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Abstract—Multi-port converters (MPCs) that integrate
multiple converters into a single unit have been proposed to reduce
the converter count in renewable energy systems where multiple
power sources are employed. The conventional MPCs consisting
of a dual active bridge (DAB) converter and interleaved PWM
converter, however, require feedback control loops and current
sensors to balance inductor currents. Furthermore, the
transformer utilization in the DAB converter tends to decrease as
the duty cycle of the interleaved PWM converter moves away from
0.5. This paper proposes a novel MPC integrating a DAB
converter and interleaved PWM converter with an automatic
current balancing capability and a high transformer utilization.

Major features and fundamental operation principle are discussed.

The experimental verification test using a 300-W prototype
demonstrated that the proposed MPC could improve the
transformer utilization and achieve an automatic current
balancing.

Keywords—Automatic current balancing; multi-port converter;
interleaved PWM converter; dual active bridge (DAB) converter

l. INTRODUCTION

Recent renewable energy systems, such as photovoltaic
(PV) systems, consist not only solar panels but also
rechargeable batteries to smooth the unstable power generation
of the solar panels. These systems tend to be complex and costly
as the number of power sources increases because multiple
converters are required to control each power source
individually, as shown in Fig. 1(a). In order to simplify these
systems, multi-port converters (MPCs) integrating multiple
converters into a single unit have been proposed, as illustrated
in Fig. 1(b). A PV system consisting of 48-V solar panel and
12-V rechargeable battery is focused in this paper.

MPCs are roughly divided into three groups: isolated,
nonisolated, and partially-isolated MPCs. Isolated MPCs [1],
[2] employs magnetic coupling using a transformer, and hence,
voltages of each port can be arbitrarily determined by the
transformer turns ratio. The isolated MPC topologies, however,
are prone to complexity due to the large switch count because
each input/output port requires multiple switches. Nonisolated
MPCs reported in [3], [4] can reduce the switch count by
sharing switches of two different converters. Their voltage
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conversion ratios, however, cannot be arbitrarily determined by
turn ratios of the transformers because of the lack of transformer.

This paper chiefly focuses on partially-isolated MPCs that
can be derived from the integration of a bidirectional PWM
converter and isolated converter [5], [6]. In addition to the
galvanic isolation by a transformer in isolated converters, the
partially-isolated MPCs can reduce the switch count by sharing
switches of two converters. Several partially-isolated MPCs
integrating an interleaved bidirectional PWM converter and
dual active bridge (DAB) converter have been proposed in [7]-
[9]. The interleaved PWM converter reduces current ripples of
an input or output port and enhances a current capacity, while
the DAB converter realizes bidirectional power flow with
galvanic isolation and zero voltage switching (ZVS) over a
wide operating range. These topologies, however, need current
sensors and additional feedback control loops to balance
inductor currents in the interleaved converter, increasing the
system cost and complexity. Moreover, the interleaved PWM
converter must operate with a high duty cycle to achieve high
voltage conversion ratios (e.g., a duty cycle of 0.75 for a boost
ratio of 4.0 = 48/12 V). High duty cycle operations result in not
only a low-transformer utilization of the DAB converter but
also increased current ripples in the interleaved converter.

This paper proposes a novel MPC integrating an
interleaved PWM converter and DAB converter with a high-
voltage conversion ratio and automatic current balancing
capability by adding a flying capacitor to the conventional MPC.
Section 1l presents the derivation and major features of the
proposed MPC. Section Il describes the operation analysis,
including the current balancing principle, improved transformer
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Fig. 1. (a) Traditional power system with multiple converters and (b) MPC-
based system for photovoltaic system.




utilization, and ZVS range. The experimental results of a 300-
W prototype will be presented in Section 1V.

Il.  ProposeD MPC

A. Derivation

The proposed MPC, shown in Fig. 2, is derived from the
combination of an interleaved PWM converter and DAB
converter together with a flying capacitor Cy. The circuit on the
transformer’s primary side, or a low-voltage side, consists of a
two-phase interleaved bidirectional PWM converter having two
switching legs. Cs is inserted between switches Qrg and Qug to
achieve not only an automatic capacitive current balancing but
also a high voltage-conversion ratio between a battery and PV
panel. The secondary side, or a high-voltage side, consists of a
half-bridge rectifier with a dc blocking capacitor Cq to prevent
dc bias current of the transformer. Cqcalso behaves as a voltage
doubler that contributes to reducing the number of secondary
winding turns.

Thanks to the integration of the two bidirectional converters,
all three input/output ports are capable of bidirectional power
flow. In this paper aiming for a PV system containing a
rechargeable battery, the medium and low voltage ports on the
primary side are assumed as a unidirectional input port for the
PV panel (Vey) and bidirectional port for the battery (Vgar),
respectively. The load port on the secondary side is a
unidirectional output port (Vioap).

