement this configuration,
S is turned OFF and S3 is turned ON. The experimental results
are shown in Fig. 12. The supercapacitor module is charged from
4 to 8 Vin 2.04 s using only a continuous current of 2.4 A with
aripple of 0.33 A. If 2.04 s is set as the baseline, the charging
time is reduced by approximately 17.6% to 1.68 s when the
prototype operates in the dual-mode. Therefore, the charging
process is indeed accelerated by employing both the continuous
and pulse current modes.

Since the proposed charger is derived based on the con-
ventional forward converter, another comparative study is per-
formed to further demonstrate its features. Again, So is turned
OFF and S5 is turned ON to configure the prototype to operate
as a forward converter. The charging current is illustrated in
Fig. 13. Note that within the pulse width of 0.25 ms, the pulse
fails to reach the preset peak value of 7.1 A. As a matter of fact,
the peak value of the current is only 6.4 A. The pulse rising
and falling times associated with this peak value are 150 and
100 ps, respectively. The duration of the pulse current cannot
be determined in this case because the predefined peak value of
the pulse current is never reached. The pulse characteristics of
this configuration are listed in the “Forward Converter” column
in Table II.

In summary, this section demonstrates the dual-mode opera-
tion of the proposed charger, its benefits in reducing the charging
time by introducing the pulse current mode, and its enhanced
pulse characteristics in terms of much shorter pulse rising and
falling times compared to the conventional forward converter.

C. Pulse Rising Process

This section elaborates on the pulse rising process of the
proposed charger. An overview of such a process is shown in
Fig. 14(a), which includes the waveforms of V¢, , Vi, , Vsc, i,
ir,.and igc. In fact, iy, is close to zero and ¢sc is approximately
equal to ir,. In the meantime, Vo, remains almost constant.

In particular, Vi, and 47, are shown in Fig. 14(b). Before
ir,, rises, C, has established a high voltage of 202 V, which is
close to V; of 200 V. As shown in the circled areas, 7,, ramps up
quickly from 2.5 to 7.1 A within 4.4 us. Therefore, a sharp pulse
rising edge is generated. During this process, V. only drops by
5V because C,. is large. Moreover, Fig. 14(c) shows the voltage
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Fig. 11.  Proposed charger: dual-mode operation. (a) Supercapacitor module
voltage and charging current during charging process. (b) Continuous and pulse
currents.
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Fig. 12.

Proposed charger: continuous current mode operation.

Experimental setup. (a) Charger prototype: front view. (b) Charger prototype: back view. (c) Test setup.

Fig. 13.  Forward converter: continuous and pulse currents.

across L, during this process, which is also high. For instance,
Vi, 18 192 V in the circled area.

For comparison, Fig. 15 shows V7, for the forward converter,
which is only 13 V. Correspondingly, the current ramps up much
more slowly in this case. In summary, this section illustrates
the pulse rising process of the proposed charger and shows
the significant difference between the proposed charger and the
forward converter in terms of the pulse current ramping-up rate.

D. Pulse Falling Process

For the pulse falling process, an overview is shown in
Fig. 16(a). Again, i, and isc are approximately equal because
i1, 1s almost zero. In this case, V¢, remains almost constant.
Fig. 16(b) shows V¢, and ir,,. As indicated in the circled areas,
i1, drops quickly from 7 to 2.4 A within 4.2 ps, which leads to
a sharp pulse falling edge. In the meantime, V¢, increases from
188 to 197 V and enables a fast transition from the pulse current
mode to the continuous current mode. Moreover, Fig. 16(c)
shows that V;,_ is —180 V in the circled area. On the other
hand, Fig. 17 shows that V7, is only —5.6 V for the forward
converter. Once again, this section demonstrates the impressive
pulse characteristics of the proposed charger in terms of the fast
pulse falling process compared to the forward converter.

