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A Dual-Current-Fed Dual-Active-Bridge DC/DC
Converter With High-Frequency
Current-Ripple-Friendly Ports

Yue Zhang ¥, Member, IEEE, Li Ding

Abstract—The current-fed isolated dc/dc converters are suitable
solutions for applications requiring low high-frequency current
ripple and convenient current control, such as fuel cells and Li-ion
batteries. The existing current-fed isolated dc/dc converters are
combined with a current-fed bridge-type terminal and a voltage-fed
bridge-type terminal, which can only partially obtain the merits
of the current-fed terminals. In this article, a dual-current-fed
dual-active-bridge dc/dc converter is proposed with the inductor
connection on both terminals. Hence, low high-frequency current
ripple and convenient current control can be realized on both sides.
Besides, it can also realize the voltage spike suppression without
snubber circuits and has the inherent soft-switching operation
and voltage boost function. Then, the operation principle, design
process, and loss analysis of the proposed converter are presented
in detail. The experimental results based on a proof-of-concept lab-
oratory prototype are given to verify the steady-state and dynamic
performance of the proposed converter.

Index Terms—Current ripple, current-fed, precharging, snubb-
erless, soft-switching, voltage gain.

I. INTRODUCTION

ENEWABLE energy sources such as fuel cells have op-
R erating characteristics, including low dc voltage and huge
variability in port voltage. They cannot be integrated into the
dc bus directly. To improve the reliability of the fuel cells and
provide a constant voltage for the cascaded load, the fuel cells
need to use a dc/dc converter with a high voltage gain as a
medium to connect to the high-voltage dc bus [1], [2]. Hence,
the high voltage gain dc/dc topologies are meaningful in the
seamless interface of these renewable energy sources. Besides,
since fuel cells lack satisfying dynamic performance, the electric
vehicles (EVs) Li-ion batteries are usually utilized as energy
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buffering sets to recycle the braking/accelerating energy and
support for vehicle auxiliary loads [3].

Nevertheless, the EVs Li-ion batteries and fuel cells con-
stantly face troublesome current ripples during power transmis-
sion, induced from the interface converter in steady states and
transient states, which are the main sources of ripple current
[4], [5]. Moreover, the operation performance and the lifetime
of fuel cells and Li-ion batteries are affected by high-frequency
current ripples on the connected ports. Meanwhile, the high-
frequency current ripple also results in the reduction of hy-
drogen utilization and increment of the mechanical stresses
in fuel cells [6], [7]. In the long run, this may accelerate
fuel cells degradation. Similarly, the high-frequency current
ripple has negative impacts on the battery management system
(BMS) of EVs Li-ion batteries and decreases the efficiency. The
existing BMS protection mechanisms are ranged between 1 and
10 ms and are unable to achieve voltage protection through
timely external blocking of transient overcharge at frequencies
above 1 kHz [8]. In addition, many studies have shown that
the high-frequency current ripple could trigger the deposition
of lithium metal on the surface of the negative electrode and
cause capacity degradation even generating an internal short
circuit, especially in harsh low-temperature environments [9].
Hence, an interface converter with current-ripple-friendly ports
and high voltage gain is meaningful to these renewable energy
applications [10].

At present, the isolated dc/dc converters are usually utilized to
produce a high step-up voltage by using the isolated transformer
with a high turns ratio. The isolated transformer can also pro-
vide galvanic isolation for safety considerations [11]. However,
increasing the turns ratio will increase the parasitic parameters
such as inductance and capacitance, which may aggravate the
problem of electromagnetic interference noise. The basic units
that make up the isolated dc/dc converters can be classified as
voltage-fed terminals and current-fed terminals. Fig. 1 shows the
schematic of the single-phase voltage-fed bridge-type terminals
and current-fed bridge-type terminals, including full-bridge,
half-bridge, L-L type, push—pull, etc., [12]. The modulation
principle of the voltage-fed terminals is totally different from
the current-fed terminals, which results in different requirements
of control designs [13]. For example, the short-circuit state
must be avoided in the voltage-fed terminals, by contrast, the
short-circuit state is necessary for the current-fed terminals and
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Fig. 1. Schematic of the single-phase voltage-fed bridge-type terminals and
current-fed bridge-type terminals. (Blue line: transformer’s port voltage is
clamped.)

is named “overlap period.” Besides, the current-fed terminals
have direct input-current control capacity [14]. In contrast, the
input current of the voltage-fed terminals is usually controlled
indirectly. Note that there is a special case that the current-fed
half-bridge terminal proposed in [15] does not need the overlap
conduction time of the switches since its port voltage is clamped
with the capacitors.

