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Chapter 1

Introduction
1.1 Background

1.1.1 Trends in energy and photovoltaic(PV) power generation system

There is a growing movement toward carbon neutrality, which aims to reduce greenhouse
gas emissions to zero. Renewable energies are expected to replace fossil fuels as energy
sources. Renewable energies such as photovoltaic, wind, geothermal, small- and medium-
sized hydro-power, and biomass are promising, diverse, and essential low-carbon domestic
energy sources that can contribute to energy security because they do not emit greenhouse
gases and can be produced domestically. In 2021, the Sixth Strategic Energy Plan set a
target of 34-36% renewable energy by 2030 [1]. Fig. 1.1 (a) shows the actual power
generation in 2020, and Fig. 1.1 (b) shows the forecast for 2030 [2]. The forecast is to

increase the share of renewable energy generation from 19.8% in 2020 to 36-38% by

2030. Photovoltaic power generation accounts for the largest share of renewable energy

A

3.2 %

7.9 %

I Thermal power
generation

n Nuclear power
generation

m Hydro-power
generation

B Photovoltaic power
generation

Other power
generation

7.8 %

4%\

a

(a) (b)
Figure 1.1. Power Supply Composition in Japan. (a) 2020. (b) 2030(Prediction).
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PV introduction [10°KW]
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Figure 1.2. PV introduction in Japan.

Number of PV installations
2,676,116 units

a

Total number of homes

28,758,600 units

Figure 1.3. Diffusion rate of residential PV power generation system.

generation. Photovoltaic power generation is expected to be the leading method of power

generation from renewable energies because “there are basically no restrictions on the

area where it can be installed because the energy source is sunlight.” “It can be installed

on unused spaces such as roofs and walls; no new space is required.

Fig. 1.2 shows the recent domestic installed base of residential and industrial photo-

voltaic (PV) power generation systems in Japan [3], [4]. Since 2011, when the Great East

Japan Earthquake occurred, PV systems have spread rapidly, and the total number of PV

systems installed in 2021 will be approximately 13 times greater than that in 2011. On
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the other hand, focusing only on residential PV systems, the increase in the number of
PV systems installed has been limited to approximately 4 times, and the amount of PV
systems installed each year is also on a decreasing trend. Fig. 1.3 shows the diffusion rate
of residential PV systems [5]. The number of residential PV systems installed is still 9%
of the total number of homes, indicating that there is room for growth in the market.

The Ministry of Economy, Trade, and Industry (METT), the Ministry of the Environment
(MOE), and the Ministry of Land, Infrastructure, Transport and Tourism (MLIT) are
working together to promote the construction of self-consumption houses called zero
energy houses (ZEH) [6]. ZEH refers to “buildings and houses that aim to achieve net-zero
annual primary energy consumption from renewable energy sources such as photovoltaic
power generation while saving energy.

1. Buliding airtight houses with insulation performance higher than the standard value.
2. Introducing high-efficiency and high-performance energy-saving lighting, ventilation,
hot water supply, air-conditioning, etc.

3. Introducing a power generation system capable of compensating 100% of primary
energy consumption.

Residential PV systems are expected to serve as the power generation system for this
ZEH. In addition, the Sixth Energy Plan states that the government’s goal is "’to ensure
energy-saving performance at the level of the ZEH standard for new houses built after
2030 and "to have PV systems installed in 60% of new detached houses by 2030,” and
subsidies are being provided for this purpose. Therefore, the demand for residential PV
systems in newly built houses is expected to increase.

One of the factors contributing to the high installed capacity of industrial PV systems,
which are large capacity systems, is the lower cost of power generation compared to
residential PV systems. Fig. 1.4 shows the generation costs of residential and industrial

PV systems in 2013 and 2020 [7-9]. Generation cost is defined by 1.1:

Capital_cost + Operation_and_maintenancecost

Generation_cost[yen/kWh] = (1.1)

Operating_years X Annual_power_generation
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Generation

cost [Yen/kWh]

B Capital cost I Operation and maintenance costs

25 25
20 20
15 15—t
10 10
5 5
Residential Industrial Residential Industrial
system system system system