E. Energy Recycling

This section illustrates the energy recycling process. First,
as analyzed in Section II-C, if Vi, > V¢, — Vsc, Dg is turned
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Fig. 14.  Proposed charger: pulse rising process. (a) Overview. (b) Voltage  Fig. 16. Proposed charger: pulse falling process. (a) Overview. (b) Voltage
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Fig. 15. Forward converter: voltage across L, during pulse rising process. Fig. 17.  Forward converter: voltage across L, during pulse falling process.
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TABLE III
COMPARISON OF PROPOSED CHARGER WITH OTHER CONVERTERS

Topologies NSu‘;rilt)Ce;resf Nlll)nilfg;s()f Tiiﬂzi;zfs Voltage Stress | Efficiency | Dynamic Response | Charging Speed
Proposed charger 3 6 1 High Medium Fast Fast
[44] 4 1 High Low Fast Fast
Buck 1 1 0 Medium Medium Medium Medium
Full-bridge 4 4 1 Low Medium Medium Medium
Half-bridge 2 2 1 Medium Medium Medium Medium
[47] 4 10 1 Low Medium Medium Medium
[48] 1 2 0 High High Medium Medium
[49] 2 0 0 Medium Medium Medium Medium
[50] 8 0 0 Medium Medium Medium Medium

iLo(50-mA/div) NS SN Y 11 o -

INTNRET
T

Fig. 18.  Proposed charger: energy recycling.

ON. Energy is transferred from C; to C,. through Dg and Lj
to achieve energy recycling. Fig. 18 shows such a process.
Specifically, Dg is turned ON, as indicated in the circled area.
In the meantime, a sinusoidal current flows through L, as
suggested by (17). The amplitude of iz, is 0.13 A. Compared
to ¢, with the preset values of 2.4 A for the continuous current
and 7.1 A for the pulse current, 7y, is indeed a small current.
Therefore, isc is approximately equal to 7, , which is consistent
with the analysis elaborated in Section II-C.

E. Effects of Pulse Period on Charging Time

In Sections V-A-V-E, the pulse width and period are set as
0.25 and 2.5 ms, respectively, which are selected arbitrarily to
illustrate the operation of the proposed charger. In fact, to exploit
the pulse current mode to minimize the charging time, a rigorous
study needs to be conducted to optimize the pulse width and
period while properly addressing the thermal management issues
of the charger and the supercapacitor module. As a first attempt,
a comparative experiment is performed in which the pulse width
is still set as 0.25 ms while the pulse period is changed to 5 ms.
Intuitively, the charging time is extended, which is indeed the
case. As shown in Fig. 19, it takes the prototype 1.78 s to charge
the supercapacitor module from 4 to 8 V. Clearly, the charging
time is longer compared to 1.68 s when the pulse period is set
as 2.5 ms. Still, this charging time is shorter compared to 2.04 s
when the prototype is configured to operate in the continuous
current mode only.

A

Fig. 19. Proposed charger: effects of pulse period on charging time.
(a) Supercapacitor module voltage and charging current during charging process.
(b) Continuous and pulse currents.

VI. EVALUATION OF PROPOSED CHARGER

A more comprehensive evaluation of the proposed charger
against other converters is listed in Table III. The charging
speed of the proposed charger is faster than those of vari-
ous conventional converters, such as the buck, full-bridge, and
half-bridge converters, as well as those proposed for specific
applications [47], [48], [49], [50]. Compared to the dual-mode
fast charger proposed in [44], the charger proposed in this article
shows a faster dynamic response in terms of a shorter pulse
falling time and a higher efficiency at the cost of a higher
hardware complexity as it utilizes more diodes and transformer
windings, as elaborated below.
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A. Dynamic Response