The voltage-fed terminals are not suitable for current-ripple-
sensitive applications due to their large high-frequency current
ripple. To reduce the current ripple, an additional LC filter is
required in the voltage-fed terminals, and the power efficiency
will be lowered [16], [17]. Besides, the conventional voltage-fed
isolated dc/dc converters are not suitable for fuel cell systems
since the voltage conversion gain range is limited. Otherwise,
zero-voltage-switching (ZVS) may be lost or the nonactive cur-
rent [18]-[20]. To reduce the current ripple, current-fed isolated
dc/dc converters can be good solutions [21]. As boost-type de-
rived topologies, the current-fed configurations can achieve high
voltage gain with low transformer turns ratio [22]. In addition,
current-fed configurations have several other merits, such as
low input-current ripple, inherent short-circuit protection, and
direct current control capability [23]. Hence, the current-fed
isolated dc/dc converters are promising solutions to renewable
energy sources interface converters. At present, the voltage spike
suppression and wide soft-switching operation range are two
major research focuses of the current-fed bridge-type terminals,
limiting the wide applications of the current-fed isolated
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converters [24]. According to the instantaneous model anal-
ysis, the current mismatching between the input-inductor and
leakage-inductor will introduce high voltage spikes upon semi-
conductor devices during turn OFF actions [25]. It is worth men-
tioning that the current-fed half-bridge terminal has different
features. Since its port voltage is clamped to the capacitors,
the current-fed half-bridge terminal will not face the voltage
spike issue [26]. Another major challenge to the current-fed
bridge-type terminals is to increase soft-switching operation
range in wide load variation. A variable load may lead to hard
switching of the switches and reduce the conversion efficiency
[27].

Recently, several new topologies and innovative modulation
techniques have been reported in the literature to eliminate the
need for traditional snubber circuits. The core concepts of these
methods are employed to force the leakage-inductor current to
match with the input current for subsequent switching actions
by the reflected output voltage [28], [29] or resonance [30].
The current-fed resonant configurations attract lots of investi-
gations. Other than pulsewidth modulation (PWM) converters,
current-fed resonant converters utilize transformer nonidealities,
circuit parasitic, and resonance tanks to achieve soft-switching
of semiconductor devices [31]. In the resonance-pulse current
commutation method, the voltage of the switches is clamped
through a resonance tank during the overlap period, where
resonance occurs for a short duration at turn-OFF causing de-
vice current to reduce to zero naturally. Then, the high volt-
age spike on switching devices can be avoided. However, the
resonance-pulse current commutation method will suffer from
high-frequency variation under small port voltage fluctuations.
The resonance-pulse soft-switching methods, such as quasi-
resonant mode, can achieve zero-current-switching (ZCS) of the
switching devices [32]. The basic concepts of these methods
are all through utilizing the resonance between leakage induc-
tance of the high-frequency transformer (HFTR) and parasitic
capacitance of switching devices. Resonance pulse is maintained
through a series resonance tank during the overlap conduction
time of the switches to facilitate ZCS turn-OFF [33], [34]. How-
ever, the above methods realize ZCS in wide load variation at
the cost of high voltage stress on switches and duty cycle loss.

Other than the resonant converters, current-fed PWM convert-
ers do not need additional resonant circuits. Previously, passive
auxiliary circuits, such as inductor snubber, resistor—capacitor—
diode snubber, and flyback snubber, are feasible approaches
for mitigating voltage spikes [35]. However, passive auxiliary
circuits dissipate power through the resistor and compromise
the conversion efficiency. Usually, active clamping circuits are
easy alternatives to suppress the voltage spike, such as auxiliary
inductor snubber, flyback snubber, and active clamping snubber
[36]. Nevertheless, additional hardware requires additional float-
ing active devices and hence complex control strategies. Besides,
additional hardware may reduce the converter’s boost capabil-
ity or increase the current stress. Hence, modulation-oriented
current commutation approaches and modulation-oriented soft-
switching approaches avoiding additional hardware or reso-
nance tank attract more attention [37]. The concept of current
commutation modulations has been developed to solve the
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Fig. 2. Schematic of different feed-type DAB converters.

voltage spike issue without auxiliary circuits, such as single-
PWM modulation [29] and phase-shift (PS) plus PWM modu-
lation [38]. Meanwhile, some improved soft-switching modula-
tion schemes have been developed by adding additional degrees
of freedom, including extended PS, PWM plus PS, and dual-PS.
The duty cycles or inner PS angles are controlled by PWM
or inner PS operation within the same bridge. Their optimized
objectives are to achieve a compromise between low conduction
loss and soft-switching operation range under variable port-
voltage conditions or different load conditions [39]-[41].

As shown in Fig. 2, the existing current-fed dual-active-bridge
(CF-DAB) converters are mainly composed of one current-fed
bridge-type terminal and one voltage-fed bridge-type terminal,
in which only one port achieves low high-frequency current
ripples. To achieve minimum current ripple on both ports,
a dual-current-fed dual-active-bridge (DCF-DAB) dc/dc con-
verter is proposed in this article. The DCF-DAB converter has
one more inductor-connected port than the conventional CF-
DAB converter and provides two current-ripple-friendly ports.
This current-ripple-friendly feature is quite important in some
current-ripple-sensitive applications. Besides, the inherent boost
function makes the topology suitable for high voltage gain
applications. Moreover, the voltage spike suppression and wide
soft-switching operation range are also realized in the proposed
DCF-DAB converter. A precharging technique is utilized to
prevent voltage spike at device turn-OFF with low drain—source
voltage, and therefore, the use of over-rated components can
be avoided. Meanwhile, the proposed converter can realize
soft-switching operation even if the input voltage or load is
fluctuating while maintaining high efficiency to respect the
benefits of low cost, volume, and weight.
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Schematic of the proposed DCF-DAB dc/dc converter.

Fig. 3.

The rest of this article is organized as follows. The configu-
ration and brief operation principle of the proposed DCF-DAB
dc/dc converter are elaborated in Section II. The precharging
technique and soft-switching operations are presented in Sec-
tion III. The detailed converter analysis following the desired
objectives, power loss analysis, and control strategy is given in
Section IV. Then, the experimental results of a proof-of-concept
laboratory prototype are given in Section V. Finally, conclusions
are drawn in Section VL.

