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Development of DC to Single-Phase AC Voltage
Source Inverter With Active Power Decoupling
Based on Flying Capacitor DC/DC Converter

Hiroki Watanabe

Abstract—In the present, a power decoupling method without
additional component is proposed for a dc to single-phase ac con-
verter, which consists of a flying capacitor dc/dc converter (FCC)
and the voltage source inverter (VSI). In particular, a small fly-
ing capacitor in the FCC is used for both a boost operation and
a double-line-frequency power ripple reduction. Thus, the dc-link
capacitor value can be minimized in order to avoid the use of a
large electrolytic capacitor. In addition, component design, of, e.g.,
the boost inductor and the flying capacitor, is clarified when the
proposed control is applied. Experiments were carried out using
a 1.5-kW prototype in order to verify the validity of the proposed
control. The experimental results revealed that the use of the pro-
posed control reduced the dc-link voltage ripple by 74.5%, and
the total harmonic distortion (THD) of the inverter output cur-
rent was less than 5%. Moreover, a maximum system efficiency of
95.4% was achieved at a load of 1.1 kW. Finally, the high power
density design is evaluated by the Pareto front optimization. The
power densities of three power decoupling topologies, such as a
boost topology, a buck topology, and the proposed topology are
compared. As a result, the proposed topology achieves the high-
est power density (5.3 kW/dm?) among the topologies considered
herein.

Index Terms—Active power decoupling, flying capacitor dc/dc
converter (FCC), photovoltaic (PV) system, power density design.

I. INTRODUCTION

N RECENT years, photovoltaic (PV) systems have been
I actively researched as a sustainable power solution. As a
result, the world global market installation reached a record
high of 228 GW in 2015 [1]. In order to use the generated
power by PV panels, power converter systems (PCSs) are used
to connect the PV system to the single-phase ac grid. These
PCSs require the following capabilities: high efficiency power
conversion; “plug and play” operation; maintenance free; and
small packaging design.

Manuscript received March 21, 2017; revised May 28, 2017; accepted June
28, 2017. Date of publication July 14, 2017; date of current version February
22, 2018. Recommended for publication by Associate Editor X. Wu. (Corre-
sponding author: Hiroki Watanabe.)

The authors are with the Department of Electrical Electronics and Infor-
mation, Nagaoka University of Technology, Niigata 940-2188, Japan (e-mail:
hwatanabe @stn.nagaokaut.ac.jp; t_sakuraba@stn.nagaokaut.ac.jp; archer_FK

@stn.nagaokaut.ac.jp; kusaka@vos.nagaokaut.ac.jp; itoh @vos.nagaokaut.ac.jp).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TPEL.2017.2727063

, Student Member, IEEE, Tomokazu Sakuraba, Student Member, IEEE,
Keita Furukawa, Student Member, IEEE, Keisuke Kusaka, Member, IEEE, and Jun-ichi Itoh

, Senior Member, IEEE

In order to fulfill these capabilities, two-stage power conver-
sion using a dc/dc converter and a voltage source inverter (VSI)
is generally used due to its simple configuration. Furthermore,
multilevel converters, such as neutral point clamped converters
or flying-capacitor dc/dc converters (FCCs), have been used in
two-stage power conversion due to advantages such as high ef-
ficiency and high power density. These advantages are obtained
by using a low on-resistance switching power device owing to
the use of low-voltage-rating devices in the multilevel topology.
Meanwhile, the inductor volume can also be minimized be-
cause the harmonic components of the inductor voltage can be
reduced. In the FCC converter topology, the switched capacitor
converter (SCC) is the popular configuration [2]-[3]. SCC can
achieve the boost-up operation without large inductor. However,
the inrush current on dc side occurs due to the flying capacitor.
In order to solve this problem, the SCC with the small inductor
is considered in [4]. The SCC with small inductor can reduce
the inrush current in comparison with the conventional SCC. In
addition, a high boost ratio can be achieved by small inductor
and flying capacitor.

On the other hand, double-line-frequency power ripple oc-
curs in the dc side due to the single-phase ac grid. This power
ripple leads to a decrease in a performance of the maximum
power point tracking (MPPT). Therefore, a bulky electrolytic
capacitor is usually required in the dc-link in order to absorb the
power ripple: i.e., a passive power decoupling method is used.
However, the electrolytic capacitor limits the life-time of the
power converter according to the Arrhenius law.

In order to solve this problem, active power decoupling meth-
ods have been energetically studied [5]-[15]. The active power
decoupling is realized through the addition of switching de-
vices and small passive energy buffer. Active power decoupling
methods can reduce the capacitance required for power ripple
compensation, which enables the use of film capacitors or ce-
ramic capacitors instead of an electrolytic capacitor. Generally,
the active power decoupling technique can be categorized into
two types: the power decoupling technique based on parallel
connection and series connection, where an auxiliary power
decoupling circuit is connected to the dc link or ac side. A topo-
logical review of these power decoupling techniques has been
presented in [16]. In [16], these conventional techniques can re-
duce the capacitance for power decoupling. However, it is also
reported that the active power decoupling methods based on
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Fig. 1. DC to single-phase ac grid-connected converter with typical boost
converter.

series or parallel connection worsens the converter efficiency
due to the loss from the additional component [17]. Therefore,
the achievement of active power decoupling capability with-
out the need for an additional component is a key technique in
realizing high efficiency and high power density [18].