The proposed MPC employs PWM and phase-shift (PS)
controls to regulate all input/output ports individually. The
voltage conversion ratio between Vear and Vpy can be regulated
with the PWM control manipulating duty cycles of switches
Qua and Que. The load power Pioap, On the other hand, is
regulated with PS control, adjusting a phase angle ¢ between
Qua and Qcc.
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Fig. 2. Proposed multi-port converter.

B. Major Features

The voltage conversion ratio between Vepy and Vgar
(Vev/Vear) at a given duty cycle is doubled compared with that
of conventional MPCs consisting of a DAB converter and
interleaved bidirectional PWM converter [7]-[9] because
certain voltage is applied to Cs in the proposed MPC, as will be
detailed in Section I1I-C. Consequently, the transformer
utilization can be improved compared with the conventional
MPC, contributing to reducing RMS currents. Moreover, the

current ripple of the battery port can be reduced as the current
ripples of two inductor ia and ig, are canceled by the
interleaving operation. The detailed analysis for the transformer
utilization will be discussed in Section I1I-E.

iLa and g can be automatically balanced thanks to the
charge conservation of C; without feedback control loops nor
current sensors, as will be discussed in Section I111-B. Therefore,
the proposed MPC can reduce circuit complexity and cost
compared with that of the conventional MPCs using active
current balancing techniques [7]-[9]. In addition, Cs contributes
to reducing voltage stresses of switches on the primary side.
The reduced switch voltage stresses would translate to not only
lower conduction losses due to low on-resistances but also
reduced switching losses. Furthermore, Cr reduces charge-
discharge energies of inductors, contributing to an efficient
power conversion as well as reduced circuit volume.

I1l.  OPERATION ANALYSIS

The proposed MPC operates either in the battery charging
mode, hybrid mode, or battery discharging mode depending on
the power balance among an input power Ppy, battery charging
power Pgar, and Pioap, as depicted in Fig. 3. This paper deals
only with the battery charging mode to save page length.

The key operational waveforms and current flows in the
battery charging mode are shown in Figs. 4 and 5, respectively.
vag and vs are the voltages across the primary and secondary
windings of the transformer, Vs and N are the voltage of Crand
transformer turn ratio, respectively. ¢p is the phase-shift duty
cycle (= ¢/360°), and Ts is the switching period. The switching
legs of primary side, QLa—Quna and Qrs—Qws, Operate in an
interleaved manner of 180° out of phase. The duty cycles of the
low-side switches of Qua and Q. are defined as da and dg
respectively. Meanwhile, the duty cycle of the high-side switch
QLc on the secondary side, dc, is fixed to be 0.5. Triangular
carrier waves are used to generate all gating signals. Thus, ¢p
is the phase shift angle between the center of gate signals of Qa
and Q.c. Dead-time periods are assumed short enough to be
neglected.
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Fig. 3. Power flows in (a) battery charging mode, (b) hybrid mode, and (c)
battery discharging mode.

A. Mode Analysis

The following analysis is focused on the voltages of La, Ls,
and Lig (VLa, Vie and vikg) to derive PLoap and ZVS constraints.
The charge and discharge currents of Cs and Cqc are described
to demonstrate the current balancing principle in Section I11-B.

Before the operational mode analysis, the voltage of Cgc,
Vcdc, is derived to determine vs. From the average voltage at the
switching node of the leg QLc—Qnc,
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Fig. 4. Key operational waveforms in battery charging mode.

Vede = @—dc)Vioan: )

As aforementioned, dc is fixed to be 0.5, hence Vcqc is equal to
Vioap/2. Therefore, vs is Vioan/2 and —Vioap/2 during Qwc and
Q.c are conducting, respectively.
Mode 1 (to—t1) [Fig. 5(@)]: QLa, Qus, and Quc are turned on.
via and vig are expressed as
VA=V g=VpaT - 2)
iLa linearly increases (as well as Modes 2-4), and iz also
linearly increases (as well as Modes 4-6). Vi iS Vas — Vs/N, and
therefore, it is expressed as
Vikg = —Vioan/2N, 3
and the current of Lyg, iLkg, linearly decreases. In this mode, no
current flows through Csx.
Mode 2 (t1—t,) [Fig. 5(b)]: QLs and Qug are turned off and on,
respectively. vig and viig are expressed as

Vig =Veat —Vpv +Ver 4
Vig =—Vev +Ver —=Vioap/2N - (5)
iLg and iug linearly decrease in this mode. Cs is discharged by irg

+ iLkg.