II. CONFIGURATION AND BASIC OPERATION PRINCIPLE

A. Configuration

Fig. 3 shows the schematic of the proposed DCF-DAB dc/dc
converter. Vi, and V,, are the input voltage and the output voltage.
L; and L, are the input inductors of the current-fed L-L terminal.
Ls and Ci.o are output-inductor and output capacitors of the
current-fed half-bridge terminal, respectively. V.; and V., are
the voltage on the capacitors C;.2. The HFTR is with a turns
ratio of n and leakage inductor L;. Vi and Vi are the voltages
across the primary side and secondary side of the HFTR. [;, is
the input current. /1,1, I1, I,, and i; are the currents through
the input inductors L; and Lo, output inductor Lg, and leakage
inductor L;, respectively. ig1—isq4 are the currents through the
corresponding switches, and the forward conduction direction
is defined as the positive value. The switching frequency, cycle,
and equivalent load resistor of the converter are f;, Ts, and R.
This simple topology uses a low count of switching devices
S1—S4, and the common ground switches S;—S can simplify the
driver circuits. The inherent boost function of the current-fed L-L
terminal enables the proposed converter to achieve high voltage
gain without using a high turns-ratio transformer. Moreover,
half-cycle interleaving of the input currents /7,1 and I,» further
reduces the high-frequency current ripple.

B. Basic Operation Principles

Fig. 4 shows the operation principle of the current-fed L-L ter-
minal. The input inductor L; works with the diagonal switch Ss,
while the input inductor Ly works with the diagonal switch S,
transmitting the energy from the primary side to the secondary
side through the HFTR. To avoid a sudden open circuit of the
inductor current /1, the switch S; should turn ON before the
turn-OFF action of the switch S, providing a fly-wheel loop for
the current, and vice versa. The gating signals of S; and S, are
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phase-shifted by 180° with the same duty cycle d, which should
be above 0.5.

Fig. 5 shows the operation principle of the current-fed half-
bridge terminal, constituting a coupled buck—boost circuit. The
duty cycles of the switches S3—S, are the same, defined as ds. In
the proposed DCF-DAB converter, the duty cycle is kept at 0.49,
considering the dead time issue. The output capacitors Ci.2
constitute the dc bus of the current-fed half-bridge terminal.
The drain—source voltage of the switches is equal to the dc bus
voltage during the OFF state.

III. PRECHARGE TECHNIQUE AND OPERATION SCHEMES
A. Precharge Technique

When one switch of the current-fed L-L terminal turns OFF,
there are two kinds of voltage oscillations: resonance V4. and
voltage spike Vi, as shown in the red line in Fig. 6 [37], [39].
The resonance is related to the inductors (L1, Lo, and L;) and the
parasitic capacitors of the switches S;—S,. The time constant
w of voltage oscillations is presented in (1). The amplitude of
resonance can be calculated, as shown in (2). Since the input
inductors L; and L, are far greater than L; the maximum
voltage caused by resonance is below 2-Vj,. Since there is
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Steady-state operating waveforms of the proposed DCF-DAB

usually enough margin of breakdown voltage in the selection
of switches, this resonance is tolerable. By contrast, the high
voltage spike will damage the switches. Voltage spikes Vi;
will be caused by the current mismatching between the input
inductor and the leakage inductor. The amplitude of voltage
spikes is decided by the values of leakage-inductor, parasitic
capacitors C,gs, time constant w, and initial currents [I71 (0)
and 7; (0)], as presented in (3). It can be observed that the
value can be decreased effectively only if the i; matches /1,1
at the initial instant. Hence, the key of current matching is to
precharge the leakage inductor and commute the i; to the current
I11 in advance, as shown in the blue line in Fig. 6. The major
merit of the precharge technique is to eliminate the traditional
requirement of a snubber circuit to clamp the device voltage at
the turn-OFF moment.

VL + 1y

= ]
. 2- Coss ) L ) Ll ( )
I01(0)=0 _ Ly-Vip+Ee
spl‘llL(B( )= - # (1 — COS(OJ . t)) (2)
=Vin- (1 —cos(w-1))
VIPLi+y/L LY
(T£1(0)=i1 (0)) Y beobet
SPI‘flL(B((;)(?O - ’ LL+L21CON S Sin(w ' t)'
3)

B. Operation Schemes

Fig. 7 shows the steady-state operation waveforms of the
DCF-DAB converter in half-switching cycle. Fig. 8 shows the
corresponding equivalent circuits of the DCF-DAB converter.
A half-switching cycle contains six states (a--f) (fo—tg), cor-
responding to Fig. 7. For the next half-switching cycle, the
states are repeated in the same sequence with other symmetrical
devices conducting. The state equations are obtained as well as to
evaluate the performance of the proposed converter analytically.
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Fig. 8.
(f) ts—t6-

Operation modes. (a) to—t1. (b) t1—t2. (c) ta—t3. (d) t3—14. (€) t4—15.

For simplifying subsequent analysis, all active components and
passive components in the circuits are assumed to be ideal. The
power switches, passive components, and voltage sources are
nearly ideal without parasitic parameters. The uppercase I and
lowercase i of the current symbol are used to indicate dc and ac,
respectively.

