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A Novel Soft Switching Bidirectional DC-DC
Converter Using Magnetic and Capacitive
Hybrid Power Transfer
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Abstract—This paper proposes a new bidirectional de-dc con-
verter capable of improving the convenience and modularity of
the dc power grid system. By the unique operation of the LC res-
onant transformer, the proposed converter achieves bidirectional
power control with only two switches. Also, the resonant trans-
former drives the soft switching turn-on and turn-off over a wide
power range. Hence, the circuit has high potential to downsize the
converter by exploiting high frequency and simplicity. This paper
provides the operating principle and the experimental verifica-
tion of the proposed circuit. A prototype was fabricated by using a
simple and high-density printed circuit board (>10 W/cc). It is ver-
ified that the circuit resonant operation successfully drives bidirec-
tional power control with high efficiency (>=>92%). An application
example is also provided for dc grid system integration.

Index Terms—DC-DC power conversion, energy storage, power
distribution, resonant power conversion.

1. INTRODUCTION

ITH the rapid development of electric energy storage

device technologies, dc power systems are becoming
widely used in various applications. In electricity infrastruc-
ture, large energy storage devices such as Li-ion batteries
promote distributed renewable energy sources, which include
photovoltaic (PV) power systems, wind generator systems, and
fuel cell systems in microgrids [1], [2]. In transportation as
well, electrification is a main stream of the vehicle industry
for improving fuel economy and reducing environmental bur-
dens. Nowadays, there are many themes for future transportation
research related to electric energy storage systems and batter-
ies, e.g., [3]-[9]. Regarding recharge capability, electric energy
storage devices such as batteries or supercapacitors require bidi-
rectional dc—dc energy conversion to optimize system efficiency
[10]-[15], [17]-[20]. Therefore, cost reduction and downsizing
of bidirectional dc—dc converters is actively sought to sustain
the growth of system performance. To achieve this goal, power
electronics technologies are being developed using several
approaches.
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At the semiconductor level, silicon carbide (SiC) devices
are now well known as a game changing technology for
middle-to-high voltage applications, e.g., >600-V dc grid. The
lateral gallium nitride (GaN) FET is also a promising device
for improving the power density and efficiency of low-voltage
circuit topologies through downsizing of passive components
and by increasing the operating frequency to the megahertz
range [21]-[24]. Regarding circuit topologies, soft switching
technology is widely adopted to downsize passive devices
with high-frequency operation [25]-[27]. Several integrated
circuit topologies are presented for a variety of specific
applications [28]-[30].

This paper is focused on a new soft-switching de—dc con-
verter capable of controlling bidirectional power flow using only
two switches. With LC resonance technology, the proposed cir-
cuit achieves the integration of soft switching and bidirectional
power control functions. Thus, this circuit is able to downsize
the semiconductor footprint by exploiting high-frequency op-
eration in combination with a smaller number of devices and
reduced volume of passives. From a system control prospec-
tive, the proposed circuit is able to control output power directly
by adjusting the on-time of the switches. This simplifies the
controller and reduces the dc—dc converter cost.

The remainder of this paper is organized as follows. In
Section II, an overview of the dc grid system and dc—dc
converter technologies is provided. The basic functions and de-
sign of the proposed circuit are shown with a theoretical anal-
ysis in Section III. In Section IV, the static characteristics and
conversion efficiency are verified by the experimental results;
the experimental results also confirm the system operation as a
rechargeable source power controller. Conclusions are provided
in Section V.