This paper proposes a novel active power decoupling method
based on the FCC. The original contribution of the present paper
is that the active power decoupling control is achieved using a
typical dc/dc converter without any additional components in
order to reduce the volume, cost, and converter loss. In the
paper, a multilevel dc/dc converter that has capacitive storage is
focused. Originally, the FCC has a small flying capacitor in order
to achieve a high boost ratio. The proposed control uses this
capacitor for both boost operation and double-line-frequency
power ripple compensation, i.e., active power decoupling. As a
result, the dc-link capacitor value can be minimized. In addition,
the advantages of the multi-level converter is also utilized in
the proposed converter. Thus, the conduction losses and the
inductor volume are reduced in comparison with the typical
boost converter. However, the active power decoupling control
decays the PV input current control performance because the
voltage fluctuation of the flying capacitor disturbs the input
current control. Therefore, this disturbance is compensated by
the proposed input current control.

The remainder of the paper is organized as follows. In
Section II, the configuration of the proposed converter is ex-
plained. In Section III, the proposed active power decoupling
control is described. In Section IV, the component design of the
proposed converter is explained, and the fundamental operation
is then demonstrated experimentally. In this section, high effi-
ciency design is discussed based on converter loss analysis. In
Section V, the high power density condition is evaluated with
the Pareto front optimization when the switching frequency is
changed.

II. CiRcUIT CONFIGURATION

A. Two-Stage DC to Single-Phase AC Grid-Connected
Converter With Typical Boost Converter

Fig. 1 shows the dc to single-phase ac grid-connected con-
verter with a typical boost converter. The boost converter boosts
the PV input voltage above the peak value of the grid voltage,
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Fig. 2. Active power decoupling approaches. (a) Parallel-connected topol-
ogy. (b) Conventional power decoupling circuit in parallel connection.
(c) Series-connected topology. (d) Proposed approach.

and the generated power is supplied to the single-phase grid
by the VSI. In this case, a bulky electrolytic capacitor Cq. is
required in the dc-link due to the double-line-frequency power
ripple of the single-phase grid. In addition, a large dc inductor
Lg. is used for the boost operation of the PV input voltage Vin.
In addition, the electrolytic capacitor limits the life-time of a
converter.

B. Electrolytic Capacitor-Less Converter With Active Power
Decoupling Circuit

Fig. 2 shows the active power decoupling configuration for
the electrolytic capacitor-less converter and the conventional
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Fig. 3. DC to single-phase ac grid-connected converter with FCC. The pro-
posed active power decoupling approach does not require additional component.

active power decoupling topologies considered herein [19]-
[22]. Topologies can be categorized into two basic types,
parallel-connected topologies and series-connected topologies,
as shown in Fig. 2(a)—(c), respectively. In particular, the ac-
tive power decoupling circuit is implemented in series or in
parallel from the main power path. Consequently, the dc-link
capacitance is drastically reduced, and a small film or ceramic
capacitor can be used instead of the bulky electrolytic capaci-
tor. However, the additional component increases the converter
loss. In addition, the circuit configuration becomes complex, as
shown in Fig. 2(b), and the control for the additional circuit must
be modified for each conventional topology in order to achieve
active power decoupling. In order to solve these problems, an
approach in which the active power decoupling capability is
implemented through the dc/dc converter is proposed, as shown
in Fig. 2(d).

C. Proposed Active Power Decoupling Scheme for DC/AC
Conversion

Fig. 3 describes the dc to single-phase ac grid-connected
converter with the FCC, which is used in the proposed active
power decoupling. In the proposed method, the small flying
capacitor C¥. is used for both the boost operation of the PV input
voltage Vi, and the power decoupling capability. The FCC has
many advantages compared to the typical boost converter.

First, the low voltage rating devices, which have low on-
resistance, can be used because the drain-source voltage of each
MOSFET can be reduced due to the increase in the number of
levels, i.e., the characteristic of the multilevel topology. There-
fore, low conduction loss can be achieved. In addition, the vol-
ume of the boost inductor Ly, is small compared to that of the
typical boost converter. In the typical boost converter, the in-
ductor voltage alternates between zero voltage and the dc-link
voltage. On the other hand, the maximum inductor voltage of
FCC converter can be reduced in comparison with typical boost
converter because the inductor voltage is clamped to the flying
capacitor voltage and the difference value between the dc-link
voltage and the flying capacitor voltage. In other words, in the
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Fig. 4. Principle of the active power decoupling. Buffer power Py ¢ fc is
charge and discharge by the flying capacitor C.. The P, ¢ . is given by
the mismatch in instantaneous power between input power P, and output
power R)ut .

typical boost converter, the boost operation is achieved by only
the boost inductor, whereas in the FCC converters (even when
the proposed method is applied) the boost operation is achieved
by both the boost inductor and the flying capacitor. As a result,
the inductor current ripple in the FCC converters becomes low
in comparison with the typical boost converter. Therefore, the
inductance in the FCC converters can be minimized compared
with the typical boost converter.

