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Abstract—The bipolar dc microgrid is attracting attention for its
high efficiency and reliability, but the bipolar dc bus is susceptible
to unbalanced power. This article proposes a bipolar current-fed
dc—dc converter with automatic voltage balance under phase-shift
plus pulsewidth control. Combined with the current-fed dual active
bridge converter and voltage balancer, the circuit structure is
streamlined and fewer devices are required. The proper magnetiz-
ing inductance allows the converter to achieve automatic bipolar
voltage balancing even under extreme load imbalance, and achieve
full-range zero-voltage switching (ZVS) over a wide voltage range.
In addition, the coupled inductor is utilized to further reduce the
number of magnetic components. Finally, based on the accurate
ZVS analysis considering parasitic capacitance, the parameters
of the converter are designed, and an experimental prototype is
constructed to verify the feasibility of the proposed scheme.

Index Terms—Bipolar voltage balance, current-fed dual-active-
bridge converter, zero-voltage switching.

I. INTRODUCTION

ENEWABLE energy sources and distributed energy sup-
R ply technologies have become a research hotspot in recent
years due to the advantages of clean, efficient, and grid oper-
ation improvement. However, distributed power sources such
as photovoltaic are susceptible to environmental influences and
are volatile, so they are usually connected to dc microgrids with
energy storage systems (ESSs). Compared to the ac bus, the
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dc bus can reduce the number of power conversions [1] and
the input of reactive power compensation equipment, as well as
avoid harmonic pollution and voltage intermittency [2].

According to the structure of the dc bus, dc systems can be
divided into unipolar dc systems and bipolar dc systems [3].
Although the unipolar dc system is simple to implement, it can
only provide one voltage level. In contrast, the bipolar dc system
can generate three voltage levels on a three-wire configuration,
including symmetrical positive and negative polarity voltages, to
meet the voltage needs of different loads and distributed power
sources, and are more flexible to use. In addition, bipolar dc
systems offer higher efficiency, reliability, and security [4], [5],
[6]. Therefore, it can be widely used in bipolar dc-bus-fed fast
charging stations [7], data centers, and residential complexes [8].
However, there is a challenge in the bipolar dc system, namely
bipolar voltage imbalance [9], because there are loads with dif-
ferent characteristics connected to the bipolar dc bus, absorbing
or injecting different levels of power flow into it, resulting in
an imbalance between positive and negative voltages, which in
turn affects the normal operation of the equipment.

Therefore, a series of voltage balancers have been proposed to
alleviate the bipolar voltage imbalance problem [9], [10], [11],
[12]. For example, a simple buck/boost-type voltage balancer is
proposed in [10], but its topology has a risk of shoot-through.
Thus, in the literature [11], a dual-buck half-bridge voltage
balancer is presented to avoid the problem of shoot-through of
the bridge arms in the converter. In addition, a three-level voltage
balancer is proposed to reduce the voltage stress of switches
[12]. In [9], based on the existing voltage balancers, a general
topology principle for voltage balancers is derived and several
new voltage balancers are proposed.

In addition, considering the safety of the dc bus system, more
and more scholars are focusing on the integration of conventional
voltage balancers with isolated dc—dc converters in solid-state
transformers to provide electrical isolation and voltage balanc-
ing capability [13]. Enhancements are proposed for different
optimization objectives such as achieving soft switching [8],
reducing the number of switches [14], decoupling the bipolar
control [15], and so on.

For the above studies [13], [14], [15], the voltage gain range of
the converter is narrow, which would limit the application used
for ESSs connected to the bipolar dc bus system. To increase the
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voltage regulation range, some modified topologies are studied,
which could be roughly divided into nonisolated solutions with
a wide voltage range [16], [17] and isolated solutions with a
wide voltage range [18], [19], [20], [21].

For nonisolated solutions with a wide voltage range, Prab-
hakaran and Agarwal [16] proposed a converter that can feed
power into the bipolar dc bus to mitigate voltage imbalance.
A four-port converter is proposed in [17], which can integrate
photovoltaic (PV) systems and ESSs into a bipolar dc system, but
it suffers from hard switching and high component count. Prab-
hakaran and Agarwal [16] and Tian et al. [17] do not have gal-
vanic isolation, which makes it difficult to eliminate high floating
voltages and leakage currents [22], and the system safety is low.
In addition, most nonisolated boost converters face the contra-
diction of high voltage gain and low component count [23].