II. DC GRID SYSTEM AND DC-DC CONVERTER

Fig. 1 illustrates an example of a low-voltage electrical en-
ergy storage system. The system has several sources and loads
with two voltage buses, i.e., V; = 12 V and V5, = 48 V. The
low-voltage grid, V, connects three energy storage devices for
several purposes. The lithium (Li)-ion battery is connected as the
main energy storage device. And alead-acid battery is connected
to the system for the purpose of cold temperature stability. The
electric double-layered capacitor (EDLC) is a support device
that provides or absorbs transient power to protect both batteries

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Example of a dc grid system. Loads and sources are connected to the
grid through unidirectional dc—dc converters, and all rechargeable components
are connected to the grid through bidirectional dc—dc converters.
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Fig. 2. Conventional bidirectional dc—dc converters. (a) Dual-active-bridge
bidirectional de—dc converter (DAB). (b) Bidirectional Ciik de—dc converter.

from degradation. Each power source has a bidirectional dc—dc
converter, BDC;y, BDC,, BDC3, to manage the grid power and
to control the state of charge of the energy source. A PV so-
lar cell is connected through a unidirectional dc—dc converter,
UDC,, with maximum power point tracking control, and a load,
Loady, is connected though a unidirectional converter, UDCs,.
The other grid, V5, has a motor/generator with inverter drive,
and a high voltage load, Loads, is connected through unidi-
rectional dc—dc converter, UDCj3. Both grids are connected by
a bidirectional dc—dc converter, BDC,, to maximize system
functionality.

In this example, the dc grid system requires a number of dc—
dc converters for optimizing the energy flow and maintaining
stability. In particular, a bidirectional dc—dc converter is nec-
essary for energy storage to not only improve efficiency but
to also protect the sources from overcharge or undercharge. If
the sources have different ground levels, the dc—dc converters
need to provide isolation or a level shift. Additionally, these
dc—dc converters must provide high current capability due to
the low-voltage grid structure.

Fig. 2 shows two examples of conventional isolated bidirec-
tional dc—dc converters. Both converters are capable of con-
trolling bidirectional power flow regardless of the magnitude
of the terminal voltages. Fig. 2(a) shows a well-known bidi-
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Fig. 3. MagCap: Proposed bidirectional dc—dc converter. Both of input and
output ports are connected by the symmetrical circuit contains two MOSFETs,
a transformer (magnetic device), and capacitors (capacitive device).

(
(

Sy

rectional dc—dc converter topology that uses a bridge circuit,
which called a dual active bridge (DAB)[10]. Switches S-Sy
and S;—Sg make two H-bridge circuits for applying rectangular
voltage to the transformer and control bidirectional power by
adjusting the phase of the rectangular voltage. By the phase-
shifted current, the switches are able to reduce loss by soft
switching over a wide power range. However, in practice, the
operating frequency is limited by the dead time, which is neces-
sary for the short-circuit protection of the bridge circuit. Addi-
tionally, bridge-type circuits make the system complicated due
to the complex gate drive circuits and controller needed to drive
the eight switches.

Fig. 2(b) shows an another example of a bidirectional dc—dc
converter [15]. This v-er has only two switches for the bidirec-
tional operation. However, the operating frequency is limited
by the switching loss due to the hard-switching operation. An
auxiliary circuit may reduce switching loss by soft switching,
though this increases the complexity and the cost [16]. In ad-
dition, the operation current is limited by the series-connected
capacitors C. and Cly,.

III. PROPOSED DC-DC CONVERTER: MAGCAP

In this section, a novel dc—dc converter topology is proposed.
The principle of operation is explained, and a theoretical analysis
for transmitting power is provided.

A. Circuit Topology

Fig. 3 shows the proposed bidirectional dc—dc converter. Both
ports A and B connect to a winding of the transformer, Tr, and
a MOSFET, Sa or Sg, in series. Additionally, two capacitors,
C and (Y, are connected across the transformer terminals. The
transformer that has a winding turn ratio N is designed as a
loosely coupled transformer to design the leakage inductance,
L;. The capacitors C, Cs and the leakage inductance L; cre-
ate LC resonance, and the device output capacitance Clgs also
creates another LC resonance with L;. These resonances drive
the soft switching of the MOSFETs and help suppress bias
issues associated with the transformer. The proposed circuit ap-
plies constant off-time switching and controls power flow by
adjusting the on-time of the MOSFETs. Hence, the operating
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TABLE I
COMPARISON OF THE STRUCTURAL AND FUNCTIONAL FEATURES
OF DC-DC CONVERTERS