(a) (b)
Figure 1.4. Power generation cost of PV system. (a) 2013. (b) 2020.

the capital cost, including initial cost and disposal cost of the system and operation and
maintenance cost, divided by total power generation derived from the number of years
of operation and annual power generation. Fig. 1.4(a) shows that there is no significant
difference in power generation costs between industrial and residential PV systems in
2013, when there is no significant difference in the number of PV systems installed.
On the other hand, in 2020, the generation cost for industrial use is 17.1 yen/kWh for
residential systems and 12.0 yen/KWh for industrial systems. Comparing residential and
industrial PV systems over the same number of years of operation, the difference in power
generation and system cost shows that the cost of industrial PV systems, which are built
on a larger scale, tend to be lower. Furthermore, industrial PV systems do not need to
consider the area of the photovoltaic array (PV array) or the effects of the surrounding
environment. In contrast, residential PV systems need to be installed in a limited space on
the roof, considering the shading effects of surrounding buildings, making it difficult to
construct a large-capacity system. It is necessary to have a high system power generation
efficiency and larger amount of power generated through long-term operation to reduce

the cost of power generation for residential PV systems.
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Figure 1.5. Residential PV power generation system.
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Figure 1.6. Example power generation characteristics of PV array. (a) [-V characteristics.
(b) P-V characteristics.

1.1.2 Extended life-time of a PV system

Fig. 1.5 shows the configuration of a PV system. PV array generates DC power and
converts it to AC power corresponding to the distribution system using a grid-connected
inverter, which is a power conversion circuit. Fig. 1.6 shows an example of the power
generation characteristics of a PV array. PV array outputs a DC current Ipc in response
to an applied DC voltage Vpc. The system power generation efficiency of a PV system
Nsystem 18 Obtained from the power generation efliciency of the PV array npy and the power
conversion efficiency of PCS 7¢ircuit, as shown in (1.2).

_ Npv1]circuit
Nsystem = 100 [070] (1.2)
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Eq. (1.3) shows the PV generation efficiency npy, which is derived from the DC power
Ppc generated by the PV array relative to the maximum potential power of the PV array

Pmax-

Ppc
PmaX

npy = (1.3)

The power conversion efficiency 7circuit 15 €xpressed as the ratio of the output AC power

pac to the DC power Ppc, as expressed in (1.4).

p
Ncircuit = CAC (14)
Ppc

The PV array outputs its maximum power when the inverter controls the DC voltage
according to the characteristics of the PV array.
The inverter has the characteristic of converting DC power Ppc to AC power pac, which

causes power pulsations to propagate on the DC side. The AC power is expressed by (1.5).

PAC =IAC X Vac = \/511 sinwgt X \/§V1 sinwgt

=LV, -1 V]COSZU)gl = Ppc — Pripp1eCOS2(.Ugl = Ppc +pripple (1.5)

where, vac is the output voltage, iac is the output current, Vac is the RMS value of output
voltage, I zc is the RMS value of output current, Prpple 1s the amplitude of pyipple, and wet
is the grid phase. The pac is composed of Ppc and power pulsation pyipple.

The pyipple propagates to the DC side and is absorbed by the DC capacitor Cpc, resulting

in voltage ripple Avpcyip. The voltage ripple is expressed by (1.6).

P ripple

Avpcripy = (1.6)

wgVpcCpc

Here, Vpc is the average DC voltage. If large DC voltage ripple exists, the PV array
cannot generate power at the maximum power point and cannot output maximum power.

Fig. 1.7 shows the operating waveforms at Ppax=1 kW, vaoc=100 Vs, and Cpc=50 pF.
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The excessive voltage ripple is caused by insufficient capacitance. The voltage ripple
also causes fluctuations in the generated power Ppc, leading to a decrease in the average
generated power. Therefore, an inverter is required to have a power decoupling feature to
absorb the pulsating power pyipple-

Conventional PV systems use a passive power decoupling (PPD) method with large
capacitance. Fig. 1.8 shows the operating waveforms at Pp,x=1 kW, vac=100 Vs,

and Cpc=4700 pF. The voltage ripple is suppressed and maximum power is produced by
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Table 1.1. Capacitor characteristics