In the conventional control for the FCC, the flying capacitor
voltage is maintained constant at the half of the dc-link voltage.
In this paper, this flying capacitor voltage is fluctuated in order
to realize active power decoupling. Consequently, when active
power decoupling is achieved by the FCC, the dc-link capac-
itance can be reduced, and the bulky electrolytic capacitor is
not required. The contribution of the proposed converter has a
simple configuration and requires no additional components.

Note that, the decrease in the converter efficiency is an im-
portant technical issue in active power decoupling methods. The
proposed active power decoupling approach has the potential to
achieve low efficiency degradation as compared to conventional
active power decoupling topologies. On the other hand, in the
paper, a two-level VSI is used for grid connection. In order
to achieve high efficiency and to reduce the use of the grid-
connected inductor, a multilevel inverter topology can also be
used. In this paper, only the FCC is focused.

III. CONTROL STRATEGY OF PROPOSED CONVERTER
A. Principle of Active Power Decoupling

Fig. 4 shows the principle of power ripple compensation by
fluctuating the flying capacitor voltage. When both the output
voltage and current waveforms are sinusoidal, the instantaneous
output power pout is expressed as

V;lcp—[acp

5 (1 — cos2wt) (D

Pout =
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(b)

Fig. 5. Operation mode of the flying capacitor dc/dc converter for achiev-
ing active power decoupling. (a) Discharge mode (mode 1). (b) Charge mode
(mode 2).

where, V., is the peak voltage, I,., is the peak current, and w
is the angular frequency of the output voltage [23]. As shown in
(1), the power ripple at twice the frequency of the single-phase
power grid appears at the dc-link.

In order to absorb this power fluctuation, the instantaneous
buffer power py, ¢ should be controlled by

1
Pbuf = 5‘/;1(:})Iacp cos 2wt (2)

where, the polarity of py,, s is defined as positive when the flying
capacitor CY. discharges. Note that the active power of Cf, is
zero. As a result of the power decoupling, the input power is
matched to the output power. Thus, the relationship between the
input and output power is expressed as follows:

1
DPin = i‘zacplacp = ‘/INIIN- (3)

Fig. 5 shows the operation modes of the FCC. The proposed
converter is operated in two modes. In mode 1, the flying capac-
itor C¥. is discharged to the single-phase grid, whereas, in mode
2, the flying capacitor C. is charged. Each mode is switched at
twice the grid frequency. Through these modes, the flying ca-
pacitor voltage is fluctuated at twice the grid frequency in order
to compensate the mismatch power between the PV side and the
single-phase grid, and to maintain a constant PV input power.
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Fig. 6. Control block diagram of proposed converter.

B. Control Block Diagram of Proposed Converter

Fig. 6 shows the control block diagram of the FCC and the
VSI. In the proposed control, an automatic current regulator and
an automatic voltage regulator (AVR) are implemented in order
to control the generated power, and the active power decoupling.

First, the duty references for the input current control are
expressed as

dl _ Vin — Uconv (4)
Vde — Vtc
d2 _ Vin — Uconv (5)
Vte

where v;;, is the PV input voltage, v ..y is the terminal voltage,
vy 1S the flying capacitor voltage, and vq. is the dc-link voltage.
Conventionally, v, is constant, and is clamped to vq. /2. Thus,
the duty references in (4) and (5) become equal to each other, and
each switching mode, as shown in Fig. 5, is employed equally.
On the other hand, the proposed control fluctuates the flying
capacitor voltage in order to achieve the power decoupling. As
a result, the duty reference of the discharge mode (mode 2) is
different than that without the power decoupling.

In addition, in the flying capacitor voltage control, the flying
capacitor voltage vy is fluctuated at twice the grid frequency
in order to compensate the single-phase power fluctuation. The
voltage reference vy, is expressed as

2
% UVdc Pout Pout .
.= - — — 2wt) — 1 6
Ute ( 2 WCchdc> woC {sin (2wt) =1}  (6)

where po, 1S the output power, and w is the angular frequency of
the single-phase grid voltage. Following (6), the flying capacitor
voltage includes the second-order harmonics of the single-phase
grid frequency, and the voltage amplitude value is inversely
proportional to the flying capacitor value Ci.. In other words,
when the flying capacitor voltage is fluctuated largely, Cy. can
be minimized.

In order to ensure the stability between the input current
control and the flying capacitor voltage control, it is necessary
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to consider the nonlinearity of the duty reference because the
power decoupling duty reference given by the flying capacitor
voltage control is added to the input current duty reference.

Fig. 7 shows the operation mode when the boost ratio is more
than two. In this case, the FCC has three modes. Fig. 8 shows the
switching state on each operation mode both with and without
power decoupling. Note that, the duty reference d; is the duty
ratio of the discharge mode (Mode II), the duty reference dy is
the duty ratio of the charge mode (Mode IV), the other state is
defined the by inductor charge mode (Mode L, III, V).