State a (tg—t1): At the instant 7, the switch S1 turns OFF with
ZCS due to the conduction of body diode, and the switch S4
turns OFF with ZVS by its parasitic capacitor. During this state,
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the switch S3 and the switch S4 both keep a turn-OFF state for
the dead time. The secondary-side current flows through the
body diode of switch S3. Equation (4) presents the rule for
ZCS-OFF of the primary-side switches S1~2 and ZVS-ON of the
secondary-side switches S3~4. The leakage-inductor current i;,
should be greater than the corresponding input current to ensure
the conduction of body diodes of primary-side switches S1 and
S2 at the turn-OFF moment.

{il(to) > ILl(tO) S1 ZCS — off 53 ZVS — on

)
il(t(j) > ILQ(t()’) Sy ZCS — off S4ZVS — on

State b (t1—t2): At the instant ¢;, the switch S3 turns ON with
ZVS due to the conduction of the body diode and works in
synchronous rectification mode. The input energy is transferred
to the output side, and the capacitor C; is charged. The volt-
ages applied on both sides of the transformer determine the
flow direction and amplitude of the leakage-inductor current
ij collectively. Hence, the current through the body diode of the
switch S1 decreases linearly. The state equations in this state are
expressed as follows:

, dIy Ly e +V,\ (t—t)

N I VAR S _ .
i (Vm L o I )
Lin=1Ip1 + 112 (6)
is1 =11 — 4 (N
iso = I + 1. (8)

State ¢ (fo—t3): At the instant o, the current through the body
diode of the switch S; reaches zero, and the current through
the switch Ss equals the input current /[, during this state. The
current continuous path of the inductor L; changes from the
switch Sy to the switch Ss. The input energy is transferred to
the output side. The state equations in this state are expressed as
follows:

dlrq

iy =11 =Vin— Ly il

(€))

ig3 = — — I,. (10)
n

State d (t3—t4): At the instant 73, the switch S; turns ON with
ZCS due to the constant input current maintained by the induc-
tors. Switches S-S, keep conducting to provide a continuous
path for input current during this state. The leakage-inductor
LI transfers stored energy to the output side. The voltage on
the capacitor C; is reflected on the leakage-inductor L;. The
leakage-inductor current i; decreases linearly and reaches zero
at the instant 7,. Meanwhile, the current through the switch S1
equals the current through the switch S2 at the instant #4. The
state equations in this state are expressed as follows:

, Ly e 4V, \  (t—t3)
1y =1 — ay

(1)

n

12)
13)

i1 = I — 79

is2 = Ipo + 1.
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Ly

Fig. 9. Equivalent circuits of the proposed DCF-DAB dc/dc converter. (I)
Power storage period (7, < t < Ts*d). (II) Power transmission period (,, +7'sxd
<t <tp41).

State e (t4—15): The energy stored in the capacitor Cy is utilized
to precharge the leakage-inductor L;. The leakage-inductor cur-
rent i; keeps increasing from zero with the same slope as State d
and reaches the current /2 at the instant 5. The state equations
in this state are expressed as follows:

Ly e 4y, t—t
il _ 3 dt + . ( 4) (14)
n Ll
is1 = Ip1 + 4 (15)
ts2 = Iro — 1. (16)

State f (t5—15): The leakage-inductor current i; continues in-
creasing and reaches the peak value at the instant 5. The switch
S, turns OFF with ZCS due to the conduction of the body diode,
and the switch S3 turns OFF with ZVS by its parasitic capacitor.
Meanwhile, the secondary-side current changes its conducting
path from the switch Sz to the body diode of switch S4. The state
equations in this state are expressed as follows:

L 'dIO+Vo t_t
izZILz—l-( & d;L -(L5).
1

A7)

IV. CONVERTER ANALYSIS

In this section, converter parameters are derived based on the
design considerations. The converter analysis is done to obtain
the design equations to determine or calculate the components’
ratings and power losses as well as to obtain the converter’s
performance theoretically.

A. Voltage Gain and Power Range of the Proposed Converter

The proposed DCF-DAB dc/dc converter is a boost-type
isolated dc/dc converter. Its equivalent circuit can be simplified
as shown in Fig. 9 in a half-switching cycle. Fig. 10 presents the
current variation A/l of the input inductor L;. The minimum
value and maximum value of the current happen at the end
of the transmission period and the storage period separately.
The current variation Al is related to inductor value, voltage
level, and load conditions. According to the equivalent circuits,
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the state equations and changes of inductor current /7,; can be
presented as (18) and (19) during the nth switching cycle. 7,
and 7(,, 1) are the start moments of nth and (n+1)th switching
cycles, and 71,1 (n) and I1,1(n+1) are the inductor currents at the
corresponding moments, respectively. iz is the instantaneous
inductor current. Equation (19) can further be derived into (20).
When operating at steady state, the inductor current should be
the same at the #,, and 7, 1) moments to avoid dc bias, as present
in (21). Hence, combining (20) and (21), the voltage conversion
ratio of the proposed DCF-DAB converter can be derived as
(22). Fig. 11 presents the converter voltage gain variation of
the proposed converter for different duty cycle d and turns ratio
n of HFTR. The proposed converter demonstrates an excellent
voltage-boost potential.