Volume Lifetime
Electrolytic capacitor O 110,000 hour (13 years)
Film capacitor X 200,000 hour (23 years)
Pripple
S S .
Ppc T lJé} 3Jé} Lg iac L
Px O —

__l VX
Pv%a APD circuit CX :] I CDC::IVDC VAC [ — Cﬁl vg

S, J'E’} S4 JE}

Figure 1.9. Active power decoupling method.

increasing the DC capacitance. Table 1.1 shows the different capacitor types and their
characteristics [10—-13]. The electrolytic capacitors are used from the viewpoint of volume
since the PPD method requires a large capacitor. However, electrolytic capacitors have
been reported to have a shorter life-time than film capacitors, presenting a subject for
extending the lifetime of PV systems. Long-life film capacitors should be applied to PV

systems for achieving voltage ripple suppression with small capacitance.

1.1.3 Active power decoupling method

Many studies have proposed an active power decoupling (APD) method to extend the
lifetime of a PV system [14-35]. The APD method uses film capacitors and suppresses
the DC voltage ripple to extend the lifetime of the PV system. An Inverter with APD
feature consists of a single-phase inverter and an APD circuit. Many circuit types have been
proposed for the APD circuit, including a buck converter type [14], [15], boost converter
type [16], [17], buck-boost converter type [18], fly-back converter type [19], [20], flying
capacitor converter type [21], and isolated converter type [22], [23].

Fig. 1.9 shows an example of an inverter with an APD circuit. The APD circuit charges
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Figure 1.10. Operation waveforms with APD method.

and discharges the power pulsation pipple to the decoupling capacitor Cx to suppress the
power pulsation absorbed by the DC capacitor. Fig. 1.10 shows the operating waveform
with APD method at P,x=1 kW, voc=100 V.4, Cpc=50 pF, and Cx=50 pF. The APD
method enables the suppression of DC voltage ripple with a small capacitance compared
to the PPD method. In addition, the voltage ripple of the decoupling capacitor voltage vx

does not affect the DC voltage; hence, a smaller capacitance can be used for Cx.

1.1.4 Issues in the APD Method

The APD method is known to lower the overall system efficiency owing to power con-
version loss caused by additional circuits. While many conventional APD methods have
focused on circuit methods to improve efficiency, more work needs to be done on control

methods to improve efficiency. Fig. 1.11 shows the verification circuit configuration of
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Figure 1.12. Active power decoupling method for real system.

the conventional APD method. In conventional APD methods, since the main objective
is to verify the circuit method, the PV array is replaced with a simulated power supply,
and the grid is replaced with an ideal power supply that does not contain harmonics in
a simplified study. Fig. 1.12 shows the circuit configuration of the APD method for a
real system. In a real PV system, there are factors related to APD control, such as PV
power generation characteristics, grid harmonic voltage, and grid impedance. However,
the system configurations in the conventional APD method can’t verify the effects of the
power generation characteristics of the actual PV arrays and the grid on the circuit and
control operation. Therefore, it is necessary to increase the efficiency of a PV system by

considering PV array and distribution grid.
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1.2 Objective of this dissertation

This study develops a control strategy for inverter and APD circuits to improve the ef-
ficiency of PV power generation systems with active power decoupling features. In this
dissertation, the control scheme is developed from two viewpoints: the PV array and
distribution grid. For the PV array, control schemes are proposed to increase efficiency by
focusing on power generation characteristics. For the distribution grid, the APD control
considering harmonic voltages and grid impedance estimation with resonant characteris-
tics are studied. This study is focused on the development of APD control, focusing on
the generation characteristics of PV arrays and the effects of the distribution grid, and is

unique in that it promotes the improvement of the overall system efficiency.

1.3 Dissertation structure

This dissertation consists of 7 chapters. Fig. 1.13 shows the structure of this dissertation.
Chapters 1 and 2 present a summary of the research background and issues related to
the APD method. Chapters 3 and 4 develop the circuits and control schemes that focus
on “voltage ripple” and “partial shade,” which affect the power generation efficiency
of PV arrays, to achieve higher efficiency in PV systems. Chapters 5 and 6 promote the
realization of high-efficiency APD schemes by developing control schemes that focus on
“grid harmonics” and “grid impedance,” which affect the voltage ripple control of APD
circuits.