First, the inductor voltage V. is expressed as

VL = %n - chonv (7)

where V., is the voltage across Sg and S,. Generally, the
flying capacitor voltage is clamped to half of the dc-link voltage
Vic. In state II, Vo, equals to the difference value between
the dc-link voltage and the flying capacitor voltage. In state
IV, Veonv equals to the flying capacitor voltage. Finally, in the
state I, III, and V, the inductor voltage equals to the input voltage.

According to these conditions, when the active power
decoupling is not applied, Viony 1S expressed as

V;lc Vdc

p th
On the other hand, when the power decoupling is applied,
ds depends on the power decoupling control because the flying
capacitor should be charged by the double-line frequency, as
shown in Fig. 2(b). In addition, the flying capacitor voltage
fluctuates around the half value of the dc-link voltage due to the
power decoupling control. Following these reasons, when the

chonv = dl

= dVyc. ®)
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active power decoupling is applied, V,ony _with_bufer 1S €Xpressed
as

‘/conv,with,buffer = dl (‘/dc - ‘/fc) + (d2 + dbuf) ‘/f(:
= dv’dc + dbufv}c (9)

where d},,q is the duty ratio of the power decoupling mode.
Comparing (8) and (9), Veony does not match, and dj,,q behaves
as a disturbance to the input current control. Consequently, the
input current is fluctuated at the double-line frequency.

In order to obtain the constant input current, the disturbance
compensation is considered. In order to compensate the dis-
turbance introduced by the power decoupling, V.., has to be
matched in both case with or without power decoupling. Thus,
the disturbance compensation duty d. is added to d;. In this
case, Veonv_with_buffer 18 €xpressed as

‘/cunv,with,buﬁer = (dl + d(:) (‘/Zic - ‘/fc) + (dQ + dbuf) ‘/fc
== d‘/dc + dc (‘/dc - ‘/fc) + dbufvfc- (10)

According to (10), when the second and three terms become
zero, Veony 18 matched in both (8) and (10). Thus, d,. is decided
from (10), and it is expressed as

(1)
12)

dc (Udc - vfc) = 'Ufcdbuf

Ldbu .
Ude — Vte

The proposed converter is operated by the typical PWM,
which means that the switching frequency is constant. The con-
troller operation is synchronized with the sampling frequency,
and the control performance depends on the design of PI con-
troller. The flying capacitor voltage control is based on the input
current control, which adjusts the duty for active power decou-
pling. However, when the input current has negative or zero
periods, the flying capacitor cannot charge. It means the fly-
ing capacitor voltage cannot control in these modes. Thus, the
proposed converter has to be always operated in continuous cur-
rent mode. In addition, the over modulation limits the flying
capacitor control because the duty reference from the power
decoupling control is added to the input current control.

When the MPPT is implemented, the input current reference
t5, is decided from the maximum power point. For example,
when the perturbation and observation method is applied, the
input power is calculated from the detected values of the input
voltage and the input current. When the value of the input power
at the previous sampling period is less than the value, the input
current reference ¢}, is increased. On the other hand, when the
previous value of the input power at the previous sampling
period is higher than the present value, 7. is decreased. In the
other words, the typical MPPT control can be simply applied
into the proposed control.

On the ac side, the dc-link voltage control and the inverter
output current control are implemented in the VSI control. The
dc-link voltage is regulated to be higher than the single-phase
peak grid voltage V,,.;,, and the inverter output current is con-
trolled to sinusoidal waveforms. Note that, the phase reference
is given by the grid voltage v,. and the phased looked loop. As
a result, the power factor becomes unity.

de =
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IV. COMPONENT DESIGN
A. Flying Capacitor Ci.

The flying capacitor Cf, is designed from the buffer energy
Whutter, Which is the electric storage energy compensating the
power fluctuation. Then, Cf. is expressed as

2Wbuffer

Cfc =
w(‘/;:maXQ - V;:Ininz)

13)

where V.« 1s the maximum value of the flying capacitor volt-
age, V.niy 1s the minimum value of the flying capacitor voltage,
and w is the angular frequency of the single-phase grid. In the
proposed FCC converter, the flying capacitor becomes large in
comparison with typical FCC converter because the flying ca-
pacitor is utilized for both the boost-up operation and the power
decoupling. In order to reduce Cj., the voltage amplitude of the
flying capacitor voltage should be designed to be high.

Fig. 9 shows the relationship between the flying capacitor
fluctuation voltage and the flying capacitor with 1 kW. For ex-
ample, when the fluctuation voltage is set to 87 V, the flying
capacitor is reduced to 100 pF. However, the over modulation
limits the flying capacitor control, as explained in Section III.
In the future work, the limitation of the proposed control will
be considered for optimization.