Mode 3 (t>—t3) [Fig. 5(¢)]: Quc and Qrcare turned off and on,
respectively. vig in this mode is equal to (4). Therefore, the
slope of i.g is identical to that in Mode 2. vy is yielded as

6
Vig =—Vev +Ver +Vioan/2N - ©)

In this mode, iLkg increases when Vpy — Vet < Vioap/2N and vice
versa when Vpy — Vcr > Vioan/2N. Cris discharged by g + iikg.

Fig. 5. Current flows in battery charging mode: (a) Mode 1, (b) Mode 2, (c)
Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6.



Mode 4 (ts—ts) [Fig. 5(d)]: Que and Qg are turned off and on,
respectively. Vi is opposite to that in Mode 1. Cs is neither
charged nor discharged in this mode.

Mode 5 (ts—ts) [Fig. 5(€)]: QLa and Qunaare turned off and on,
respectively. via and viig are

Vi a=VpaT — Vi )
Vikg =Ver +Vioap/2N - (8)

iLa starts decreasing (as well as Mode 6), while ivg increases. In
this mode, Cs is charged by iLa — ivkg.

Mode 6 (ts—ts) [Fig. 5(f)]: QLc and Quc are turned off and on,
respectively. vikg is expressed as

Vig =Ver —Vioan/2N - ©)

iLkg increases when Vet > Vioan/2N and vice versa when Ver <
Vioan/2N. Cs is still charged by ia — iLkg, Similarly to Mode 5.
B. Automatic Current Balancing

As mentioned in Section I11-A, Cs is charged by iLa — iLkg in
Modes 5-6 with the length of (1 — da)Ts and is discharged by

iLg + iLkg iIn Modes 2—3 with the length of (1 — dg)Ts. Meanwhile,

Cqc is charged and discharged by i Based on the charge
balances on Crand Cqc, following equation is yielded

A-da)la=(@Q-dg)ls, (10)
where Iia and lg are the average currents of ia and i,
respectively. Therefore, under the condition that da and dg are
identical, iia and g can be automatically balanced without
feedback control loops nor current sensors.

C. Output Characteristics

In the interleaved PWM converter, V¢ can be yielded by
applying (2) and (7) to volt-sec balance on La, as

_ Vear 11
o =1 (11)
Volt-sec balance on Lg with (2) and (4) yields
V
Vpy =Vgs +—BAL (12)
pv =Vcf 1-dg

Given that each duty cycle is identical as da = ds = d,
substituting (11) into (12) produces the voltage conversion ratio
between Vpy and Vear as
Vev __2 (13)
Vear 1-d
Thus, the voltage conversion ratio of the interleaved PWM
converter in the proposed MPC is doubled compared with that
of the conventional MPCs [7]-[9].
PLoapb can be derived from (3), (5), (8), and (9) by applying
volt-sec balance on Ly and charge balance on Cgc. Proap iS
expressed by the following equations. When d > 0.5,

P :VPVVLOAD{d(l d) +2¢p (1-2¢p) 1/4} 971
LOAD BNiLy, PR (14)
P _VPVVLOAD(/’D(1 d) 0 ﬂ_}
LOAD 2Ny, P<37a
When d <0.5
VPVVLOAD(PD {Zd(l d)- €0D}
P
LOAD 2NflLyg (15)

where f is the switching frequency.

D. ZVS Conditions

To achieve ZVS turn-on, a body diode of each switch needs
to conduct before its gating signal is applied. ZVS constraints
for each switch are expressed as

Qua Hipa(ty) — g (to) <0

Qg Hiis(ts) +iyg(ts) <0

Qua tipa(ts) —ipg(ts) >0

Qug s () +ipg (k) >0 ,

Quc tiyg(ty) <0

Qnc 1 -lyg (ts) <0

2(1-d)L+dl,) +2M(d +2¢p ~1)
d(1-d)+2¢p(1-2¢pp)-1/4

2(1—d)(L+dlg) +2M(d + 20p —1)
d(l-d)+2pp(1-2¢p) -4

Qi g 2¢i?12d2(20)1)|1/4 B

4opp +M —-1+2d(d -Dlg
d(1-d)+2¢p(1-2¢p)-1/4

QL. Qnc i¢p >z(1—M)

(16)

Qua k<

Qg k<

Qup k>

where k is the current ratio of the battery current Igar and load
current lioap (kK = Igat/lLoap), and M is the voltage conversion
ratio (M = Vioao/NVpy). laand lg are the ratio of Lyg to La (Ia =
Lig/La) and Lig to Lg (Is = Lig/Lg). The ZVS constraints of the
primary side switches are determined not only by iy but also
iLa O iLg, according to (16). The ZVS boundary of (17) is shown
in Fig. 6. It suggests that the ZVS range becomes narrow as k
increases. On the other hand, ZVS turn-off can always be
achieved for all switches thanks to a parasitic drain-source
capacitance of each switch.
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Fig. 6. ZVS boudariesatd =0.5, I =g = 0.1 and k = 0-2.