Chapter 1 provides a research background and describes the issues of active power de-
coupling schemes to achieve a long lifetime for PV systems. The need to comprehensively
consider the impact of the PV array’s power generation characteristics and distribution
grid on APD control, in addition to the inverter, is presented.

. Chapter 2 reviews related research and clarify issues that require solutions. While
conventional studies on improving the efficiency of APD methods have mainly focused on
circuit schemes, this dissertation focuses on APD control methods that consider the power

generation characteristics of PV arrays. This chapter also contain a review of related studies
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Chapterl : Introduction
Chapter2 : Sorting out issues in the APD method

Stepl : Development of Circuit and control scheme focusing on

PV Power Generation Efficiency

Chapter3 : An Active Power Decoupling Control
Focusing on PV Power Generation Efficiency
Chapter4 : PV system with Active Power Decoupling

and Generation Control Features

Step2 : Development of a control scheme that suppresses the effect

of the distribution grid on APD control.

Chapter5 : An Active Power Decoupling Control
Focusing on Harmonic voltage
Chapter6 : Real-time Parameter Estimation for Impedance

with Resonant Characteristics

Chapter7 : Summary and Future Work
Figure 1.13. Structure of the dissertation.

on suppression techniques of partial shade and determine the partial shade suppression
circuit. The impact of grid harmonics and impedance on APD control will be analyzed
and evaluated mathematically. This chapter also reviews related studies on grid impedance
estimation and determine the target grid impedance with resonant characteristics.
Chapter 3 describes the APD control considering the power generation characteristics
of a PV array. The APD control that achieves compensated power control according to the
power generated by the PV is proposed. The capacitance of the DC capacitor of a 1 kW
rated inverter is derived from two design methods: a design that focuses on the voltage
ripple caused by the switching frequency and a design that can maintain the allowable
ripple ratio when the APD circuit is stopped at one-third of the rated operating power of

333 W or less. Real-time simulation and experimental results for an inverter with a rating
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of 1 kW will clarify the difference and usefulness of the pulsation compensation of the
APD circuit according to the design method of the DC capacitance.

Chapter 4 describes the circuit configuration integrating the generation control circuit
(GCC) and APD method. Two circuit configurations of a PV system with both features are
compared; the circuit and control characteristics of both configurations are clarified based
on analysis using the state-space averaging method. In addition, a suitable configuration
for the PV system is suggested from a comparison of the two circuit configurations.

Chapter 5 describes the control strategies of APD for the compensation of power
pulsation caused by both fundamental and harmonic components. Furthermore, the
compensating power of the APD control is discussed when the grid voltage has the 3rd
harmonic voltage. The influence of the 3rd harmonic voltage on the DC voltage ripple is
evaluated. In APD control, the power pulsation caused by the harmonic components is
considered in the compensating power calculation. The compensating power, including
the power pulsation caused by the fundamental and harmonic components, is discussed
based on the DC voltage ripple. The validity of the APD control is verified on a 400 W
inverter.

Chapter 6 describes estimated frequency injection and LCR parameters estimation
methods for real-time estimation of grid impedance with resonant characteristics. The
estimated frequency injection method focusing on impedance resonant characteristics is
proposed. In addition, LCR parameters and quality factor estimation methods are proposed
based on the analysis focusing on resonant characteristics for the grid impedance model.

Chapter 7 summarizes this study and discusses future works.
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Chapter 2

Sorting out issues in the APD method

2.1 Voltage ripple control of APD method and power gen-
eration efficiency of PV array

2.1.1 Operation principle of APD method

The APD method has been proposed in numerous circuit schemes. Fig. 2.1 and Fig. 2.2
show example circuit configurations of the APD method.
Eq. (2.1) and Fig. 2.3 show the relationship between the inverter output power pac and

DC power Ppc.