B. Boost Inductor Ly,

The boost inductor L. is designed based on the current ripple
Air . of the inductor current. When the active power decou-
pling is not applied, the flying capacitor voltage is clamped to
the half of the dc-link voltage. On the other hand, the proposed
control fluctuates the flying capacitor voltage at twice the grid
frequency. As a result, the inductor voltage is similar to that
without the active power decoupling. Thus, the boost-up in-
ductor design of the proposed converter is considered from the
maximum inductor ripple condition.

First, Ly, is designed from the inductor voltage and the current
ripple, and expressed as

B 4fsw Al

where « is the duty ratio, V7 is the inductor voltage, fsy
is the switching frequency, and AT is the ripple ratio of the

L (14)
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inductor current. In comparison with the typical boost converter,
the inductance of the FCC can be reduced to one quarter because
the ripple current frequency becomes the twice the switching
frequency, and the voltage applied to the inductor V7 ;. is only
half the dc-link voltage V. because of the flying capacitor volt-
age V.. However, in the proposed circuit, the duty ratio and
V7, are continuously changed due to the power decoupling con-
trol. Thus, the boost inductor of the proposed circuit is designed
based on duty references di with_buffer and da_with_buffer-

In the proposed control, the duty references dy with_bufrer and
do_with_buffer are expressed as

‘/i n

dl,with,buﬁ'cr = W {1 - COS<2Wt)} (15)
dZ,With,buﬁ'or = g;n {1 + (‘;;fic - 1> COS(2Wt)} (16)
¢ c

where dj_yithbuffer and da_ywith busfer include the frequency
component, which is dependent on the power decoupling duty
dpys and the control decoupling reference d.. Using (15) and
(16), the boost inductor of the proposed circuit is expressed as

Lfc =

max {(Udc — VUfe — Uin)dl,with,buffen (Ufc - Ui’n,)dQ,with,buffer}
fsw A-[Lfc

a7

Fig. 10 shows the relationship between the boost inductor
value and the ripple voltage of the flying capacitor in the FCC.
The switching frequency f, is 16 kHz, and the dc-link voltage
Ve is 380 V. The ripple current Al ;. is 2.1 A, and the induc-
tance of the typical boost converter is 1.8 mH. Note that, the
inductance of the typical boost converter is constant with respect
to the ripple voltage of the flying capacitor. In order to consider
the validity of the inductor design (17), the design value and the
simulation results are compared. In addition, the boost-up rate is
changed from 2.5 to 5. The boost inductor value L¢. in the FCC
is normalized by the inductance of the typical boost converter
Lenopper- As shown in Fig. 9, the simulation results agree with
the design values, thereby confirming the validity of the boost
inductor design. In addition, the inductance ratio is less than
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1 p.u. for all conditions, which implies that the inductance of
the FCC is smaller than that of the typical boost converter.

V. POWER DENSITY COMPARISON WITH PARETO
OPTIMIZATION

In this section, the design method for achieving high power
density and high efficiency in the dc to single-phase ac grid-
connected system is discussed. In particular, several active
power decoupling topologies are compared in the terms of the
power density [24]-[25].

Fig. 11 shows the three topologies considered in this paper, the
proposed active power decoupling, conventional boost-type ac-
tive power decoupling, and conventional buck-type active power
decoupling. In order to achieve high power density and higher
efficiency, the design flows for the active power decoupling
using the ceramic capacitor are introduced. Then, from the de-
sign flowchart and the specifications of commercially available
products, the power density and efficiency of the active power
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decoupling circuit are evaluated by Pareto optimization. Finally,
the total loss and a total volume at the maximum power density
are compared.

A. Conventional Boost-Type Power Decoupling Design

As shown in Fig. 11(b), conventional boost-type active power
decoupling uses a typical boost converter and a buffer capacitor
Chyur to absorb the power ripple in the dc-link.

Fig. 12 shows the design flowchart for optimizing the design
of the boost-type active power decoupling. First, the capacitance
of the buffer capacitor is calculated based on the average voltage
and the voltage fluctuation range of the buffer capacitor. Then,
the capacitor volume Volcy,y s is determined using commercially
available products. The switching device is decided based on the
maximum voltage of the buffer capacitor. In this paper, a switch-
ing device having a rating voltage of 1200 V is used. The boost
inductor is designed based on the switching frequency f,, and
the inductor ripple current. The volume of the boost inductor
is estimated according to the area product method [26]. The
heatsink volume is then calculated from the thermal resistance,
which depends on the conduction 10ss Fogss_cond and the switch-
ing loss Pysssw Of the switching devices. Finally, the Pareto
optimization is obtained by varying the switching frequency in
order to obtain the maximum power density point.

The buffer capacitor C},s is decided based on the relation-
ship between the storage energy and the capacitor voltage and
can be designed in a manner similar to that used to design the
proposed FCC, as expressed in (13). When the buffer capaci-
tor amplitude voltage AV 1yt is increased, a switching device
with a high rating voltage is required. Thus, a switching device,
which has the rating voltage of 1200 V is selected because the
peak capacitor voltage is 800 V.