Compared to the charger proposed in [44], the charger pro-
posed in this article leads to a faster dynamic response when
it comes to the pulse falling process. The pulse falling times
of the proposed charger and the charger proposed in [44] are
compared as follows. For the proposed charger, the pulse falling
time can be calculated using (37), which can be illustrated using
the setup elaborated in Sections V-A and V-B. The pulse and
continuous currents are set as Ip = 7.1 and Io = 2.4 A, re-
spectively. Table I lists the following parameters: L, = 168 uH
and Vp, = Vp, = 1.1 V. Referring to Section II-C, V¢, + Vsc
is approximately equal to V3, which is set as 200 V. Therefore, t
is calculated as 3.9 us, which is close to the experimental result
of 4.2 us elaborated in Section V-D. For the charger proposed
in [44], the pulse falling time is determined as

L, [Ip
¥ c

For a fair comparison, the voltage stresses of S5 are assumed to
be equal in the two chargers to determine R;. As mentioned
in Section III, the voltage stress of S3 is V; for the charger
proposed in this article. In [44], the voltage stress of Sj is
IpRy. Therefore, Ry = V;/Ip = 28.17 Q2. Consequently, t s is
determined as 6.5 pus using (40). Clearly, the charger proposed
in this article results in a shorter pulse falling time compared to
the charger proposed in [44]: 3.9 versus 6.5 us. This is because
the charger proposed in this article introduces an energy storage
capacitor [i.e., Uy in Fig. 1(b)] to establish a relatively high
voltage to accelerate the pulse falling process, while the charger
proposed in [44] utilizes a branch resistor [i.e., [2; in Fig. 1(a)]
instead.

The pulse rising time is considered as well. For the proposed
charger, the pulse rising time corresponding to the setup elabo-
rated in Sections V-A and V-B is determined using (36). Specif-
ically, Vo, = V; =200V and Vsc = V. = 8 V. Therefore, ¢, is
calculated as 4.1 us, which is close to the experimental result
of 4.4 us elaborated in Section V-C. For the charger proposed
in [44], the pulse rising time is determined as

(Ip—1Ic)L,
Vz —Vsc

Again, for a fair comparison, the voltage stresses of Sy are
assumed to be equal in the two chargers, which means that
Vz = V; = 200 V. Therefore, (41) also leads to a pulse rising
time of 4.1 ps. The pulse rising processes are equally fast in the
two chargers because they both adopt an energy storage capacitor
[i.e., C} in Fig. 1(b) and Cj in Fig. 1(a)] to establish a relatively
high voltage.

(40)

tr = (41)

B. Efficiency

The efficiency of the proposed charger is swept when the load
voltage varies from 4 to 8 V. An electronic load instead of the
supercapacitor module is used in this sweep. The continuous and
pulse currents are set as 2.4 and 7.1 A, respectively. The pulse
width and period are set as 0.25 and 2.5 ms, respectively. The
efficiency is calculated as the ratio of the power received by the
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TABLE IV
COMPONENT LOSSES OF TWO CHARGERS
Proposed Charger [44]
Power (W) | Percentage (%) | Power (W) | Percentage (%)
Source Power 31.15 100.0 21.00 100.0
Load Power 21.46 68.9 8.42 40.1
Diodes’ Loss 3.16 10.1 3.16 15.0
Conduction Loss 2.19 7.0 0.66 3.1
Branch Resistor Loss - - 0.89 4.2
Zener Diode Loss - - 6.65 31.7
Other Loss 4.34 14.0 1.22 59
69
68
67
;\; 6 =
Iy
8%
L
& 64r
]
6
62
61 . . . . . .
4 4.5 5 55 6 6.5 7 7.5 8
Load Voltage (V)
Fig. 20. Proposed charger: efficiency versus load voltage.

electronic load to the power delivered by the power source. For
instance, Table IV shows that when the load voltage is 8 V, the
load power is 21.46 W and the source power is 31.15 W. The
efficiency is then determined as 21.46/31.15 * 100% = 68.9%.
In general, Fig. 20 shows that the efficiency of the proposed
charger increases from 62.9% to 68.9% when the load voltage
increases from 4 to 8 V. On the other hand, the charger proposed
in [44] shows an efficiency around 40% when the load voltage
varies from 2 to 2.9 V. While it is unfair to perform a side-by-side
comparison of the efficiencies of these two chargers as their load
voltages significantly differ, it is beneficial to analyze the losses
of various components to reveal the differences between these
two chargers. Therefore, Table IV lists the component losses of
the charger proposed in this article when the load voltage is 8§ V
and the charger proposed in [44] when the load voltage is 2.9 V.