Compared with nonisolated solutions, the isolated solutions
offer higher reliability and security. Tian et al. [18] proposed
a family of bipolar converters based on the voltage multiplier
technique, and Tian et al. [19] used a switched-capacitor circuit
on the secondary side of the converter. Tian et al. [18] and [19]
belong to the voltage-fed dual-active-bridge (VF-DAB) convert-
ers, but they can provide higher voltage gains and automatic
bipolar voltage balancing compared to conventional VF-DAB
converters. However, VF-DAB converters are not suitable for
energy storage systems [24] that are sensitive to current ripple.
Therefore, bipolar CF-DAB converters [20], [21] are proposed,
which not only have the advantage of low input current ripples
[24] but also make it easier to construct multiport structures
[25]. Tian et al. [20] deduce a series of isolated converters
with bipolar outputs and illustrates characteristics of a typical
topology (full-bridge interleaved buck/boost structure on the
primary side and center-tap semiactive rectifier on the secondary
side), including the soft switching range. Tian et al. [21] inte-
grated the rectifier and the buck—boost voltage balancer into the
secondary side of the converter, thus providing the advantages
of bipolar voltage balancing and single-stage power conversion.
However, Tian et al. [20] and [21] suffered from the difficulty of
achieving ZVS at light loads and extremely unbalanced loads,
which may cause problems such as high switching losses, high
voltage spikes, and severe electromagnetic interference to the
converter [26]. In [27], it is mentioned that using the magne-
tizing inductor can improve the ZVS range, but the dead time
factor is ignored. In summary, existing bipolar converters mostly
face challenges such as the need for bulky balancing inductors
[13], [14], a large number of components, and difficulties in
achieving ZVS under extremely unbalanced loads [18], [19],
[20], [21].

In this article, a modified CF-DAB converter with balanced
bipolar voltage is proposed. Compared with the existing bipolar
converters, such as literature [20] and [21], the advantages of
the proposed converter are shown as follows.

1) Only two active switches and two capacitors are required
for the bipolar ports. By utilizing the magnetizing induc-
tance of the transformer to offer the possibility to balance
the bipolar voltage under unbalanced load conditions, the
need for the additional dc inductor is eliminated. Conse-
quently, the component number can be much reduced.
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Fig. 1. Proposed bipolar CF-DAB converter. (a) Circuit topology. (b) Equiv-
alent circuit.

2) Full load range ZVS of the proposed converter can be re-
alized under a wide voltage range, and even under extreme
load conditions, without the need for complex control and
auxiliary components. In addition, precise ZVS analysis
is used, which takes into account junction capacitors and
dead time, and reveals the impact of ZVS implementation
on bipolar voltage deviations.

3) To further reduce the magnetic component, a coupled
inductor is utilized, which integrates the external leakage
inductance, magnetizing inductance, and transformer into
an EE core.

The rest of this article is organized as follows. The topology
and modulation scheme of the proposed converter are described
in Section II. Section III focuses on the converter voltage balanc-
ing mechanism under unbalanced power and the bipolar voltage
deviation that may be generated in a practical case. After that,
the influence of unbalanced power on the ZVS performance of
the converter is investigated in Section IV, combined with the
consideration of different magnetizing inductances. The related
parameter optimization design is given in Section V, including
the coupled inductor design. Based on this, Section VI provides
experimental results to test the validity of the theory. Finally,
Section VII concludes this article.

II. BASIC OPERATION PRINCIPLE
A. Circuit Topology

Fig. 1 illustrates the topology of the proposed current-fed
dc—dc converter with bipolar ports. In order to streamline the
circuit structure to the extent possible, a coupled inductor is
utilized in the proposed converter, as shown in Fig. 1(a). To
facilitate the subsequent analysis of the principles and charac-
teristics, Fig. 1(b) shows the I'-type equivalent model of the
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Fig. 2. Working waveforms of the converter in the forward under balanced
load. (a) Mode 1. (b) Mode II.

coupled inductor, which can be considered as a combination of
leakage inductance L,, magnetizing inductance L,,, and ideal
transformer. On the primary side of the converter, an interleaved
double boost structure is formed by two dc boost inductors L /Lo
and switches 01/0Q2/Q14/0Q2,, and clamping capacitor C, is
added. On the secondary side, S3, S4, Cq, and C;, form a half-
bridge circuit with bipolar output capability, and combined with
the magnetizing inductance L,,,, itis equivalent to a conventional
buck-boost voltage balancer, which can automatically balance
pole voltage regardless of load conditions.

B. Modulation Scheme and Basic Operation Principles

The operating waveforms of the proposed converter in the
boost mode (energy flows from the low-voltage side to the high-
voltage side) under the balanced load are shown in Fig. 2. v,; and
v¢q are the primary and secondary side voltages of the coupled
inductor of the proposed converter in Fig. 1(a), respectively.
The signals of switches Q1, Qs, and S3 are complementary to
the signals of Q1,, Q24, and Sy, respectively, and the interval
time between the rising edges of the driving signals of switches
Q1 and Q- differs by half a switching cycle. The power flow can
be controlled by regulating the phase shift angle ¢ between the
primary and secondary sides of the converter, and the duty cycle
D, of the primary side switch Q; is adjusted to achieve voltage
amplitude matching when the input voltage changes. As shown
in Fig. 2, the current ripples of the two dc inductors can partially
offset each other, and therefore, the current ripples embodied in
the ports are small.