Circuit DAB Cuk MagCap
Number of 8 2 2
MOSFETs
Passive Series-connected ~ Parallel-connected
devices Transformer transformer transformer
and capacitor and capacitor
Soft switching Yes No Yes
Controlled Power Voltage Power
objective = f(phase) = f(duty) = f(on-time)

frequency is variable in this circuit. The circuit is symmetrical,
which leads to easy bidirectional operation.

This proposed circuit transmits bidirectional power through
both magnetic and capacitive passive devices and, accordingly,
is named and referred to as “MagCap” from this point forward.
Table I provides a comparison between the proposed converter
and the conventional circuits shown in Fig. 2. The MagCap cir-
cuit topology provides the function of a DAB with fewer compo-
nents similar to the Ctk circuit topology. However, in contrast
with the Ciik converter, the MagCap is capable of handling high
current by connecting the transformer and capacitor in parallel.
Input and output terminals are isolated by both the transformer
and resonant capacitors. The isolation voltage between the in-
put and output terminals are determined by the voltage rating of
the capacitors. Generally, ceramic capacitors with kilovolt-order
voltage rating and nanofarad-order capacitance are easily found
in the market [31]. These capacitors meet both functional and
basic insulation as defined in IEC60950 Class I. Furthermore,
if MagCap is utilized as a level shifter such as in active battery
cell balancing applications in dc power systems [32], [33], low-
equivalent-series-resistance (ESR) capacitors can be employed
based on the system voltage requirements.

The following sections describe the principle of operation and
theoretical analysis of power control.

B. Principle of Operation

Fig. 4 illustrates the operation of the MagCap circuit. Fig. 4(a)
shows the equivalent circuit with parasitic parameters. The
parameter of the transformer is broken down to the exciting
inductance L., and the leakage inductance L;. The capaci-
tances Cyssp and Cogp are the output capacitance of the MOS-
FET. Equations (1)—(3) show three LC resonances for MagCap
operation in a period:
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Fig. 4. Equivalent circuit and ideal waveforms. (a) Equivalent circuit of the

MagCap. C'g; and C'go describe the equivalent output capacitors of MOSFET,
L;; and L are the leakage inductance, and L, is the excitation inductance
of the transformer. (b) Ideal waveforms.

where L)y and Ljp are the equivalent leakage inductances
determined by the following equation:

L
N2~

Fig. 4(b) shows the ideal waveform of the MagCap when
power is transmitted from port A to port B with N = 2. The
operation is divided into four modes. Using the resonant fre-
quencies shown in (1)—(3), time definition of these modes 7}, to
Ty can be written as follows:

Lia =20 = 4

To=ty—ti =5 ®)
2&)1

Tb: t3_t2:Ton_Ta (6)

To= ty—ty = —— %)
2&)2

Ty =ty —ty = — ®)
ws

Ty = T, +T). )

T, and Tg are the on-time and the off-time of S in Fig. 4(b)
to control the transmitting power from port A to port B. The same
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Operation of each mode. (a) Mode 1 (t; <t < ty): excite the transformer and charge the capacitors. (b) Mode 2 (1o <t < t3): transmit the power

through transformer. (c) Mode 3 (t3 <t < t4): transmit power to discharge capacitors. (d) Mode 4 (t4 <t < t5): discharge C5s of Sy for ZVS turn-on.

algorithm is utilized for Sp to control reverse power direction.
Note that the off-time T,¢ is fixed by the inductance and the
capacitances by (2) and (3), while on-time 75, is an adjustable
value. Fig. 5 illustrates the operation of each of the four modes
in terms of the current path on the circuit. From (10)—(24),
it is possible to derive the transmitted power Pyq along with
describing the details of each mode.