For the proposed charger, the loss of the diodes and the
conduction loss are calculated as follows. As elaborated in
Section IV-F, the loss of the diodes can be calculated using
(30). When the duty cycle of the pulse current is Dpyse =
0.25/2.5 = 0.1, the loss of the diodes is determined as 3.16 W,
which is 10.1% of the source power. To determine the con-
duction loss, the continuous current and the pulse current are
considered separately first. Specifically, when the output cur-
rent is set as the continuous current (i.e., I, = Ic = 2.4 A),
the duty cycle of Sy is calculated as Dy, = 0.479 using (22)
with N = ny/ns =4 and Vsc = V. = 8 V. Consequently, the
conduction loss associated with the continuous current is deter-
mined as Py, = 1.25 W using (35) with Rg, = 239 m(2 [45].
Similarly, when the output current is set as the pulse current
(i.e., I, = Ip = 7.1 A), the duty cycle of Sy is calculated as
Dy, = 0.526 and the corresponding conduction loss is deter-
mined as P;, = 10.64 W. Finally, the total conduction loss is
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determined as Dpyise Pr, + (1 — Dpuise) Pro. = 2.19 W, which
is 7.0% of the source power. The losses associated with other
components, such as the transformer, are aggregated as a single
item, which is determined by deducting the load power, the loss
of the diodes, and the conduction loss from the source power.
As listed in Table IV, this item is 4.34 W, or 14.0% of the source
power.

For the charger proposed in [44], the component losses are
also calculated. For instance, the loss of the diodes is also
determined as 3.16 W because the same model of diodes with
the same Vp is adopted. Note that the branch resistor loss and the
Zener diode loss total 35.9% of the source power. By removing
these two components and introducing energy recycling, the
efficiency of the charger proposed in this article is improved
compared to the charger proposed in [44].

In summary, although the hardware complexity of the charger
proposed in this article is higher, it shows a faster dynamic
response in terms of a shorter pulse falling time and a higher
efficiency compared to the charger proposed in [44].

VII. CONCLUSION

This article proposes a dual-mode fast charger for super-
capacitors that utilizes both continuous and fine-tuned pulse
currents. The proposed charger is derived from the conventional
forward converter. By introducing two energy storage capaci-
tors, the rising and falling edges of the pulse current are sig-
nificantly sharpened. Specifically, the energy storage capacitor
C, is charged through the transformer winding W to build
a high voltage, which is then applied to the output inductor
L, to generate a sharp pulse rising edge. On the other hand,
the high voltage established on the energy storage capacitor
C is utilized to sharpen the pulse falling edge. Therefore, the
transitions between the continuous and pulse current modes are
significantly accelerated, which ultimately shortens the charging
time.

A prototype of the proposed charger is designed, imple-
mented, and tested. To charge a 12 V/1.5 F supercapacitor
module from 4 to 8 V, it takes the prototype 1.68 and 2.04 s when
it is configured to operate in the dual-mode and the continuous
current mode, respectively, which leads to a 17.6% reduction
in the charging time. Moreover, the pulse characteristics of the
proposed charger are significantly improved compared to the
conventional forward converter. In fact, the pulse rising and
falling times are dramatically reduced: 4.4 versus 150 ps and
4.2 versus 100 us, respectively. When the load voltage increases
from 4 to 8 V, the prototype efficiency increases from 62.9%
to 68.9% . In summary, this article demonstrates the feasibility
and effectiveness of employing both continuous and fine-tuned
pulse currents to develop fast chargers for supercapacitors.