Taking boost mode I under balanced loads as an example, due
to the symmetry of the topology and working process, only half
of the switching cycle is analyzed next, and the circuit operating
modes at different times are shown in Fig. 3.

Stage 1 (Before ty): Q1, Q24, and S4 conduct. The converter
is in the power transfer stage (power flows from the
low-voltage side to the high-voltage side) and iy, =
-11,,(0).

Stage 2 (tg-t1): Q24 1s turned OFF at fy. L,,, C2, and Co 4, begin
to resonate.
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(d) t2-13. (e) t3-14. (f) 14-15.

Stage 3 (t1.t3): Do conduct at t1. The voltage of Cy, is
clamped at V.. Q2 can be turned ON under zero
voltage. During this stage, the current of the leakage
inductance can be expressed as

Nl Vo
IN,L,
(ta-t3): Q1 is turned OFF at t5. L,,, Cy, and Cy, begin
to resonate.

(t3-t4): At t3, Q14 is turned ON under zero voltage.
During this stage, the leakage inductance current
rises to a positive value

—1(0) +

iLy = ey
Stage 4

Stage 5

N1VO (2D1 - 1) ™

o
‘L (0) + Nyl
MV,[2t= (D, =VT]
2N, L, :

Stage 6 (t4-t5): S3 conducts at t4, and S3 can achieve ZVS.
Similar to Stage 1, the converter is in the power
transfer stage, and iy, = I1,,(0).

Under the balanced power, the magnetizing current has no
dc offset, and the circuit working modes are like those of
conventional CF-DAB converters under pulse-width plus phase
shift (PPS) control. However, under the unbalanced power,
the working principle of the secondary side of the converter
is somewhat different from that of the conventional CF-DAB
converter, which will be described in detail in the following
section.

III. BIPOLAR VOLTAGE BALANCE PRINCIPLE UNDER
UNBALANCED LOAD

A. Ideal Bipolar Voltage Balance

Usually, when analyzing the operation principle of bipolar
output converters under unbalanced loads, the parasitic param-
eters of the switches are ignored, i.e., the ideal case. When the
unbalanced loads are connected to the bipolar ports, the bipolar
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Fig. 4. Steady-state waveforms of the converter under unbalanced load.
(@) Pout1<Pout2- (b) Pout1>Pout2-

(b)

Fig. 5. Equivalent circuits on the secondary side for voltage balance
(Pout1<Pout2)- (@) When S3 is ON. (b) When Sy is ON.

ports of the proposed converter can automatically maintain a
balanced voltage between the two dc buses regardless of the load.
Fig. 4 demonstrates the working waveforms of the proposed
converter under two unbalanced load conditions.

As shown in Fig. 4, when the V5 side needs more power, i.e.,
Pout1 <Pout2, a positive de bias current is generated on the mag-
netizing inductance, and vice versa for Poyt1>Pout2, a negative
dc bias value. The waveform of the leakage inductance current
on the primary side will not be affected by the unbalanced loads.
Fig. 5 shows the principle of voltage balancing achieved by the
proposed converter under unbalanced loads with P11 <Pout2
as an example. Since the load R; >R» makes the bipolar voltage
Vo1>V,2 at the beginning, then the bipolar voltage difference
generates a dc bias current on the magnetizing inductance to
compensate for the power on the Vo port, and the bipolar port
can supply a symmetrical voltage.

Based on Figs. 4, 5, and the volt-second balance principle of
the magnetizing inductance L,,, the following formula can be
listed

Ts
/ ’ULm(t)dt = VolDQTS — Vog(l — DQ)TS =0 (3)
0

1— D,
Dy

Vo
V02 B

“)

where Ds is the duty cycle of the secondary side switch Ss.
After simplifying (3), formula (4) can be obtained, and it can
be known that as long as the secondary side switches conduct
complementarily with a duty cycle Dy of 0.5, bipolar voltage
balance can automatically be achieved.
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B. Practical Bipolar Voltage Balance

However, as verified by the experimental section, the partial
loss of ZVS under unbalanced loads leads to an imperfectly
balanced bipolar voltage, which is closely related to the parasitic
capacitance of switches. Therefore, an analysis of the voltage
equalization case taking into account the parasitic capacitance
and the dead time will follow. Taking the unbalanced loads
R1<R2 as an example, the specific mechanism of voltage de-
viation generation is shown in Fig. 6.

Considering the actual waveform of the high-frequency volt-
age v of the transformer secondary winding, the volt-second
product of the magnetizing inductance should be re-expressed
as

Ts
/ ’ULm(t)dt = Vol . T2 — VOQTl =0 (5)
0

Vo Ti T./2— (At — Aty)
Vo  To  Ts/2+ Aty — Aty

(6)

where Af; and At, are the times for the voltage v 4 to rise
and drop to 0, respectively, and are also times for the voltage
of the junction capacitance of switches S3 and S, to discharge
to half of the total output voltage, respectively. It can be seen
from (6) that V,; and V,, are no longer strictly equal under
the unbalanced loads because the parasitic parameters make
the charging and discharging times of the balancing inductor
unequal, while the inductors need to satisfy the conservation
principles of flux linkages.