1) Mode I: Charge Passive Devices: In the first mode shown
in Fig. 5(a), L;, C1, and C; store the energy by the source
connected in port A through Sy. When Sy is turned ON, the
capacitor voltages vy and vco are changed from v, to v, by
the resonant current flow ¢;. The current ir,;p of the leakage
inductance L is described as

(10)

The value 71, is the amplitude of this resonance, which can
be solved by the energy balance of the switching cycle. In this
mode, another current ¢ flows through S 4. The relation between
irip and 4 is determined by the winding ratio IV, so the device
current 745 is described as

iLlB = iLt sin w1 (t — tl).

isa =i+ = (1+ N)inp. (11

The current of leakage inductor 41,3 reaches its peak value
i att = to.

2) Mode 2: Transmit Power Through Transformer: Fig. 5(b)
shows the operation of the magnetic power transmission mode.
When vy and veg reach to vy, , the voltage relation satisfies the
following equation:

Vi + Ve —ve1 —veo2 =0. (12)

Then, both of v¢1 and v¢oo are clamped by the input voltages,
and the operation mode shifts from mode 1 to mode 2. The
clamped voltage can be described as

Va+ Ve
—

The leakage inductor continuously draws the power from V)
and transmits it to Vp by 41 . The transmitted power P, is
calculated by

13)

V1 = V02 = Um =

t3 1
P2 = / iLtVBdt = FiLtVBTlr (14)

2

The switch Sp is turned ON during this period to reduce the
conduction loss like synchronous rectification.

3) Mode 3: Transmit Power Through Capacitors: Fig. 5(c)
shows the operation of capacitive power transmission mode.
When S, is turned OFF at ¢ = t3, current flows rotational sym-
metry through 180° from mode 1. The energy stored by the
capacitors and leakage inductance from port A during the mode
1 is released to port B through the flow i3 and i}. The leakage
current 71,15 1s described as

LA ZNiLtCOSWQ(t—tg) (15)
and the device current i is described as
i1SB :—(1+N)/NiL1A. (16)
By using (16), the transferred power Pj is calculated by
1 [l i (1+ N)Vp
Py = — Vyigpdt = ——— 2 = 17
5= 3 BISB T (I7)

Similar to mode 2, Sg is able to be turned ON for reducing
the conduction loss in this mode. During this mode, the output
capacitor Cygsp is charged by the current flow . When the
capacitance of Cy and (5 is larger than Cyssp and Cogsp, the
voltage relation of the circuit can be described simply as

Vea —Va—Vg

*('Ucl + ’ch)

NiLtLlAWZ sinw2(t - tg).

(18)

From (7) and (18), device voltage Vsa reaches the peak
at ¢ =t4. The peak value of the device voltage Vga(p) is
described as

Vsap) = NiveLnws +Va + Vp. (19)

4) Mode 4: Discharge Cygssp - Fig. 5(d) illustrates the charg-
ing and discharging operation for C,ssa and Cyssp. When ip1a
reaches zero and Sy is turned OFF at ¢ = t,, the resonant oper-
ation shown in (15) is stopped by the body diode of Sg . Instead,
the leakage inductor creates another resonant current shown as
i4 and 4/, with the output capacitors Cossp and Cyssp . The cur-
rent i, charges Cyssp and the voltage of Vsp reaches to its peak
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Vsp(p) att = t5 as follows:

[VSA(p)vLVWB — VA] [1 — cosws(t —t4)]

Vep =NC, oo 20)
NViaop) + Ve — NVy
‘/SB(p) = 2C’ossA Cosii>+ NQCOSSB (21)
where
2
G): _ COSSAN OOSSB (22)

CossA + N? CossB )
The current flow 44 also discharges C,ssa, and the voltage

Vs a drops as per the following equation:

[‘/SA(])) +Vp/N — VA] [1 — cosws(t —t4)]