REFERENCES

[1] K. Dissanayake and D. Kularatna-Abeywardana, “A review of super-
capacitors: Materials, technology, challenges, and renewable energy
applications,” J. Energy Storage, vol. 96, 2024, Art. no. 112563.

[2] D. Iannuzzi and P. Tricoli, “Speed-based state-of-charge tracking con-
trol for metro trains with onboard supercapacitors,” IEEE Trans. Power
Electron., vol. 27, no. 4, pp. 2129-2140, Apr. 2012.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

[3] H.Miniguano, A. Barrado, and A. Lazaro, “Li-ion battery and supercapac-
itor modeling for electric vehicles based on pulse—pseudo random binary
sequence,” IEEE Trans. Veh. Technol., vol. 70, no. 11, pp. 11378-11389,
Nov. 2021.

[4] Q.Li, Q. Xun, and H. Yang, “A learning model predictive control frame-
work with long short-term memory for energy management in fuel cell
hybrid electric buses,” IEEE Trans. Ind. Appl., early access, Oct. 7, 2025,
doi: 10.1109/TIA.2025.3618223.

[5] J. Chen et al., “Power flow control-based regenerative braking energy

utilization in AC electrified railways: Review and future trends,” /IEEE

Trans. Intell. Transp. Syst., vol. 25, no. 7, pp. 6345-6365, Jul. 2024.

A. Mehraban, T. Ghanbari, and E. Farjah, “Al-based control of storage

capacity in high-power-density energy storage systems, used in electric

vehicles,” IEEE Trans. Transport. Electrific.,vol. 10, no. 1, pp. 2293-2301,

Mar. 2024.

[7]1 Y. Zhao, Z. Zhong, F. Lin, and Z. Yang, “Multi time scale management
and coordination strategy for stationary super capacitor energy storage in
urban rail transit power supply system,” Electric Power Syst. Res., vol. 228,
2024, Art. no. 110046.

[8] C.Xu, C.Zhang, M. Wu, Z. An, and H. Yang, “A supercapacitor state of

health prediction framework based on tram field data,” J. Power Sources,

vol. 659, 2025, Art. no. 238384.

S. Patel, A. Ghosh, P. K. Ray, and V. Gurugubelli, “Effective power

management strategy and control of a hybrid microgrid with hybrid energy

storage systems,” IEEE Trans. Ind. Appl., vol. 59, no. 6, pp. 7341-7355,

Nov./Dec. 2023.

[10] J. Liu, Y. Hou, J. Guo, X. Liu, and J. Liu, “A cost-efficient virtual syn-
chronous generator system based on coordinated photovoltaic and superca-
pacitor,” IEEE Trans. Power Electron., vol. 38, no. 12, pp. 16219-16229,
Dec. 2023.

[11] M. Dakanalis, E. Koutroulis, and F. D. Kanellos, “Single-phase stan-
dalone multi-port DC/AC inverter for multiple energy production and
storage units,” IEEE Trans. Circuits Syst. I: Reg. Papers, vol. 71, no. 8,
pp. 3926-3936, Aug. 2024.

[12] Y.Tang,Q.Xun, M. Liserre, and H. Yang, “Energy management of electric-
hydrogen hybrid energy storage systems in photovoltaic microgrids,” Int.
J. Hydrogen Energy, vol. 80, pp. 1-10, 2024.

[13] Y. Tang, Z. Zheng, F. Min, J. Xie, and H. Yang, “An optimization frame-
work for component sizing and energy management of hybrid electrolyzer
systems considering physical characteristics of alkaline electrolyzers and
proton exchange membrane electrolyzers,” Renewable Energy, vol. 243,
2025, Art. no. 122555.