PAC = Iac X Vac = \/Ellsinwgt X \/lesinwgt =15LVi —1,Vicos2wgt = Ppc + p(2.1)

APD circuit

]

MWW — \WWW

mw_ Cpc
pv%g vx | ==|vbe vac | 22 C v
L :

SQJE’} sdE}

Figure 2.1. Buck type APD circuit.
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Figure 2.2. Buck-boost type APD circuit.
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Figure 2.3. Operation principle of APD function.

where, vac 1s the output voltage, iac is the output current, V oc 1s the RMS value of output
voltage, Iac is the RMS value of output current, and w,t is the grid phase. From (2.1),
pac is composed of Ppc and power pulsation ps. The pyipple propagates to the DC side of
the inverter.

The APD circuit charges and discharges the p; propagating on the DC input side to Cx
by switching the discharge mode (Mode 1) and charge mode (Mode 2) of switches Sx;
and Sx; according to the relation between pac and Ppc. In Mode 1, the operation of Sx»
supplies pr from Cx to Lx and the operation of Sx; discharges pr to the grid side. In
Mode 2, the operation of Sx; supplies pr to Lx and the operation of Sx, charges ps from
Lx to Cx. Because the voltage ripple of the decoupling capacitor voltage vx does not

propagate to the inverter input voltage vpc, the amount of voltage ripple with the charging
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Figure 2.4. Inverter with buck-boost type APD circuit.

and discharging of Cx can be large, allowing the accumulation of necessary pr even with
a small capacitance. As a result, the use of film capacitors for Cpc and Cx can extend the

service life of the system.

2.1.2 Circuit method for improving the efficiency of conventional APD

control

Many studies have been conducted to improve the power conversion efficiency of inverters
with APD feature [36-39]. Fig. 2.4 shows the configuration of the APD circuit proposed
in r [36]. Ref. [36] proposes an inverter with an APD circuit consisting of a buck-boost
converter and an additional diode. In the discharge operation of the decoupling capacitor
Cx, the discharge path through the diode discharges the power pulsation without the
decoupling inductor Ly, thereby achieving high inverter efficiency. Fig. 2.5 shows the
configuration of the APD circuit proposed in [37]. Ref. [37] proposes a circuit scheme in
which the boost converter of the inverter and the inductor of the APD circuit are shared.
The loss and volume of the inductor are reduced, thereby achieving a smaller and more
efficient power inverter.

Improving the efficiency of APD circuits has focused on the circuit scheme. On the
other hand, there needs to be more studies on voltage ripple suppression targets based
on the impact of voltage ripple on the power generation efficiency of PV arrays in the

APD method. In this APD method, the compensating power is always maximized, which
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leads to a decrease in system efficiency due to excessive compensation at low loads. In
the conventional APD method, the voltage ripple of the PV array is always set to zero
to maximize the power generation efficiency of the PV array. However, at low loads,
the suppression of voltage ripple by the inverter input capacitor is sufficient to maximize
the power generation efficiency of the PV array. Therefore, the system efficiency can be
improved by reducing the compensating power of the APD circuit or stopping the operation
of the APD circuit when the PV is under low load, thereby suppressing the power loss of

the APD circuit.

2.1.3 Generation characteristics of PV array and effect of DC voltage

ripple
The allowable ripple ratio is defined from the analysis using the equivalent circuit of the
PV array. Here, the allowable ripple rate is the DC voltage ripple that satisfies the PV
array’s power generation efficiency. The PV array has characteristic of producing a current
corresponding to the applied voltage vpc, and this PV characteristic is represented by the
equivalent circuit shown in Fig. 2.6 [40-43]. Eq. (2.2) represents the output current /pc

of the PV array.

Inc = Isc — Iq — Iy

= Isc — Is{exp( V‘;C) _qy- e 2.2)

(S
nky, T Rsh
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Figure 2.6. PV equivalent circuit.

Table 2.1. PV parameters.

Parameter Value

Optimal voltage V ax 196.6 V

Optimal current Iy, 5.07 A
Maximum Power Pp.x 996.5 W

Short circuit current /¢ 55A

Open circuit voltage Voc 2394V

Diode saturation current I | 3.62 x 107> A
Parallel resistor Ry, 1000 Q
Elementary charge e 1.6022 x 10~ C
Boltzmann constant ki, 1.381 x 10-2° J/K
Diode ideal coefficient n 2

Ambient temperature 7 320K

where Igc is the short circuit current, / is the diode saturation current, e is the elementary
charge, Vpc is the applied voltage, n is the diode ideal coefficient, k; is Boltzmann’s
constant, 7 is the ambient temperature, and Ry, is the parallel resistance.