Ly -4 =V th <t <tn+Ts-d ™
Ly B = Vi = ety + Ty d <t <oy
ILl(TL-‘rl) 1 tn+Ts-d
[ i = ( [ Vi
Ina(n) Ly tn
tn+1 V.
U
tn+Ts-d n
ILl(nJrl) 1 V
/ dile_'(Vgn'd'Ts‘F(‘/in__O)'
ILl(n) L1 n
Ir1(n+1)
/ dilele(n-l-l)—ILl(n):O 21
ILl(n)
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When the conduction time (2+d*xT) of body diodes of
switches S1.5 is no longer negligible, the voltage gain will be
coupled with output power P by the leakage inductor. The value
of d* is expressed in (23), and the equivalent duty cycle equals d
plus d*. Hence, a more accurate expression of output voltage can
be given in (24), considering the leakage inductor. Fortunately,
with a suitable design of leakage inductor, such as adding a series
inductor, the duration of d* can be ignored.

Vo

: (22)

n-Ipy- L
de=d—05- it 23
- V, T, @)
Vi 2-n-(V2—L;-f,-P
=t 2o Uh —Lifo P) gy
1—(d+d) B-4-d) Vi

To ensure enough precharging time for the leakage-inductor
current before the turn-OFF moment of switches S1.o, (25) and
(26) should be satisfied. The symbol P presents the output power.
Meanwhile, the minimal value of the output capacitors C;—Ca
for precharging the leakage inductor is given as (27) and (28).
The symbol V,ipple presents the maximum allowable value of
output voltage harmonics. Hence, the constraint of the maximum
output power can be presented in (29).

Ly Ly Vo

(d—0.5) - T, = 25

V, (d—05)- Vi,

P < 26
ST (26)
Cl . V02 Cl . (Vo - Vripple)2
_ > p.
2 5 >P-T; (27)
r < Cl : fs : Vo ! ‘/ripple (28)
P < min ((11 fo Vi Vigpler 22 (nd._LlOfr’} ' Vm) . (29

B. Component Stresses

1) Voltage Stress: The maximum voltages across the
primary-side L-L bridge switches S1—So, the secondary-side
current-fed half-bridge bridge switches S3—S4, and capacitors
C1—Cs are given in (30). Fig. 12 presents the ratio variation
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TABLE I
CURRENT EXPRESSIONS

Items Expressions
I rus I. 5—4-d
" 12
LpriRums I 2—d
n 3
[Pri,peak 4V:n(d_0$_1ml’/ f\
4L,
Isec,RuMs 1, [5-4-d
n 24
ISec,peak 4'[/137'(61_0'5)_1#1'[‘1 -/s

4-n-L,-f,

of voltage across switches S;—So against output voltage for
different turns ratio n of HFTR.

o

V;)ri.,dsfmax =
Vvsec,dsfmax =2 Vo
i _ =1V,.
s
Vsec cap—max o

(30)

2) Current Stress: Current stresses on various switching de-
vices and the transformer are determined by peak current and
root-mean-square (RMS) current flowing through them which
predominantly depends on various converter parameters as gov-
erned by the following expressions. Table I presents the expres-
sions of RMS current through leakage-inductor /; rnvs, RMS
current through primary-side switches /p,; rvs and secondary-
side switches Igec rms, and peak current through primary-side
switches Ip,; peak and secondary-side switches Isec peak-

C. Passive Component Selection

The minimal value of the input inductors Li—Ls is given
as (31). The symbol ij, ripple presents the maximum allowable
value of input current ripples.

d- ‘/in
Ll,min = -

Lin,ripple * fs

€29

The minimal value of the output inductor Lg is given as (32).
The symbol igys,ripple presents the maximum allowable value of
output current ripples.

(l_d)'Vo

Lout,ripple fs

L3,min - (32)
The optimized value of the leakage inductor plus series in-
ductor is given by

(d—0.5)-V,

L:
! n-fs-Ii

(33)
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The minimal value of the output capacitors C;—Cs is given as

P

o —
! fs : Vo : V;ipple

(34)

D. Power Losses

The total conduction losses including primary-side switches
Ppyicon and secondary-side switches Pseccon are presented
in (35), where rp,; and rge. are the corresponding ON-state
resistances, respectively. The proportion of conduction loss of
body diodes in Pge ¢on can beignored, owing to the synchronous
rectification instead of body diodes.

FPeon = PPri,con + PSec,con = Tpri * I[%ri,s,RMS + 7'Sec Iszec,syRM&
(35)
The switching losses of primary-side and secondary-side
switches consist of turn-ON loss P, and turn-OFF loss P, listed
in (36) and (37). The turn-OFF loss of primary-side switches can
be ignored owing to the realization of ZCS, and the turn-ON
loss of secondary-side switches can be ignored benefitting from
the realization of ZVS. Cpyi, oss and Csec,oss are the output
capacitances of primary-side and secondary-side switches, re-
spectively. #fis the turn-OFF time of secondary-side switches. I,
is the current through secondary-side switches at the turn-OFF
moment.

2
CPri,oss : Vo ) fs

Prrisw = Pont+Poir = 5 +0 (36)

n
L - 15 - fs

Py=0+ —0=——.
on°t ot * 24 CSec,oss

P Sec,sw — (37)

The total conduction loss of input inductors P, is given by
(38), r11 is the ON-state resistance of input inductors. The total
loss of HFTR consists of copper loss P, and core loss Pegre.
R.. and Ry, are the winding ac resistance and dc resistance,
respectively. Py, A., and L, are the core loss density (W/mm?>),
effective core cross-sectional area (mm?), and effective core

magnetic path length (mm), respectively [16].