[14] Y. Tang et al., “An optimization framework for component sizing and
energy management in electric-hydrogen hybrid energy storage systems,”
IEEFE Trans. Sustain. Energy, vol. 16, no. 3, pp. 2182-2196, Jul. 2025.

[15] H. Yang and H. Yang, “A cell balancing circuit with a CLLC con-
verter and reconfigurable switch banks for supercapacitors,” IEEE J.
Emerg. Sel. Topics Power Electron., early access, Jul. 28, 2025, doi:
10.1109/JESTPE.2025.3592994.

[16] F.Ongaro, S. Saggini, and P. Mattavelli, “Li-ion battery-supercapacitor hy-
brid storage system for a long lifetime, photovoltaic-based wireless sensor
network,” IEEE Trans. Power Electron., vol. 27, no. 9, pp. 3944-3952,
Sep. 2012.

[17] B. A. Abdelmagid, M. H. K. Hmada, and A. N. Mohieldin, “An adaptive
fully integrated dual-output energy harvesting system with MPPT and
storage capability,” IEEE Trans. Circuits Syst. I: Reg. Papers, vol. 70,
no. 2, pp. 593-606, Feb. 2023.

[18] M. M. S. Khan, B. L. Smith, and M. Parvania, “Supercapacitor for high-
dynamic load management in MVDC shipboard power systems,” in Proc.
IEEE Electric Ship Technol. Symp., 2019, pp. 219-225.

[19] W. Ma, J. Lu, and Y. Liu, “Research progress of electromagnetic launch
technology,” IEEE Plasma Sci., vol. 47, no. 5, pp. 2197-2205, May 2019.

[20] N.Reema,G.Jagadan, N. Sasidharan, and M. Shreelakshmi, “Comparative
analysis of CC-CV/CC charging and charge redistribution in superca-
pacitors,” in Proc. 31st Australas. Universities Power Eng. Conf., 2021,
pp. 1-5.

[21] A. C. Forse, C. Merlet, J. M. Griffin, and C. P. Grey, “New perspectives
on the charging mechanisms of supercapacitors,” J. Amer. Chem. Soc.,
vol. 138, no. 18, pp. 5731-5744, 2016.

[22] J. Wu, “Understanding the electric double-layer structure, capacitance,
and charging dynamics,” Chem. Rev., vol. 122, no. 12, pp. 10821-10859,
2022.

[23] M. Kaus, J. Kowal, and D. U. Sauer, “Modelling the effects of charge
redistribution during self-discharge of supercapacitors,” Electrochimica
Acta, vol. 55, no. 25, pp. 7516-7523, 2010.

[6

—

[9

—


https://dx.doi.org/10.1109/TIA.2025.3618223
https://dx.doi.org/10.1109/JESTPE.2025.3592994

CHEN AND YANG: DESIGN AND IMPLEMENTATION OF A DUAL-MODE FAST CHARGER FOR SUPERCAPACITORS

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

J. W. Graydon, M. Panjehshahi, and D. W. Kirk, “Charge redistribution
and ionic mobility in the micropores of supercapacitors,” J. Power Sources,
vol. 245, pp. 822-829, 2014.

H. Yang, “Dependence of supercapacitor Peukert constant on voltage,
aging, and temperature,” IEEE Trans. Power Electron., vol. 34, no. 10,
pp. 9978-9992, Oct. 2019.

L. Jamieson, T. Roy, and H. Wang, “Postulation of optimal charging
protocols for minimal charge redistribution in supercapacitors based on
the modelling of solid phase charge density,” J. Energy Storage, vol. 33,
2021, Art. no. 102075.

P. Saha, M. Soltani, S. Munk-Nielsen, and D.-I. Stroe, “A model predictive
control approach for lithium-ion capacitor optimal charging,” in Proc. 25th
Eur. Conf. Power Electron. Appl., 2023, pp. 1-8.