CossA

‘/SA: Cr

+ VSA(p)- (23)

If (23) satisfies Vga < 0att = t5, Sa is able to turn ON with
zero-voltage switching (ZVS). With the parameters, the ZVS
condition is shown as

N2 CossB - CVossA Z

Vi —Vg/N
N2 CossB '

Vsa(p)

(24)

The left-hand side of (24) is determined by the circuit design,
and it is equal to zero when the circuit is implemented with the
same devices for Sy and Sg and NV = 1. In this case, the right-
hand side of (24) decides whether S, is able to achieve ZVS
operation. This is guaranteed when the circuit transfers power
from low voltage to high voltage. However, Vg is not able to
reach zero at ¢t = t5 when V) is higher than V. The remaining
energy 1/2C,qsa Vs A2 will be wasted when S, turns ON.

C. Theoretical Analysis on Transmitting Power

The total transmitting power, Pyq = P» + P, is determined
by calculating the value of 41y used in (14) and (17). In mode 1,
the energy stored C; and C is moved to the inductor L;y by
resonance. The relationship between i1, and v, vy, is described
as follows:

1 1 . 1
5(01 + CQ)’UZ% = §Lﬂ%t + 5(01 + CQ)UTQTL (25)
) U — Uy
= —. 2
Lt o N Lt (26)

As highlighted by the dashed line in Fig. 4(a), Cy, Cs,
and the transformer create a loop. Thus, the average of the
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TABLE II
SIMULATION PARAMETERS
Parameter Symbol Value
Turn ratio N 1
Leakage inductance Lia, Lip 0.62 uH
Resonant capacitor Cy,Cy 33 nF
Output capacitor Cossas Coss L nF

capacitor voltages that are shown as the shaded areas in Fig. 4(b)

is zero
T, T,
/ U(:ldt:/ Veadt = 0.
0 0

From (1)-(9) and (27), the negative peak voltage of the
capacitors v, is described as

27)

(N +1)(r —2) + 20, NT}
2(N+1)+2NZtn

Up = —Unm

(28)

The positive peak voltage of the capacitors v,, is calculated
by (13). By (26), (13), and (28), the transmitting power Pyq is
described as follows:

Pia = P+ B
_ VB
T

Va+ Vg
2

(N + 1)(r — 2) + 2w NT,
<1+ 2(N+1)+2NZr ) (29)

irt(14+ N)Vp
wo T
Vi (ngb + N + 1)
TswiwaNLjy

(T,) +

From (29), Pjq is a monotonically increasing function for
Ty, =1T,, —T. — Ty. Thus, this circuit is able to control the
transmitting power by adjusting the on-time with constant
off-time control.

D. Simulation Result

Fig. 6 shows the simulation result of (29), which describes the
relations of Pyq, Vg (), and switching frequency f, . Table I
shows the parameters for the simulation. The transformer has
leakage inductance Ljy = 1.2 pH, and the capacitance Cygsp
and Cy4p set as constant values. The resonant frequencies are
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Fig.7.  Analysis of circulating current by the voltage difference. (a) Circulating
current path of mode 1 and mode 3 at V4 < Vp. (b) Circulating current path
of mode 2 at V4 < Vp. (c) Transmitting power analysis for voltage variation.
Each voltagesetat V4 =14 V,and 7V < Vp <28 V.

calculated by (1)—(3):

“i_ w2 ! =1.1MHz (30)
2T 2w 27T\/L[2(01//02)

1
“i_o_ ©  _ 45MHz. (3D

27 27/ LA Cossa

From (30) and (31), constant off-time 7,g is calculated as
340 ns. Fig. 6(a) shows the relation of the transmitted power
Pyq and T4, . Pyq is proportionally increased by 75, and reaches
150 W when T;,, = 1.25 us. Essentially, 20% of Pyq is trans-
mitted by the capacitive mode. At T, <71, ~ 250 ns, Ty,
is not enough for ip)p to reach the peak value at mode 1. In
this case, the operation is similar to the capacitive power trans-
fer shown in (17), the transmitted power P, is approximately
calculated as