The buffer inductor is designed based on the allowable ripple
current Al ;. The inductance becomes the maximum value
when the difference between the DC-link voltage and the buffer
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capacitor voltage reaches the maximum. Thus, the inductance
of the buffer inductor is obtained as

‘/dc (Kwe + A2V,¢) - ‘/216
AiL fsw ‘/avc + AQV“ )

The inductor volume depends on several parameters of the
components. Moreover, there are several ways to select the core
for the inductor. Thus, the buffer inductor is designed by the area
product method using the window area and the cross-sectional
area. Hence, the volume of the boost inductor Vol ¢ is calcu-
lated as

Lbuf = (1 8)

Lbqu2

3
by
KuBmaxJ) (19)

VOlLbuf = K?) <
where K, is the volume coefficient depending on the shape of
cores, I ax 18 the maximum current flowing to the inductor,
K, is the fill factor of the window, By, . is the maximum flux
density of the core, and .J is the current density of the windings.

The switching devices require a cooling system, e.g.,
heatsinks and fans. In general, the cooling system is designed
based on the thermal resistance. The cooling system perfor-
mance index (CSPI) is introduced in order to estimate the vol-
ume of the cooling system. The CSPI is an indication of the
cooling performance per unit volume of the cooling system.
The cooling system is small when CSPI becomes higher. The
volume of the cooling system Volyeatsink 1S given by

1

—_— 20

Volheat sink =
where Ry, (s, is the thermal resistance of the cooling system
which is given by

T; - T,
in - (Rth(j—c) + Rth(c—f))
loss

where T is the junction temperature of the switching device,
T, is the ambient temperature, Ry, (j_.) is the junction-to-case
thermal resistance, and R, () is the case-to-fin thermal resis-
tance. The total loss s, which is composed of the conduction
loss Poss_conda and the switching loss gy Of the switching
devices, is calculated as

Rth(f—a.) = (20

Ploss = —Ploss,cond,buﬁ?er + ]DlossAsw,buﬁ?er (22)

where Ploss cond and Plogs sy are given by

1 Tout )
Ploss,cond,buﬁ?er = / ir, Ton,buﬁ?erdt (23)

Tmlt 0

1 Tout
Boss;sw,buﬁer = (eon + eoff) fsw / Vell dt
0

Tout,

(24)
in which, T, is the period of the single-phase grid, r,, is
the on-resistance of the switching device, fs is the switching
frequency of the active power decoupling circuit, e,, and e,g
are the turn-ON and turn-OFF energy per switching referred from
a datasheet, and Fy.q and I),,q are the voltage and current under
the measurement condition of the switching loss described in

Edcd Imd
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the datasheet. The buffer capacitor voltage v. and the boost
inductor current i;, are expressed as

Ve = Vive — TC sin (2woutt) (25)
. Vave dv,

= —Chuf—. 26
i Ve i (26)

According to (25), an increase in the switching frequency
leads to an increase in the switching loss. The cooling perfor-
mance can be improved by fans in order to minimize the use of
heatsinks. However, the system lifetime is limited by these fans.
Thus, the cooling system is designed based on the assumption
that the natural cooling is used.

B. Conventional Buck-Type Power Decoupling Design

The buck-type active power decoupling can reduce the buffer
capacitor voltage, as compared to the boost-up-type active power
decoupling, and it can still be designed based on the flowchart
shown in Fig. 12.

The buffer capacitor is designed by (13). However, the dc-
link voltage limits the peak voltage of the buffer capacitor. As a
result, the buffer capacitance must be larger than the capacitance
of the boost-up-type active power decoupling.

The inductance of the buffer inductor reaches the maximum
value when the capacitor voltage is half the input voltage. Thus,
the inductance is designed by

Vdc

ZJLAZL fsw (27)

Lbuf -
where i, is the current that flows to the smoothing inductor,
which is given by

dv.

. Pout
i = Chyt—s = —
L buf dt V:wc

o8 (2wWoust) - (28)

C. Boost Converter Design

In order to compare between the volumes of the FCC and the
conventionalactive power decoupling circuit, the volume design
of the boost converter must be determined.

First, the boost inductor is determined by

Vin Vac—Vi
A[in fsw Vdc

Leyo = (29)
where AT, is the inductor current ripple, which is 30% of the
rated input current.

The total loss of the switching devices is expressed as
(30)

Ploss,chopper = Hoss,cond,chopper + P1055§\\'i,(thopper

where the conduction 10SS Ploss_cond chopper 1 calculated by

2 Aiign
Ploss,cund,(:hopper = Ton_chopper Iin + . (31)

3

Moreover, Plogss swi_chopper 15 the total switching loss by the
MOSFET Sp and Sn, the switching losses of which are obtained
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TABLE I
COMPONENT SPECIFICATIONS