As illustrated in Fig. 6, the unbalanced load (Poyt1>Pout2)
makes it easier for the switch voltage V3 to discharge faster, and
Aty is very short. However, S, cannot achieve soft switching,
and Vg4 drops slowly before the turn-ON signal of S; comes,
so Ats is longer than Aty, almost equal to the secondary side
dead time T4. According to formula (6), when P11 >Pout2,
Vo1 is less than V5. The degree of bipolar voltage deviation is
represented by ¢

 Vo/2 = V| 2]Aty — Aty

7 = x 100%. (7

To further illustrate the practical pole voltage deviation case,
the following parameters are used as an example: V, =400V,
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Ts =10 us, C3 = C4 = 176 pF, T4 = 150 ns, L,, = 800 uH,
and Fig. 7 plots the pole voltage deviation curves under different
unbalanced powers. The three lines from left to right in Fig. 7
represent the pole voltage deviations when the duty cycle Dy is
0.55, 0.57, and 0.6, respectively. As seen in Fig. 7, the higher
unbalanced power will result in a relatively large bipolar voltage
deviation. Therefore, in the following section, the effect of
unbalanced power on the converter performance is discussed in
detail, taking into account the junction capacitance of switches,
and the impact of the magnetizing inductance is analyzed to
improve the performance.

IV. ZVS PERFORMANCE OF CONVERTER UNDER
UNBALANCED LOAD

As mentioned above, unbalanced power reduces the voltage-
sharing performance of the converter, which is caused by
an asymmetrical soft-switching range of the secondary side
switches. Furthermore, the ZVS performance of the converter
has an important impact on turn-ON loss and EMI noise. There-
fore, it is necessary to analyze the ZVS region in detail and
investigate design methods to achieve a full load range ZVS.

A. ZVS Model Considering Parasitic Capacitance

For the ZVS range of the primary-side switches, the un-
balanced load will not affect the current on the primary side
and the ZVS range of the primary-side switches due to the
isolation function of the converter. The soft switching of the
primary-side switches can be easily realized with the proper
design of the dc inductances. Therefore, this section will focus on
the ZVS analysis of the secondary-side switches of the converter
under unbalanced loads and consider the junction capacitance,
dead-time effect, and magnetizing inductance to obtain a more
accurate ZVS range.

Taking the converter operating in boost mode I and unbal-
anced power condition (Pyy,t1 >Poyt2) as an example to analyze
the ZVS range of the secondary-side switches and the steady-
state waveforms of the bipolar CF-DAB converter with different
magnetizing inductances are illustrated in Fig. 8.

For the convenience of analyzing the ZVS situations of the
secondary side switches considering the junction capacitance,
Fig. 9 plots the resonant equivalent circuits before the turn-ON
signal of switches S3 and S comes.
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Fig.9. Resonant equivalent circuits on the secondary side. (a) t2-13. (b) t6-17.

Taking Fig. 9(a) as an example, the dynamic equations can be
expressed
Ly 7‘“(%[(0 — Yoo — ues(t) — Vi
is(t) = Kip,(t) — im(t) = —2052cslt)

where V. is the clamping voltage, K is the turn ratio, L, is
the primary-side leakage inductance, u¢3(f) is the voltage of
junction capacitor Cs, ir(f) is the primary-side leakage induc-
tance current, i4(7) is the secondary-side current, and i,,,(?) is the
magnetizing current.

After the Laplace transform and simplification of formula (8),
the voltage equation for parasitic capacitor Cs3 follows:

Vee | Ly .
ucs(t) = < ; + V(,Q) cos wzt — EIS sin wst

N VCC
K

where w3 = K/(2L,C3)"?, and I, is the secondary side current
at 1.

The voltage on the parasitic capacitor C5 should be discharged
to 0 within the dead time (#2-#3) to realize soft switching, so the
ZVS condition is

®)

+ Vor €))

VT

8L,

n (VCC + KVOQ) v —Veoe (2D1 — 1) L
2rL,. /K

s (t2) = K1 40 + Ipias +

T, >0 (10)
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where I7,,_yo is the primary-side leakage inductance current at
1o, Ibias 1S the dc bias current, and T is the dead time of switches.
(10) is anecessary and insufficient condition for the achievement
of ZVS, and ZVS can be preliminarily judged by the direction of
the switching current in (10), but a sufficient switching current
is also required to make the junction capacitance discharge time
less than the dead time, i.e., formula (11) should be satisfied.

Similarly, the condition that the switch S needs to meet to
realize ZVS can also be obtained.