1 [flos

A
Pdd__

Vyigadt.
7. J, ATSA

(32)

Fig. 6(b) and (c) shows the behavior of the device peak voltage
Vsa(p) and operating frequency fsw. Vsa(p) i proportionally
increased by Pyq, and fi,, is decreased by the power increase.
In this design, Vg4 () reaches 110 V and f;,, is set to 630 kHz
at Pyq = 150 W. From Fig. 6, it is verified that the transmitting
power of the MagCap circuit is controllable by adjusting on-
time in a linear fashion. To transmit the power form port B
to port A, Sp adjusts on-time and S, is used for synchronous
rectification.

Fig. 7 shows the behavior of circulating current between input
and output terminals. The circulating current occurs when Vy
is not equal to V3 /N, which is similar to a conventional DAB
converter [30]. Fig. 7(a) and (b) displays an example of the circu-
lating current when Vy < Vp /N. Fig. 7(a) presents the dc bias
caused by the circulating current in capacitive power transfer
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(Bottom)

(Top)

Transformer

Fig. 8. Prototype of the MagCap circuit. The heat sink is floating to reveal in
the picture.

TABLE III
SPECIFICATIONS OF THE EXPERIMENTAL CIRCUIT

Component Symbol Note
MOSFET Sa,Sp BSB165N15NZ3, 150 V, 16 mQ2
(IPPO75N15N3, 150 V
TO-220 package for
waveform measurement)
DC capacitor Cpca, 50 uF
Cpcs
Core material Tr N87,R16x9x6.5
Turn number Mg, Ny 6 turns
Gap g 0.1 mm
Excitation inductance Ly, 53 uH
Leakage inductance Lya, 1.23 uH
Resonant capacitor Cq1,C4 TDK, 33 nF
Gate driver GDU, ACPL-P343, 4 A peak
GDUg inc. UVLO function

mode. Fig. 7(b) shows the circulating current path in magnetic
power transfer mode. Note that the current in the lower voltage
side increases, and the current in the higher voltage side de-
creases to balance the input and output power. The effect of the
circulating current on transferred power is plotted in Fig. 7(c).
Because capacitive power transfer is affected by the circulating
current shown in Fig. 7(a), the actual value of transferred power
is different from the calculated transferred power, per (29). This
difference becomes more extreme with shorter on-time of the
switch, especially in the capacitive power transfer mode. How-
ever, this difference is negligible when the voltage difference of
the input and output voltages stays within a + 50% range. In
addition, design consideration is required to avoid the saturation
of the transformer due to the circulating current.

IV. EXPERIMENTAL RESULTS
A. Verification of the Operation

Fig. 8 shows a picture of the prototype circuit, and Table III
describes the specifications of the circuit. The transformer uses
a standard ferrite core and litz wire for this proof of concept,
and 0.1-mm gap is inserted into the core for designing leakage
inductance and removing the saturation risk shown in Fig. 7. An
isolated gate driver is selected for GDU, and GDUg, which
has 700-mW heat capacity and takes the driving power directly
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Fig. 9. Experimental waveforms at V4 = Vp = 14V, Pyq = 130 W. Each

voltage waveforms are measured by the differential voltage probe, and Rogowski
coil is used for current waveforms measurement.

from port A or port B. The size of the converter is approximately
15 cc including a heat sink for both devices.

Fig. 9 shows the experimental waveforms when power of
130 W is transmitted from V4 to Vz. To measure the current
waveforms by using Rogowski coil, the MOSFETs in TO-220
are temporarily used. Sy turns ON with zero voltage and zero
current at t = ¢; and turns OFF with zero voltage at ¢t = t3.
The peak voltage of the MOSFETs reaches Vga () = Vsp(p) =
110 V. The stray inductance L of the MOSFET drives additional
ringing. The oscillation during the period T}, is driven by series
resonance of Ly, Cy and C, and another oscillation is driven by
the resonance between Ly and C,gsa . Note that both ringings
are able to reduce by the integrated package such as shown in
Fig. 8(b).