Circuit Part Marking Maximum ration Circuit Part Marking Maximum ration
C . Murata Manufacturing 400 V Boost Sp ROHM 650V
b1 EVS20329S2G306MS09 30 uF chopper Sn | SiC-MOSFET, SCT120AF 29 A
ROHM 1200 V S] ROHM 650 V
Boost ty SiC-MOSFET, SCH2080KE 40 A g2 | SiC-MOSFET, SCT120AF 29 A
oosttype | |emmmmmmeme et S e e
active buffer | gy Fuji Electric 1200 V 3 ROHM 400 V
IGBT, FGW30N120HD 30 A . S4 SiC-MOSFET, SCTMUOO1F 20 A
SWa2 | _ o S L ] Flying | __ 2 o o oo __
" . 600 V(2 series capacitor Murata Manufacturing 400 V
Fuji Electric : Cr
Si-MOSFET, FMH30N60s1 [~ comection) | converter | 77 | EVS2032982G306MS09 ) oWk ___
- C Murata Manufacturing 450V
C Murata Manufacturing 400 V f KC355WD72E225MHO01 1 uF
Stef down | &b [ EVS2032982G306MS09 30 uF
ype B Bl Y ettt
active buffer | SW1 ROHM 650 V
SW2 SCT2120AF 29 A
0Q §pmmmmmmmemmmreresmemmemeemeemeem—em——————————— TABLE II
1 kHz =22/ I0CICASES. 75 kH7 (400V SiC-MOSFET) EXPERIMENTAL PARAMETERS
Symbol Quantity value
S Vin Input voltage 200V
> Pout Output power 1.5 kW
g Prated Rated power 1.5 kW
5 fsworcc  Switching frequency of FCC 20 kHz
E fsw_vsI Switching frequency of VSI 20 kHz
VD ave DC-link average voltage 350V
07,5 b e Cte Flying capacitor 180 pF
——— Flying capacitor converter Cae DC-link capacitor 20 puF
— — — Boost converter and active buffer Ly, Boost inductor 1 mH
9714 s o s L . L . o s o s » Vac Grid voltage 200 Vims
0 1 2 3 4 5 6 fac Grid frequency 50 Hz
Power density [kW/dm’]
Fig. 13.  Pareto front of FCC, and conventional active power decoupling cir- R
cuit. 100%=1.43dm
250 pre=========mcemmceemccccncecnnaenaaa-
Switching device and Cy
by
BOSSJWJP
1 . . . .
- 7,]05“' ‘/dc [eon (Zin + AZin) + eof (Zin - A'Lin)]
E ded I md

(32)

‘PIOSSSVan

1
= 7fsw Vdc [eon (iin - Aiin) + eof (iin + Aiin)] .
Edcdlmd
(33)

D. Pareto Front Optimization With Proposed Converter

Fig. 13 shows the Pareto front of the proposed FCC and the
conventional active power decoupling circuit implemented in
the boost converter. Table I shows the selected component spec-
ifications. Switching devices with a rating voltage of 650 and
400 V are selected for the FCC, as shown in Table II, and the
rating current chosen to be five times the rating input current.
The maximum voltages of the flying capacitor are set to 340 and
250 V for each selected switching device. According to Fig. 13,
the power density approaches the maximum value, when a

FCC FCC

. . Boost type Buck type
650V device 400V device
(ZOkHZ) (25 kHZ) (20 kHZ) (10 kHZ)

Fig. 14.  Volume distribution at maximum power density point.

SiC-MOSFET with a rated voltage of 400 V is used in the
FCC at 25 kHz. In particular, a maximum power density of
5.3 kW/dm? with an efficiency of 98.9% is achieved.

Fig. 14 shows the volume ratio of the components at the
maximum power density point. The component volumes are
normalized with the total volume of the passive topology as
100%. In the FCC with a 400 V-SiC MOSFET, the volume of
the flying capacitor is reduced by 54.6%, as compared to that
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4[ms/div]
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Fig. 15.

4[ms./ div]
(d)

Experimental result. (a) Flying capacitor voltage and input current without proposed control. (b) Flying capacitor voltage and input current with proposed

control. (c) DC-link voltage and flying capacitor voltage without proposed control. (d) DC-link voltage and flying capacitor voltage with proposed control.

of the electrolytic capacitor. When a flying capacitor voltage
of 400 V is applied to the FCC, the flying capacitor volume is
twice that for the case of a rated voltage of 650 V. However,
the volumes of the boost inductor and the cooling system are
reduced by 58.3% and 46.2%, respectively. As a result, the total
volume of the FCC with switching devices with a rated voltage
of 400 V is 57.5% of that of the FCC with switching devices
with a rated voltage of 650 V.

VI. EXPERIMENTAL RESULT

In order to confirm the validity of the proposed circuit, a
1.5-kW prototype circuit is tested. Table II shows the experi-
mental parameters, and the experimental results are shown in
Fig. 15. In this experiment, for simplicity, MPPT control is not
introduced. In addition, a flying capacitor with 180 uF is used
for voltage derating for each switching devices.