B. ZVS Range With Different Magnetizing Inductances

From Fig. 8(a) and formulas (10), when Pgt1>Poute, switch
S3 is easier to achieve ZVS than under the balanced load con-
ditions, while it is more difficult for switch S, to realize ZVS
because dc bias current at this unbalanced case is greater than
0. If Pout1 <Pout2, the ZVS situations are opposite. Therefore,
taking Pous1>Pout2 as an example, i.e., V,o side with no-load
and V,; side with a load. The ZVS ranges of the secondary-side
switch regarding unbalanced power for different magnetizing
inductances are demonstrated in Fig. 10(a) and (c). Fig. 10(b)
and (d) illustrates the ZVS range of switch S3/S, with different
magnetizing inductances under the balanced load, where P* is
the normalized value of the total transmission power.

As seen in Fig. 10(b), the ZV S boundaries of the two switches
ON the secondary side are the same under balanced loads, and the
converter has difficulty in achieving ZVS under light load when
D is close to 0.5. By comparing Fig. 10(a) and (b), it is obvious
that the ZVS ranges of switches S3 and S become different due
to the bipolar unbalanced load. Although the ZVS range of S5 is
extended, the ZVS range of S, is greatly reduced, and even zero-
voltage conduction cannot be achieved under any unbalanced
load when D;<0.53. Therefore, the ZVS performance of the
bipolar converter with an unsuitable magnetizing inductance will
degrade at unbalanced loads.

However, by comparing Fig. 10(a) and (c), as well as
Fig. 10(b) and (d), respectively, it can be seen that the intro-
duction of a suitable magnetizing inductance can effectively
extend the ZVS range of switches S3 and S, regardless of
whether the load is balanced or not, and enhance the ZVS
performance of the bipolar converter under light load. It can
also be known from the waveform analysis in Fig. 8 that the
introduction of a smaller magnetizing inductance can make the
switching current less than 0 when the switch S3 is turned
OFF, i.e., is(t6)<0, while the switching current i (fg) of the
converter with an 800 ©H magnetizing inductance is greater
than 0, and switching current less than 0 is beneficial for the
ZVS implementation of Sy. Similarly, when Poyt1 <Pout2, the
ZVS ranges for different magnetizing inductances are shown in
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Fig. 11.  Voltage deviation curves under unbalanced loads (7 = 150 ns, C3
= C4 = 176 pF). (a) L, = 800 pH with the non ZVS region. (b) Comparison
between L,,, = 800 puH and L,,, = 300 pH.

Fig. 10(e) and (f), and the ZVS situations are exactly opposite
to Fig. 10(a) and (¢)(Pout1>Pout2)-

C. Effect of ZVS on Voltage Equalization Performance

In addition, the problem of asymmetric realization of ZVS
for different switches on the secondary side of the transformer
can be improved due to a proper design of the magnetizing
inductance so that the bipolar voltage steady-state error can
be reduced in part. Taking the dead time 7y = 150 ns and
junction capacitance C3 = C4 = 176 pF for example, Fig. 11(a)
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demonstrates the voltage deviation curves of the converter with
an 800 pH magnetizing inductance under different unbalanced
powers, the curve gradually shifts downward as the duty cycle of
the primary side switches increases, and the voltage deviation
is high in the non-ZVS region. Fig. 11(b) compares the pole
voltage deviation of the converter with different magnetizing
inductances at different unbalanced loads, which are represented
by dotted and solid lines. The pole voltage deviation of the
converter with a 300 pgH magnetizing inductance is always
lower than that of the converter with an 800 ¢H magnetizing
inductance at the same duty cycle.

Therefore, a suitable design of the magnetizing inductance
not only can realize the full range ZVS of the converter under
any load condition but also relieves the problem of bipolar
voltage deviation under unbalanced loads. The specific design
method will be explained in Section V with the parameters of
the prototype.

V. DESIGN CONSIDERATIONS

The proposed converter is taken as an example with the
following basic parameters: switching frequency f; = 100 kHz,
input voltage V3 = 32-53 V, output voltage V, = 400 V, and
rated power Py = 750 W.

A. Turn Ratio

To reduce the circulating loss, the proposed converter adjusts
the duty cycle D; to realize voltage amplitude matching on two
sides of the converter, and the transformer ratio K should satisfy

2V,
(1—-Dy)V,’

With the premise of duty cycle D; > 0.5 (to facilitate ZVS
implementation), the turn ratio K is finally set to be 1:1.86.

K = (12)

B. Leakage Inductance

Leakage inductor L, plays the role of energy transfer in the
converter, so L, should be taken to ensure the maximum power
transmission of the bipolar converter, and can be expressed as

TK?*VZ (—8D3 + 8Dy — 1)
16w Py '

where w = 27fs, ¢ = 0.5m, D; = 0.72. Considering the high

rms value of leakage inductance current because of too small

leakage inductance and according to (13), a leakage inductance
of 7.5 uH is chosen.