L2
Ppip = 22 Tin (38)
2
PCOP = II%RMS : (Rdc + RaC) (39)
Pcore :PL 'Ae 'Le~ (40)

E. Control Strategy and Small-Signal Analysis

The control block diagram for the proposed DCF-DAB con-
verter is shown in Fig. 13. A dual closed-loop controller is
employed to achieve excellent dynamic performance. It consists
of an outer voltage loop and an inner current loop with the
direct input-current control capacity. At the beginning of each
sampling or control interval, the control system should sample
the output voltage V,, input current /;;,, and the output current
I,. The control objection of the outer voltage loop is set as the
desired output voltage V,, ,cr. The reference input current [y, ref
can be generated from the PI controller of the output voltage
loop. Then, the suitable duty cycle d can be generated from
the PI controller of the inner current loop. The driving signals
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Fig. 13.  Control structure of the proposed DCF-DAB converter.
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Fig. 14.  Logic operation block.
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Fig. 15.  Schematic diagram of a dual closed-loop controller.

of the switches S3.4 can be derived from the logic operation
block according to the duty cycle d, as shown in Fig. 14. The
turn-OFF moment of the switch S5 is the same as the switch Ss,
and the duty cycle of the switches Ss. 4 is fixed at 0.49. Hence,
the turn-ON moments of the switches S3.4 can be obtained.

The schematic diagram of dual closed-loop controller (outer
voltage loop and inner current loop) is presented in Fig. 15.
Since the gain and delay of the analog-to-digital conversion in
the digital controller can be neglected, the current feedback gain
H,(s) and voltage feedback gain Ha(s) are set to 1. The PWM
blocks serve as the modulator (77,(s) = 1). Symbols K1 and
K,,» are the proportionality coefficients (1 and 10) of the inner
current loop and outer voltage loop separately. Symbols K;; and
K5 are the integration coefficients (500 and 500). The specific
parameters of the model are the same as the prototype in the next
section.

Due to the volt-second balance of the leakage inductor in the
steady state, the average voltage value in one switching cycle
is zero, as presented in (41). Therefore, the state variable ijca)
can be omitted for the following analysis. The averaged state
equations of input inductor L; and output capacitor C; in one
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switching cycle are given in (42) based on Kirchhoff’s law.

Ts di; .
/0 <Ll dt)-dt—o (41)
f% (Ly - o) odt = (Viy—2- (1 —d) - 52) - Ty
(1 4yt = (2 (1 =) 4 — ) T,
(42)

Perturbation is introduced into the variables around the
steady-state point as shown in (43). High-order product and dc
terms can be ignored for simplifying expression in (44).

A A
Ly o) — (v, 4 Vi)~ 2. (1= (d+a)- S5
C, - d(Vc1thrV01) —9. (1 _ (d+d)) . I.n+I...) o (VO;VO)
(43)
Ly G =V =2 (1—d) - g5 —2- (=d) - 3
el =2 (1-d) fnv2- (D) £ - T

(44)

Then, through the Laplace transform, (44) is transferred into
the following:

Ly-s-In(s) + @ Vo(s) = e d(s) + Vinls) (45)
8 Talo) = (52 4+ 3) - Val) = & dlo)

The state equations of the DCF-DAB dc/dc converter can also
be rewritten to the matrix form as (46)—(50).

Iin(s) | bi| Ll
rol= [A(s)] - [bJ ~d(s) + [A(s)] [0} Vin(s)  (46)
C[Li-s 1-d - 1 Aqp Aso
A= { S (5 é)] G {Am AzJ
(47)
b = Y
{ 1= (48)
by = o
A= (% +5)
Ap =2
Ay = -2 v
Agg =1Ly s
L.-C L 1—d)’
Al = - EC - 2 LD e

The control-to-current transfer function is given as (51) and
(52) by setting the perturbation of input voltage to zero. Equation
(53) gives the transfer function Ti, e, (s) of the inner loop.

A
Iin(S) 1 bl
Tl(S): n = — [All Alg] . |: :| (51)
e AW b
A 1Yo o —d)-Iiy
Iiﬂ(s) _ _02-7‘7,/ S~ % — % (52)
d(S) _ L1'201 s2 Ly _ (1;‘21)
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Bode Diagram
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Fig. 16.  Bode plot.

ﬂnner(s) = (Kpl + Kil . i) ' Tm(s) : Tl(s) ! Hl(s) (53)

The outer voltage loop enables the output voltage to track the
reference value by adjusting the inner current reference. Since
the inner current loop has faster dynamics, its dynamics can
be neglected during the design of the outer voltage loop. The
perturbation of the duty cycle can be neglected. Therefore, the
current-to-voltage transfer function 7»(s) is obtained as (54) and
(55) derived from (45). Equation (56) gives the transfer function
Touter(s) of the outer voltage loop.