Figs. 10 and 11 show the measurement result of bidirectional
operation. The solid line shows the theoretical value calculated
using (19) or (29). In Fig. 10(a), S adjusts the on-time 7,,, and
Pyq flows from port A to port B. Both Pyq and Vs, ;) follow
the theoretical values well. Pyq reaches 165 W at T,,, = 1.3 us,
and Vg (p) reaches 120 V at this point. Fig. 10(b) shows the
result of power control for the reverse direction by adjusting the
on-time of Sp. Pyq flows from port B to port A and has the same
profile as shown in Fig. 10(a).

Fig. 11 shows the measured efficiency and loss at V4 = Vp
= 14 V. The efficiency reaches a peak value of 92% at Pyq =
+75 W as output and keeps over 90% in wide power range.
Fifty percent of the total loss is dominated by the MOSFETs,
with the remainder caused by the transformer. The resonant
capacitors have small loss caused by the in ESR. If the circuit
has stray inductance L, next to the drain or source terminal of the
MOSFET, turn-off current 7,4 causes additional loss 1/2L 1 fﬂ.
In the MagCap circuit, I, varies by the timing of the turn-off
because of the ringing shown in the period 7 in Fig. 9. This
effect is considered as one of the reasons for several efficiency
pockets such as P,y = £100 W.

Regarding future extensions of this work, the GaN FET is
feasible for increasing both the circuit power density and effi-
ciency. This device achieves low resistance for high voltage with
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Fig. 10. Measured transmitting power at V4 = Vp = 14 V. (a) From port A
to port B, S5 adjusts the on-time and Sp is used for synchronous rectification.
(b) From port B to port A, Sp adjusts the on-time and S 5 is used for synchronous
rectification.
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Fig. 11. Measured efficiency and loss at V4 = Vp = 14 V. X -axis is defined
as output power for each direction. The contours are estimated by simulation.

less effect for gate drive loss at high frequency, and the small
device footprint helps in the design of a low stray inductance
layout. Fig. 12 shows the estimated Pareto curve of the MagCap
circuit by means of a GaN FET at Pyq = 150 W. Table IV shows
the sweep setting for this simulation. The heat sink volume is
excluded from this study, and the transformer core and winding
use the same material as the prototype. The operating frequency

! is swept by the value of C) = C5 and L;, and number of
switches D, is also varied. For example, D, = 4 means that the
MagCap circuit uses same number of MOSFETs as the DAB.
The volume or area of the components that have frequency de-
pendence is estimated by the following rules. The volume of
the transformer V, is estimated based on the frequency ratio
from the prototype, and it is regulated by the flux density of
the transformer. The filter capacitor area A; is determined by
the regulation of the voltage ripple V;i,p1e < 0.2 V. The power
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Fig. 12.  Performance improvement estimation by GaN FET.
TABLE IV
SPECIFICATIONS OF THE EXPERIMENTAL CIRCUIT
Si prototype GaN estimation
Paralleled 1 D, =1to4
MOSFET #
Operating fsw = 550 kHz 380 kHz
frequency < fl, <1.5MHz
Density of p = 0.65 (use top same as Si prototype
PCB layer only)
Flux density 50 mT same as Si prototype
of transformer
Voltage ripple of 02V same as Si prototype
input capacitor
MOSFET (area) 6 x 5mm?x 2 25 x4mm? x 2 x D,
Gate driver(area) 12 x 4 mm?x 2 2 x2 mm? X2 x D,
Transformer Vir Vi = Vie X fow [ Flw
(volume) =10 x 10 mm?
Filter Act A’C £
(area) =8 x4mm?x?2 = Ace xC} /Oy
Capacitor Acres Alres
(area) =32x05mm?x 2 = Acres X C1 /Oy