I. Zupan, V. Sunde, Z. Ban, and D. KruSelj, “Algorithm with temperature-
dependent maximum charging current of a supercapacitor module in a
tram regenerative braking system,” J. Energy Storage, vol. 36, 2021, Art.
no. 102378.

H. Li, L. Bai, H. Peng, J. Peng, Z. Huang, and D. Gao, “Optimal charging
of supercapacitors with user-specified charging time,” J. Energy Storage,
vol. 68, 2023, Art. no. 107609.

A. Dong, R. Ma, and Y. Deng, “Optimization on charging of the direct
hybrid lithium-ion battery and supercapacitor for high power application
through resistance balancing,” Energy, vol. 273, 2023, Art. no. 127233.
N. Gurusinghe, N. Kularatna, W. H. Round, and D. A. Steyn-Ross,
“Energy-limited transient-mode fast supercapacitor charger topology,”
IEEE Trans. Power Electron., vol. 32, no. 2, pp. 911-914, Feb. 2017.

R. Bodnar and W. Redman-White, “A 250 W/30 A fast charger for
ultracapacitors with direct mains connection,” in Proc. 20th Eur. Conf.
Circuit Theory Des., 2011, pp. 813-816.

M. Vorobyov, “Improved storage SC charger based on single phase matrix
converter topology,” in Proc. 13th Biennial Baltic Electron. Conf., 2012,
pp. 267-270.

P. Chaudhari et al., “Design of fast charging system for super capacitor
bank using high frequency matrix converter,” in Proc. IEEE 6th Int. Conf.
Eng. Technol. Appl. Sci., 2019, pp. 1-6.

Y. Zhang, Z. Li, F. Gao, C. Zhao, and Y. Li, “Coordinated balancing
charging strategy for cascaded H-bridge inverter with supercapacitor and
DC-DC stage,” IEEE Trans. Ind. Electron., vol. 71, no. 7, pp. 7262-7272,
Jul. 2024.

T. Tan, K. Chen, Q. Lin, Y. Jiang, L. Yuan, and Z. Zhao, “Impedance
shaping control strategy for wireless power transfer system based on
dynamic small-signal analysis,” IEEE Trans. Circuits Syst. I: Reg. Papers,
vol. 68, no. 3, pp. 1354-1365, Mar. 2021.

Z. Li, C. Zhu, J. Jiang, K. Song, and G. Wei, “A 3-kW wireless power
transfer system for sightseeing car supercapacitor charge,” IEEE Trans.
Power Electron., vol. 32, no. 5, pp. 3301-3316, May 2017.

Z. Huang, D. Wang, and X. Qu, “A novel IPT converter with current-
controlled semi-active rectifier for efficiency enhancement throughout
supercapacitor charging process,” IEEE Trans. Emerg. Sel. Topics Power
Electron., vol. 10, no. 2, pp. 2201-2209, Apr. 2022.

Y. Geng, T. Wang, S. Xie, and Y. Yang, “Analysis and design of wireless
power transfer systems applied to electrical vehicle supercapacitor charge
using variable-resistance-based method,” Energies, vol. 15, no. 16, 2022,
Art. no. 5867.

EATON, “TV series supercapacitors datasheet,” (n.d.). [Online]. Avail-
able: https://www.eaton.com.cn/content/dam/eaton/products/electronic-
components/resources/data- sheet/eaton-tv-supercapacitors-cylindrical-
cells-data-sheet.pdf

Y. Chen and H. Yang, “A dual-mode fast charger employing continuous
and fine-tuned pulse currents for supercapacitors,” in Proc. IEEE 14th Int.
Symp. Power Electron. Distrib. Gener. Syst., 2023, pp. 912-916.

R. W. Erickson and D. Maksimovi¢, Fundamentals of Power Electron-
ics. Berlin, Germany: Springer, 2020.

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

9693

Y. Chen and H. Yang, “An improved dual-mode fast charger for su-
percapacitors,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2024,
pp. 1324-1329.