(]— - d): A Cy-s 1 A -

— Lin(s) — (2 + R> Vo(s) =0 (54)
A
v (1-d)

Tys) =2 = (55)
In(s) (%= + %)

1
Touer(s) = (sz + Ko - s) -Ty(s) - Ha(s). (56)

Then, the transfer function Ty gem(s) of the dual closed-loop
controller can be obtained as (57). The Bode plot of the converter
can be drawn in Fig. 16. The dual closed-loop controller has a
phase margin of 55° at the crossing frequency of 600 rad/s,
introducing a fast-dynamic response and robust stability against
input disturbances. Meanwhile, the limited steady-state error is
realized by the high gain margin in the low-frequency range.

(Kpl + Kﬂ . é) . Tm(S) . Tl(S)
1+ Tinner(s)

Tsyslem (5) = - Touter ( 5) .

(57)

V. EXPERIMENTAL VERIFICATION

A proof-of-concept laboratory prototype is developed, as
shown in Fig. 17. The circuit parameters and components list of
the laboratory prototype are listed in Tables II and III separately.
Then, detailed experimental results are presented to demonstrate
the performance of the proposed converter.

Fig. 18 shows the zoomed-in experimental waveforms to ver-
ify the effects of the precharging of the leakage-inductor under
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Ausiliary source Oscilloscope

dSPACE
controller

B

Fig. 17.  Photograph of the proof-of-concept laboratory prototype.

TABLE I
CIRCUIT PARAMETERS

Items Value
Switching frequency f; 20 kHz
Input voltage V;, 1545V
Output voltage V, 65-100 V
Rating output power P 250 W
Input inductors L, 250 uH
Output inductor L 2 mH
Capacitors Ci-, 220 pF
HFTR turns ratio n 1:1
Series leakage-inductor value ; 30 uH
TABLE III
COMPONENTS LIST
Items Value

S1—S,: Infineon IPP110N20NA
S3—S,: Infineon IPP200N25N3

dSPACE MicroLabBox DS1202
CREE CGD15SG00D2

MOSFETSs S1-S4
Digital controller
Gate drivers

Voltage/ Current sample devices LEM LV25/LA25

HFTR EESS5 Ferrite material

different load conditions. When the converter works at full-load
or half-load conditions, the experiment results can be shown in
Fig. 18(a) and (b). G and G35 are the driving signals of S; and Ss.
In Fig. 18(a), the leakage-inductor current is precharged to the
value of input current at the turn-OFF moment of the switch S;.
Hence, when the output voltage is 70 V, the drain—source voltage
V4s-s1 of the switch Sy is 70 V, and the maximum value is below
100 V. The same effect can also be achieved in Fig. 18(b). The
precharging of the leakage-inductor can avoid the voltage spike
on the switching devices under different load conditions. By this
method, the primary-side switching devices will not suffer high
temporary voltage spikes during the transition, ensuring the safe
operation of switches. It allows for avoiding overrated switching
devices and brings in higher conversion efficiency over the wide
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Fig. 18.  Zoomed-in experimental waveforms for precharging of the leakage-
inductor. (a) Full load. (b) Half load.

load range operation of the proposed topology. The experimental
results are consistent with the principle in Section III-A.

Fig. 19 shows the experimental waveforms of soft-switching
and synchronous rectification under different voltage gain con-
ditions (three times input-voltage fluctuation at full-load condi-
tion). When the converter works at the 15-100 V condition, the
experiment results can be shown in Fig. 19(a), and the experi-
ment results at 30—100 V and 45-100 V conditions are shown in
Fig. 19(b)—(c). In Fig. 19(a), the soft-switching operations are
highlighted in the red shaded area. It can be observed that the
current ig; through S; is negative at the falling edge of G, which
means ZCS-OFF. Besides, the voltage V4453 upon the switch S5
becomes zero in advance before the rising edge of Gs, which
means ZVS-ON. Moreover, the synchronous rectification mode
enables the current igs to flow through the switch S5 instead of its
body diode, decreasing the conduction losses. The same effects
can also be achieved in the 30—-100 V and 45-100 V conditions,
as shown in Fig. 19(b)-(c). Hence, the switching losses and
conduction loses can be lowered effectively under different
voltage gain conditions. It benefits the proposed topology with
high conversion efficiency in a wide input-voltage fluctuation
range. Meanwhile, soft-switching and synchronous rectification
can also be realized under different load conditions (30-100 V),
as shown in Figs. 19(b) and 20, introducing low switching losses
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Fig. 19. Zoomed-in experimental waveforms of soft-switching and syn-

chronous rectification under different voltage gain conditions (three times input-
voltage fluctuation). (a) 15-100 V. (b) 30-100 V. (c) 45-100 V.

and conduction losses. The experimental results are consistent
with the operating principle in Section III-B.

Fig. 21 shows the experimental wave of the measured high-
frequency input-current ripples and output-current ripples of the
laboratory prototype under different load conditions. The fre-
quency of input-current ripple is twice the switching frequency
fs- It can be observed that the high-frequency input-current
ripple is suppressed by the input inductors. Moreover, half-cycle
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Fig. 20. Zoomed-in experimental waveforms of soft-switching and syn-
chronous rectification under different load conditions. (a) 100% load. (b) 25%
load.

interleaving of the input currents iy,; and iy further reduces the
high-frequency input-current ripple injected into the current-fed
L-L terminal. Meanwhile, the output current ripple is quite
low benefitting from the output inductors L3. The same effects
can also be achieved in the half-load condition, as shown in
Fig. 21(b). Hence, the low high-frequency current ripple can be
achieved effectively despite the load variation, which is a vital
feature of the proposed interface converter for the renewable
energy system. The ratio of high-frequency current ripple to its
average value can reach the desired standard through sufficient
inductance values.