Terminal (area) 5 x 20 mm? x 2 same as Si prototype

Board height hy =2 mm same as Si prototype
Component h. =2mm same as Si prototype
height (from highest device) same as Si prototype

density Vi, is calculated by the following equation:

hb + hc .
_ area of devices
Y |

+ transformer volume

‘/sum =

(33)

where p is the packaging density using only the top layer. As
result, the GaN FET improves the efficiency approximately +6%
in the same size as the Si case (point A) and increases the power
density by +50% with 2.5% efficiency improvement (point B).

B. System Evaluation

Figs. 13 and 14 show the system evaluation result. Fig. 13(a)
illustrates the circuit diagram, where two rechargeable power
sources are connected to the MagCap. Port A of the MagCap
connects to a 14 V battery emulator, and Port B connects to an
EDLC (70 F, United Chemi-Con). A load R, is connected to
Port B as well and changes from open to 1.5 €. The controller
provides pulse width modulation (PWM) signals to the gate
drivers. Fig. 13(b) describes the control sequence of the system.
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Fig. 13.  System example with the proposed circuit. (a) System block diagram.
(b) Flowchart of the droop control.
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This controller simply distributes the load power to both of the
energy sources. The average power is distributed to the battery,
and the EDLC deals with the transient power. The controller
has a simple droop map, which uses the EDLC voltage Vg as
reference, and adjusting 7}, of one of the switches controls the
battery power P4 bidirectionally, as shown in Fig. 10. When
Vp < 14V, the controller adjusts T7,,(sa) to pull the battery
power. On the other hand, the controller adjusts T;,,(s3) when
Vi > 14V to pull the EDLC power. Maximum on-time is set
at 1.3 ps, which provides 150-W power transfer approximately,
and the map sets a 0.15-V hysteresis window at 14 V to remove
chattering. In this evaluation, a precharge sequence is added for
initializing the droop system.

Fig. 14 shows the experimental results of the system utiliza-
tion. At t = t4, the system starts the precharge sequence of
the EDLC. The on-time of the MOSFET Sy sets as T; on(SA) =
700 ns, and the MagCap charges the EDLC by using battery
power. At t = t/y, the gate driver GDUp deactivates the under
voltage lock out function and Sp can operate synchronous rec-
tification. This delivers better efficiency and increases charging
power.

When the EDLC voltage reaches Vp = 14 V att = ¢, the
system changes control mode to the normal control mode. The
load R, turns ON at t = t¢; the EDLC provides the transient
power directly and drops its voltage. Then, the MagCap adjusts
Ton(sa) by the change of V and increases the battery power
P,. At the steady state, the battery provides all of load power
through the MagCap. The EDLC voltage reaches Vp = 13.2V
and on-time of Sy reaches T;,,(sa) = 1.2 ps. After the system
turns OFF the load at ¢t = ¢p, the MagCap recovers the EDLC
voltage to 14 V. Through this experiment, it is verified that
the MagCap is capable of handling a wide voltage difference
between the primary and secondary, and distributing dc grid
power by using a simple droop controller, which is able to
arrange the distribution strategy easily by modifying the Vp—
Ton droop curve. For example, the MagCap is able to distribute
the charging power for the battery and EDLC by adjusting the
on-time of GDUg, when the system connects to a regenerative
load such as a motor.

V. CONCLUSION

This paper has described a bidirectional dc—dc converter for
dc distribution systems, with the idea of a magnetic and ca-
pacitive hybrid power transfer topology. Experimental results
showed the functionally of bidirectional power control between
isolated sources and soft switching using a small number of
components. With such simplicity and high functionality, the
proposed circuit enables a variety of applications for dc electric
power systems in an age of increasing importance for renewable
energy and energy storage.
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