L, <

13)

C. Magnetizing Inductance

To achieve the full range ZVS, the most difficult ZVS real-
ization situation is considered to design the magnetizing induc-
tance. From the above analysis, it is clear that the unbalanced
load will reduce the ZVS range, especially when one port is
unloaded and one portis loaded. However, one port unloaded and
one port fully loaded is not the most difficult situation to realize
ZVS. Take the ZVS analysis of switch Sy under Poy¢1>Pout2 as
an example, as it is more challenging to achieve soft switching
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Fig. 13.  Coupled inductor equivalent model.

of S4 in that case. Although the dc bias current increases the
switching current when switch Ss is turned OFF under full load,
the negative value of its secondary side current is also large, so
the switching current flowing through S, is not necessarily the
maximum. Therefore, Fig. 12 plots the switching currents of
switch Sy for different duty cycles and unbalanced power.

According to Fig. 12, ZVS is most difficult to achieve when
the duty cycle D; is 0.52 and the unbalanced power is 220 W.
Therefore, the ZVS condition to be satisfied by the introduced
magnetizing inductance is shown below

VOTS Von
8L, 2Lm> <0

KILT + [bias - < (14)

where I, is the leakage inductance current when S3 is turned
OFF. Based on formula (14) and keeping a certain margin, it is
advisable to design a larger magnetizing inductance due to a low
circulating current while meeting the ZVS requirement. Finally,
a 260 pH magnetizing inductance is designed.

D. Coupled Inductor Design

Conventional CF-DAB converters usually add an external
leakage inductor in series with the transformer. Meanwhile,
conventional voltage balancers also require dc inductors, which
increases the number of magnetic components. Therefore, the
proposed bipolar CF-DAB converter integrates the leakage in-
ductor, transformer, and magnetizing inductor into a coupled
inductor, making the structure more compact. The winding struc-
ture is different from conventional transformers. The equivalent
model of the coupled inductor and its circuit model can be
seen in Fig. 13, where L;, Ly, and M2 are the primary-side
self-inductance, the secondary-side self-inductance, and the mu-
tual inductance of the coupled inductor, respectively. Based on
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TABLE I
SPECIFIC PARAMETER OF THE COUPLED INDUCTOR

Parameters Design
Core model EE42/20
Magnetic flux density change AB=180 mT
Air gap of out legs 0.477 mm
Air gap of center legs 0.816 mm
Turn ratio N,:N 22:41
N, p:N, 17:5
N 5N p 20:21

Fig. 13, the expressions of Ly, Lo, and Mo are derived from
L,=L,+K?L,,
Lo =Ly,
Mg =KLy,

15)

Substitute L, = 7.5 uH, L,,, = 260 pH, K = 1/1.86 into (15)
to get L; = 82.65 pH, Ly = 260 pH, M12 = —139.78 uH,
and then the coupling coefficient k = Mio/(L1 L)Y = 0.95
for the coupled inductor is obtained. Because of the relatively
high coupling coefficient , the proposed converter uses winding
interleaving of the primary and secondary side windings, which
enhances coupling to reduce inductance losses compared to
the conventional non-interleaved winding [28]. The winding
structure of the coupled inductor can be seen in Fig. 14(a),
and the corresponding reluctance model in Fig. 14(b) can be
deducted from Fig. 14(a), where Ry, 31, Ro are the reluctance
on the three magnetic circuits and are mainly affected by the air
gap, N,,_ , is the number of turns to be wound on the primary
side for the primary winding, and N,_,, is the number of turns
to be wound on the primary side for the secondary winding. In
the same way, the definitions of Ny_, and N,,_, can be obtained,
and N,_, +N,_s=N,,Ns_ s+ Ns_, =N

Based on Fig. 14(b) and using the superposition theorem, the
relationship between each reluctance and self-inductance L,
L, mutual inductance M2, and Ny,_p,/N,,_s/Ns_s/Ns_, can be
obtained to calculate the required air gap length [28]. Finally,
the specific design parameters of the coupled inductor can be
found in Table I. In addition, the magnetic flux density under
extremely unbalanced load conditions will not exceed the satu-
ration magnetic flux density, with a certain margin.

E. Control Scheme

Fig. 15 illustrates the control strategy diagram of the proposed
converter, which mainly adopts decoupled primary-side duty
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Fig. 15.  Control scheme for the proposed bipolar CF-DAB converter.
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Fig. 16. Laboratory prototype of the proposed bipolar CF-DAB converter.