Fig. 22 shows the experimental waveforms under the input
voltage change from 20 to 25 V in the left part and from 25 to
20 V in the right part. It can be found that the output voltage
of the proposed DCF-DAB converter maintains at the reference
value steadily, and the input current changes smoothly during
input-voltage fluctuation. Low high-frequency current ripples
flow through the input and output ports during steady states
and port voltage fluctuation. The drain—source voltage Vys_g1 1S
below 100 V in steady states and transient states.

Fig. 23 shows the experimental waveforms under the load
step change from full load to half load in the left part and
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Fig. 22.  Experimental waveforms of dynamic performance under input volt-
age variation conditions.

from full load to half load in the right part. It can be observed
that the output voltage is unaffected, and the input current
reduces by half or increases with negligible overshoot during
load change. The variation of output current is also within
safe limiting values. The drain—source voltage V45 g1 keeps in
safe range even if in step-load transient states. The proposed
DCF-DAB converter has low high-frequency current ripples on
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Fig. 24. Experimental waveforms of dynamic performance under required
output voltage regulation conditions.

input and output ports in steady states and step-load transient
states.

Fig. 24 shows the experimental waveforms required output
voltage regulation from 70 to 65 V in the left part and from 65
to 70 V in the right part. It is obviously that the output voltage of
the proposed DCF-DAB converter reaches the desired value fast
and the input current changes smoothly during output-voltage
change. Load current and input current waveforms are shown
to be adjusted to their new steady-state values smoothly. The
drain—source voltage Vs g1 is still ensured low enough even if
in transient states. In summary, there are low high-frequency
current ripples through the input and output ports in steady
states and transient states (port voltage fluctuation and load
change).

To fully investigate the property of the proposed DCF-DAB
converter, Table IV presents a comprehensive comparison of
different DAB converters. As the proposed converter is a nonres-
onant PWM-controlled converter, the other comparison objects
are also fixed-frequency nonresonant PWM-controlled DAB
converters. The authors wish to point out that the relationship
between the proposed DCF-DAB converter and conventional
DAB converters is a supplement instead of a substitute. The
readers will have another option for prioritizing different fea-
tures at design time, such as current ripple, direct current control
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TABLE IV

COMPREHENSIVE COMPARISON OF

DIFFERENT DAB CONVERTERS

VF-DAB CF-DAB DCF-DAB
Voltage no-
. . Voltage clamped Voltage clamped . .
Bridge type Full bridge [41] full bridge [14] half bridge [26] clamped[ ilg]lf bridge Half bridge
Number gf switching 3 3 4 6 4
devices
Number of 2/4 (capacitive 5/6 (capacitive 4/5 (capacitive 3/4 (capacitive 5
inductor/capacitors sources/loads) sources/loads) sources/loads) sources/loads)

Current ripple

Low ripple on

(capacitive High ripple Low ripple on current-fed port and high ripple on voltage-fed port
both ports
sources/loads)
Convenient direct
current control No One port Both ports
Anti-short-circuit
capability No One port One port
Voltage gains Medium High High
Suitable power level High power High power Low power Low power Low power

= Primary switches
switching losses

= Primary switches
conduction losses

Secondary switches
switching losses

= Secondary switches
conduction losses
= Inductors losses

HFTR losses

= Other losses

percentages of total loss. Fig. 26 shows the efficiency curves
of the experimental DCF-DAB prototype compared with other
DAB converters. The proposed DCF-DAB converter can achieve
high efficiency in the rated operating condition. Besides, the
efficiency of the proof-of-concept laboratory prototype can be
further increased with a better printed-circuit-board design and
selection of hardware including switching devices and passive
components. Accurately, the proposed converter provides low
high-frequency current ripple on both ports while ensuring an
acceptable efficiency.

VI. CONCLUSION

Fig.25. Lossdistribution of the experimental DCF-DAB prototype in full-load
condition.
Efficiency (%)
94
2 —4— VF-DAB @SPS [41]
~#— DCF-DAB
<~ CF-DHB [26]
CF-DAB [40
86 e [40]
25% 50% 75% 100%
Load
Fig. 26.  Experimental efficiency comparison curve of different half-bridge

DAB converters with load variation.

capability, and voltage gains. Fig. 25 shows the power loss dis-
tribution of the experimental DCF-DAB prototype in full-load
condition. Due to measured errors, there exists a power loss
difference. It can be obvious that the switches consist of large

In this article, a new isolated dc/dc converter is proposed
and named DCF-DAB dc/dc converter. A detailed procedure
to design the new converter is discussed for the given system
specification. Experimental results demonstrate the proposed
converter obtaining excellent dynamic performance under vari-
able input-voltage, load resistor, and output-voltage conditions.
When compared with existing similar topologies, the proposed
DCF-DAB converter can provide the following advantages.

1) Low high-frequency current ripples on input and output
ports in steady states and transient states (port voltage
fluctuation and load change).

2) Boost operation offers natural voltage gain and makes the
topology suitable for high voltage gain applications.

3) Soft-switching operation for both-side semiconductor de-
vices.

4) Simple topology with low component count and simplified
drivers.

In conclusion, the proposed DCF-DAB converter is a promis-

ing solution to high-frequency current-ripple-sensitive applica-
tions.
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