E. Transformer Utilization and Switch Voltage Stress

Fig. 7 compares waveforms of vag between the proposed
and conventional MPCs with Vpy/Vear = 4.0. In the
conventional MPC, a period of vag = 0 exists because d must be
0.75 to achieve Vpy/Vear = 4.0. During this zero-voltage period,
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Fig. 7. Voltage across primary winding with Vey/Vear = 4.0.

no power can be transferred through the transformer, resulting
in poor transformer utilization and increased RMC current as
well as copper loss. The proposed MPC, on the other hand, can
extend the non-zero voltage period because the voltage
conversion ratio is doubled compared with that of the
conventional one. According to (13), the operation withd = 0.5
realizes the voltage gain of Vpy/Vear = 4.0. Hence, a zero-
voltage period can be eliminated, and the transformer utilization
can be maximized.

The voltages stresses of Qra, Que, Qua, and Qug are
expressed as

Vs (Qua) = Vet

Vas(Qua) =Vpy — Vet _ (18)

Vas(Qua) =Vpy

Vas(Qug) =Vpy —Ver
The voltage stresses under d = 0.5 are derived by substituting
(11) and (13) into (18), as

\
Vds(QLA) = Vds(QLB) = Vds(QHB) = % (19)

Vis(Qua) =Vey

This equation suggests that the voltage stresses of Qa, Q.s, and
Que are suppressed to half of Vpy.

Fig. 8. 300-W prototype.

Table I. Component values.

Items Values
Cpv Ceramic Capacitor, 100 uF
Cgar Ceramic Capacitor, 30 pF
Croap Aluminum Electrolytic Capacitor, 360 uF
Cr Ceramic Capacitor, 40 pF
Ce Ceramic Capacitor, 6.6 pF
Tr N=4.25,Li,=0.8 pF, L, =15.7 uF
LA, LB 33 HF, R,/L» =24 mQ
Qra, Qup, Qua, Qus FDHO55N15A, Vps =150V, R,, = 5.9 mQ
LC QHC SIHB28N6OEF, VDS =650 \/.’ R,m =123 mQ
Gate Driver ADuM3223ARZ

IV. EXPERIMENTAL RESULTS

A. Prototype

A 300-W (Pgar = 100 W, Proap = 200 W) prototype was
designed and built for Vey =48 V, Vear =12 V, and Vioap = 200
V, as shown in Fig. 8, and its switching frequency was 100 kHz.
Component values are listed in Table I.

B. Output Characteristics

The measured voltage conversion ratio of Vpy/Vear is shown
in Fig. 9(a). Vev/Vear Were dependent only on d, suggesting that
the operation of the interleaved PWM converter was
independent on PS control. Fig. 9(b) shows measured PLoap
characteristics as a function of ¢. PLoap Was dependent on both
d and ¢, suggesting an existence of the cross-regulation issue
between PWM and PS controls. The interdependence would be
eliminated by introducing a decoupling network [10], [11],
which will be a part of our future works.
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Fig. 9 Measured output characteristics at Vpy =48 V, Vgar= 12 V, and Vioap =
200 V: (a) Vpv/Vear as a function of d [Eq. (13)], (b) PLoao as a function of ¢.

C. Measured Waveforms

Measured voltage waveforms of switches on the primary
side (Qua, QLe, Qna, and Qug) in the battery charging mode are
shown in Fig. 10(a). Thanks to Cs, vas 0f QLa, QLg, and Qus were
suppressed to around half the input voltage of 48 V, reducing
voltage stresses compared with those of the conventional MPCs
[71-[9].

The measured waveforms of vag, iLa, is, and isar are shown
in Fig. 10(b). There was no zero-voltage period of vag at the
condition of Vpy/Vear = 4.0, meaning the transformer utilization
was improved compared with those of conventional MPCs. ia
and i.s, were automatically balanced, and the current ripple of
the battery port was canceled.
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Fig. 12. Measured power conversion efficiencies in battery charging mode.

without feedback control, and the transformer utilization was
improved compared with that in the conventional MPCs. The
measured power conversion efficiency in the battery charging
mode was as high as 94.4% at the full load of 300 W. The loss
analysis revealed that reduction in the copper loss of the
transformer windings and employing low-resistance capacitor
would effectively improve the power conversion efficiency in
the heavy load region.
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