TABLE II
SPECIFICATIONS OF THE LABORATORY PROTOTYPE

Parameters Value

Input voltage (V) 32-53V

Output voltage (V) 400V (2X200V)

Nominal power (Py) 750 W

Switching frequency (fs) 100 kHz
Turn ratio (K) 1:1.86
Equivalent leakage inductance (L,) 7.5 uH
Dc inductance (L,/L,) 25 pH

cycle closed-loop and phase shift angle closed-loop control to
achieve voltage matching control and power control, respec-
tively. In the phase shift angle closed-loop control, the bandwidth
of the current loop should be higher than that of the voltage loop
as much as possible to ensure the fast response of the inner loop.
Although the duty ratio Dy of the secondary-side switch can
also be fine-tuned to further reduce the bipolar voltage deviation
(For example, when V, is lower than V,9, Dy of S3 and Sy is
controlled to be smaller than 50%), the proposed converter still
uses PPS control to simplify the control, which is enough to keep
the bipolar voltage deviation within 1.5%.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS

As shown in Fig. 16, a 750 W prototype was built to validate
the feasibility of the proposed bipolar converter, where the
corresponding experimental parameters can be seen in Table II.
The experimental parameters can be modified according to the
specific application in accordance with the design recommen-
dations in Section V.

Fig. 17 shows the steady-state operating waveforms of the pro-
posed bipolar CF-DAB converter under different loads, where
Fig. 17(a) and (b) represents the steady-state waveforms under
light and medium loads, respectively, when the balanced power
condition is met. Fig. 17(c) and (d) illustrates the operating
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waveforms under extremely unbalanced power conditions, i.e.,
Pout1 = 0, Poui2 =Py, and Pout1 =Pp, Poutz = 0, ICSP€CtiV€1y-
Fig. 17(e) and (f) illustrates the operating waveforms under un-
balanced power conditions with Pg,¢; and P,y¢2 more than zero,
i.e., Pougr = 100 W, Poyio = 300 W, and Poye; = 300 W, Poyio
= 100 W, respectively. As shown in Fig. 17, the port voltage
Vo1 is stable at around 200 V regardless of the load condition.
Similarly, bipolar voltage balancing for different input voltages
can still be achieved, taking the unbalanced power Poyt1 < Pout2
as an example, as shown in Fig. 18.

Compared with the conventional converter with a narrow ZVS
range under the unbalanced load, the proposed converter utilizes
the magnetizing current to assist in achieving the full range ZVS.
To verify the impact of different magnetizing inductances on
the ZVS performance of the converter, Fig. 19 compares the
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Fig.20. Experimental ZVS waveforms of switch S, of the proposed converter

(V1 =353 V). (@) Pout1 = 750 W, Poutz = 0 W. (b) Pout1 = 0 W, Pouta =
750 W.

ZVS waveforms with different magnetizing inductances under
unloaded and unbalanced loads, considering the most difficult
input voltage situation for achieving ZVS on the secondary-side
switches (V1 =53V, D; =0.5). As shown in Fig. 19(a) and (c),
the conventional converter with a large magnetizing inductance
has difficulty achieving ZVS at both no-load and unbalanced
load conditions. Furthermore, the conventional converter has a
bipolar voltage deviation of 2.9% under unbalanced loads, which
is much higher than the proposed method under the same load
conditions with a voltage deviation of only 0.7%. Combined
with the observation of Fig. 19(c) and (e), when P11 >Poyt2,
a positive dc bias value is generated on the magnetizing cur-
rent, making it more difficult for switch S4 to achieve ZVS;
conversely, when Pout1 <Pout2, S4 can conduct at zero voltage,
implying an asymmetrical ZVS range for the secondary side
switches at unbalanced loads.
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TABLE III
COMPARISON WITH SIMILAR BIPOLAR CONVERTER
[8] [21] [20] [27] [18] [19] Proposed
Topology type CF-DAB CF-DAB CF-DAB VF-DAB VF-DAB VF-DAB CF-DAB
MOSFET 8 6 6 8 6 6 6
Diode 0 2 4 0 2 4 0
Number of Capacitor 3 4 4 3 5 4 3
components M "
agnetic 1T+3L 1T+4L 17+2L 17+1L 17+1L 17+1L 17+2L
components
Modulation scheme PSM PSM PSM PSM PSM PSM PPS
n n 2n
Volt i 2Gyr. 2Gyr.
oltage gain n -D -D n VF-DAB VF-DAB 1-D
Input voltage range 380V 40V 40V 380V 80-120 V 90-120 V 32-53V
Output voltage 2x190 V 2x60 V 2x60 V 2x190 V 2x190 V 2x120 V 2x200 V
Lo ZVS+ ZVS+ Wide range Wide range Full range
Soft switching ZVS 7CS ZCs ZVS ZVS ZVS+ZCS ZVs
Peak efficiency 96.7% 96.4% 95.6% 97.7% 97.9% 97.9% 97%
*Magnetic components includes the transformer (7) and inductors (L); Gyr.pas is the voltage gain of traditional VF-DAB converters; n = 1/K = Na:N;.
o 4T\ZVS e __d.7ZVs 98 97 968| _o% 064
Lrlg(25V/div), | A"""‘“—"‘“" U (25V/diV) ——— = g6 e N
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Fig. 21. Experimental ZVS waveforms of the primary-side switches of the (@) (b)
proposed converter (V1 = 32V, Pous1 = 750 W, Poutz = 0 W). (a) Q1.