As show in Fig. 15(a) and (c), the flying capacitor voltage
vg 1s constant. However, the inverter dc voltage vy fluctuates
at twice the single-phase grid frequency, because the instanta-
neous difference between the input and output power is com-
pensated by only the dc-link capacitor Cy.. The fluctuation of
the dc-link voltage also acts as a disturbance to the control of

the inverter output current. Consequently, the total harmonic
distortion (THD) of the inverter output current becomes 5.1%.
More importantly, the input current 7;,, fluctuates greatly due to
the power mismatch between the dc input side and the ac out-
put side. As a result, the performance of MPPT control decays
owing to this input current fluctuation.

On the other hand, in Fig. 15(b) and (d), the flying capacitor
voltage v, is fluctuated by the proposed control, and vq. and
i, become approximately constant. These results confirm that
the single-phase power fluctuation is compensated by the flying
capacitor Ci.. In addition, the flying capacitor average voltage
is balanced at half the dc-link voltage.

Fig. 16 shows the harmonic analysis of the dc-link voltage.
The second-order harmonic component with the proposed con-
trol is reduced by 74.5% as compared to that without the power
decoupling control. However, a small second-order harmonic
component still appears in the dc-link voltage. This is because
the power fluctuation compensation value has a small error as
compared to the actual single-phase power fluctuation.

Fig. 17(a) shows the THD characteristic of the inverter output
current with respect to the output power. Over the entire output
power range, the inverter output current THD is improved with
the proposed control because the second-order harmonics of the
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Fig. 17.  Inverter output current THD, efficiency, power factor, and loss anal-

ysis. (a) Inverter output current THD characteristics. (b) Efficiency and power
factor. (c) Loss analysis result obtained at an output power of 1.1 kW.
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DC l1nl< Voltage Vae [200V/d1V]

Flying capacitor voltage vz [200V/div]
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Fig. 18. Experimental result in the load transient response test. (a) 0.1 to

0.7 p.u. (b) 0.7 to 0.1 p.u.

dc-link voltage is eliminated by the power decoupling control.
In addition, under a light load, the inverter output current THD
decays, because the ratio between the fundamental frequency
and the harmonics increases.

Fig. 17(b) shows the efficiency and the power factor charac-
teristics when the proposed control is applied. The power factor
is approximately unity due to the feedforward control for grid
disturbance, whereas the maximum system efficiency reaches
95.4% at the output power of 1.1 kW.

Fig. 17(c) shows the loss analysis results for the proposed
converter for an output power of 1.1 kW. According to Fig. 18,
the switching loss is dominant in the FCC and VSI due to the
high recovery loss. When a wideband gap device, such as a
SiC-MOSFET is applied, it is possible to reduce the switching
loss. On the other hand, the conduction loss of the FCC is small
because a low on-resistor switching device can be used owing
to the multilevel topology.

Fig. 18 shows the experimental waveforms obtained in the
load transient response test. According to Fig. 18, the input
current is regulated to be constant by the proposed control
even when the output power is abruptly changed. In addition,
the fluctuation of the flying capacitor voltage becomes large
when the output power is changed from 0.1 to 0.7 p.u. This
is because the power ripple increases under the heavy load



WATANABE et al.: DEVELOPMENT OF DC TO SINGLE-PHASE AC VOLTAGE SOURCE INVERTER WITH ACTIVE POWER

condition, and the charge and discharge values of the fly-
ing capacitor becomes larger. Moreover, the stable control of
the inverter output current without any spike current is also
confirmed.

The proposed FCC converter does not use the dc-link capac-
itor with high capacitance. Thus, in the load transient period,
a large overshoot occurs on the dc-link voltage. In order to re-
duce the overshoot, the design of the PI control for AVR is
important. In the load transient test result of Fig. 18, the PI con-
trol gain is adjusted in order to reduce the voltage overshoot.
However, dc-link voltage still has several frequency components
because the control design is not optimized in this paper. As a
result, the inverter output current distorts in comparison with
Fig. 15. Note that, the inverter output current THD is 1.9% at
1 kW.

VII. CONCLUSION

In this paper, a novel active power decoupling method
with a FCC was proposed. The proposed converter does not
require additional components for the active power decou-
pling, and the boost inductor value could be reduced, as com-
pared to the typical boost converter. In addition, the active
power decoupling control that uses a small flying capacitor,
was proposed along with the clarification of the component
design.

A high power density, high efficiency design was demon-
strated by the Pareto optimization. In this paper, three topolo-
gies, a boost-type active power decoupling topology, a buck-
type active power decoupling topology, and the proposed active
power decoupling were compared in term of the power density.
As a result, the proposed converter was shown to achieve the
highest power density of 5.3 kW/dm?

Finally, the experimental results confirmed that the dc-link
voltage fluctuation was reduced by 74.5% by the proposed
active power decoupling method. Moreover, in the boost-
up inductor design, the inductor current ripple approximately
agreed with the design value with an error of 4.7%. Thus,
the experimental results confirmed the validity of the inductor
design.

The maximum efficiency achieved in the experiment was
95.4%. In order to improve the efficiency, the converter loss
was evaluated. As a result, it was confirmed that the switching
loss should be reduced. Moreover, the inverter output current
THD was less than 5%, and the output power factor was ap-
proximately unity at the rated output power. Based on these
results, fundamental operation was confirmed.
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