Y. Chen, X. Wang, H. Wang, M. Fu, and H. Yang, “Design and implemen-
tation of a dual-mode supercapacitor fast charger employing continuous
and fine-tuned pulse currents,” IEEE Trans. Circuits Syst. I: Reg. Papers,
vol. 72, no. 10, pp. 6205-6216, Oct. 2025.

O. Semiconductor, “NVBG160N120SC1 datasheet,” (n.d.). [Online].
Available: https://www.mouser.cn/pdfDocs/NVBG160N120SC1-D.pdf
Tokmas, “CI90N120SM datasheet,” (n.d.). http://b.u6v.cn/5SOdSwA

Y. Du, A. Zhang, and Y. Zhang, “The design and implementation of
supercapacitor charging device and monitor system for electrical trams,”
in Proc. Chin. Control And Decis. Conf., 2018, pp. 5893-5897.

P. K. Athul Vijay, V. A. Shah, and U. B. Vyas, “Analysis on resonant
converter for ultracapacitor charging by considering terminal voltage of
ultracapacitor as state space variable,” in Proc. 47th Annu. Conf. IEEE Ind.
Electron. Soc., 2021, pp. 1-6.

B. L. Lawu, S. Fuada, S. Ramadhan, A. F. Sabana, and A. Sasongko,
“Charging supercapacitor mechanism based-on bidirectional DC-DC con-
verter for electric ATV motor application,” in Proc. Int. Symp. Electron.
Smart Devices (ISESD), 2017, pp. 129-132.

A.K. Singh, A. K. Mishra, and G. M. Vishwanath, “A bidirectional DC-DC
converter for supercapacitor assisted EVs,” in Proc. 7th Int. Conf. Comput.
Appl. Elect. Eng.-Recent Adv. (CERA), 2023, pp. 1-6.

Yang Chen (Graduate Student Member, IEEE) re-
ceived the B.S. degree in integrated circuit design and
integrated systems from Hangzhou Dianzi University,
Hangzhou, China, in 2022. He is currently working
toward the M.S. degree in electronics science and
technology with the School of Information Science
and Technology, ShanghaiTech University, Shanghai,
China.

His research focuses on fast chargers for superca-
pacitors.

Hengzhao Yang (Senior Member, IEEE) received
the B.S. degree in optoelectronics from Chongqing
University, Chongging, China, in 2005, the M.S. de-
gree in microelectronics and solid-state electronics
from the Shanghai Institute of Microsystem and Infor-
mation Technology, Chinese Academy of Sciences,
Shanghai, China, in 2008, and the Ph.D. degree in
electrical and computer engineering from the Georgia
Institute of Technology, Atlanta, GA, USA, in 2013,
respectively.

He is currently an Assistant Professor with Shang-

haiTech University, Shanghai, China. His research interests include energy stor-
age technologies (e.g., supercapacitors, batteries, and hydrogen) for applications
in electrified transportation systems and renewable energy systems.

Dr. Yang is an Associate Editor for IEEE TRANSACTIONS ON INDUSTRY
APPLICATIONS and a Track Chair for several IEEE conferences, including APEC,
ECCE, IECON, ITEC, and PEDG.


https://www.eaton.com.cn/content/dam/eaton/products/electronic-components/resources/data-sheet/eaton-tv-supercapacitors-cylindrical-cells-data-sheet.pdf
https://www.eaton.com.cn/content/dam/eaton/products/electronic-components/resources/data-sheet/eaton-tv-supercapacitors-cylindrical-cells-data-sheet.pdf
https://www.eaton.com.cn/content/dam/eaton/products/electronic-components/resources/data-sheet/eaton-tv-supercapacitors-cylindrical-cells-data-sheet.pdf
https://www.mouser.cn/pdfDocs/NVBG160N120SC1-D.pdf
http://b.u6v.cn/5Od5wA


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