(®) Q14

V,,(250V/div) |
-

V,,(250V/div)
i

AV, (250V/div) [ V,2(250V/div)!

i (10A/div) | 7;,(20A/div), i1, (10A/div)

o 200ms/div]| ¢ in(20A/div) 200ms/div
(a) (b)
Fig. 22.  Experimental transient waveforms of load variation at Poy,t1 When

Pouto is full-load. (a) Poyt1 from O W to 375 W. (b) Poyt1 from 375 Wto O W.

Except for Fig. 19(b) and (d), Fig. 20 also provides the ZVS
waveforms of switch Sy of the proposed bipolar converter under
two extremely unbalanced load conditions, i.e., no load at one
port and full load at the other. In addition, Fig. 21 illustrates the
ZNV'S waveforms of the primary-side switches of the proposed
converter under an input voltage of 32 V and an unbalanced
power of 750 W, as this operating condition is more difficult to
realize ZVS compared to other operating conditions. Following
Figs.20 and 21, the proposed converter switches can realize ZVS
under extreme loads, and the degree of bipolar voltage deviation
does not exceed 1.5% at extreme load unbalance.

Fig. 22 illustrates the experimental transient waveforms of
the proposed converter when P, is fixed at full load and
Pou1 undergoes load variation, where P, in Fig. 22(a) steps
from O to 375 W, and P,,41 in Fig. 22(b) switches from 375
to 0 W. It can be seen from Fig. 22 that voltages of bipolar
ports can remain stable at 200 V and the leakage inductance
current can be changed smoothly. The transition waveforms
between unbalanced and balanced load conditions show that the

Fig. 23.  Efficiency of the proposed bipolar CF-DAB converter at different
input voltages. (a) Under balanced loads. (b) Under unbalanced loads.
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Fig. 24.  Loss breakdown comparisons between balanced power and unbal-
anced power. (V1 =53V, Py =750 W).

proposed converter can effectively achieve automatic bipolar
voltage balance.

Fig. 23(a) and (b) illustrates the efficiency curves of the
proposed bipolar CF-DAB converter under balanced power and
unbalanced power, respectively, where three curves in each
figure represent different input voltages. Under balanced power,
the highest efficiency of the converter can be up to 97%, but the
efficiency of the converter is slightly lower under unbalanced
power than under balanced power conditions. Fig. 24 shows the
converter loss breakdown for balanced and unbalanced loads
with the same input voltage and total operating power, which
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reveals that the increased loss under unbalanced load mainly
comes from the switch conduction loss and coupled inductance
loss. Because under the unbalanced load condition, in order to
achieve bipolar voltage automatic balance, the secondary side of
the converter generates a dc bias current to compensate for the
unbalanced voltage, which leads to changes in the secondary side
currents and an increase in loss. However, even if the efficiency
of extreme unbalanced loads is compared with the efficiency of
balanced loads, the efficiency difference does not exceed 1%
under the same input voltage and total operating power.

Furthermore, Table III compares the performance of the pro-
posed converter with similar bipolar converters. It can be seen
that the proposed converter has fewer component counts and a
wider input voltage range. It can provide higher voltage gain
due to the CF-DAB-based topology structure. Compared with
similar CF-DAB-based converters [8], [20], [21], the proposed
converter has a relatively higher efficiency. The efficiency of
the proposed converter is slightly lower than that of the VF-
DAB-based converters [18], [19], [27] because the proposed
converter is often used in low-voltage high-current applications.
Lee et al. [8], and Tian et al. [20], [21] can achieve ZVS at a
fixed voltage gain, but it will be difficult to achieve ZVS if the
input voltage is varied or when under extremely unbalanced load
conditions. The proposed converter can achieve soft switching
under any operating conditions.

VII. CONCLUSION

In this article, a bipolar current-fed dual-active-bridge con-
verter with automatic voltage balancing is presented. The pro-
posed converter has only two switches at the bipolar ports,
eliminating the need for cascading extra voltage balancers and
utilizing a coupled inductor to make the structure more compact.
Then, it is revealed that unbalanced power in practical operation
makes ZVS lost, leading to high voltage deviation problems.
To increase the converter efficiency and to improve the bipolar
voltage equalization performance, this article proposes to inte-
grate the magnetizing inductor into a conventional structure. Its
design is analyzed in detail so that the converter can accomplish
full-range ZVS, thus providing the benefits of low losses, low
EMI noise, and low voltage deviation. Because of the PPS
control and primary-side interleaved double boost structure, the
converter has a wide voltage range and low current ripple, which
is suitable for the connection to the bipolar dc system and energy
storage system. Finally, the effectiveness and advantages of the
proposed converter are verified by a 750 W prototype.
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