Fig. 2.7 shows an example of a voltage with ripple component of double the frequency
of the grid with respect to the optimum voltage, and Table 2.1 lists the parameters of the

PV array. The PV generation efficiency npy is defined by (2.3).

p I
PV 100 = —2YYPC o 100

max max ¥ max

npv = (2.3)

Where P, is the maximum generation power. The voltage ripple ratio aypcrip is defined
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by equation (2.4).

AVDCrip
2Vinax

avyDpCrip = x 100 2.4)

where V.« 1s the optimum voltage, and Avyip 100 is the ripple component at 100 Hz. Ipy
is derived by substituting the voltage of @ypcrip=0-100% for the voltage Vpc in (2.2). The
PV generation efficiency with respect to changes in the voltage ripple ratio is evaluated
using (2.3).

Fig. 2.8 shows the evaluation results of the PV generation efficiency. Fig. 2.8 shows
that the PV generation efficiency drops by 10% when avpcrip exceeds 15%. For aypcrip
up to 5%, the reduction in PV generation efficiency is within 1% and the PV generation
efficiency can be maximized. avpcrip=5% is defined as the allowable ripple ratio. During
APD control, the DC voltage Vpc is controlled by the compensating power Px that operates

at aVDCrip=5 %.

2.2 Effect and suppression method of partial shade

2.2.1 Effect of partial shade on PV generation characteristics

Partial shading of a PV array (hereafter referred to as partial shade) causes a reduction in
power production greater than the shaded area [44—47]. A PV array consists of multiple
PV modules connected in series and parallel. The amount of power generated by each PV
module is determined by the amount of solar radiation; if the PV array has partial shade,

there will be a difference in the amount of power generated between the PV modules
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Figure 2.10. PV characteristics under partial shade condition.

depending on whether they are shaded or not. In this case, the power generation of
modules other than the module whose power generation is reduced due to partial shade
will also be reduced. Ref. [46] evaluates the effect of partial shading on PV power
generation efficiency, noting a 37% reduction in power generation efficiency depending
on the state of partial shade. Fig. 2.9 shows a bypass diode system used in conventional
PV arrays, in which a diode is connected to each PV module. The diodes form a current
bypass path when there is unbalanced power generation between PV modules, thereby
suppressing the effects of partial shade. However, because this method bypasses the entire
PV module whose power generation has declined, the power generated by the PV cells
with the remaining power generation capacity cannot be extracted. Furthermore, as shown
in Fig. 2.10, the P-V characteristics of the PV array with partial shading have multiple
power peak points, preventing the maximum power point from being tracked by maximum

power point tracking (MPPT) control.
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Figure 2.12. PV characteristics with GCC.

2.2.2 Generation control circuit

A partial shade suppression technique using a power conversion circuit has been proposed
[48—61]. Many circuit types have been proposed for partial shade suppression, including
a buck-boost converter type [48—55], switched capacitor converter type [56], [S7] fly-back
converter type [59]. The partial shade suppression circuit outputs the maximum power
of each PV module by sending compensating power to the PV module that generates the
least amount of power.

The generation control circuit (GCC) is an example of a partial shade suppression
method using a power conversion circuit [48], [49]. Fig. 2.11 shows the circuit config-
uration of a GCC, in which buck-boost converters are connected to series-connected PV
modules. This circuit is characterized by its capability to produce the maximum power

output from each PV module, even in partial shade, while maintaining the series structure
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of the PV modules. In the bypass diode method, the operating point is determined by
the current, as shown in Fig 2.12 (a). Whereas in GCC, the module voltage V|-V are
individually controlled to maximize the power production of each PV module by adjusting
the duty ratio of each switch. As a result, the power generation characteristics of the entire
PV module have a single power peak point, as shown in Fig. 2.12(b), and can produce
higher generation power than the bypass diode method.

The conventional APD method does not consider the effects of partial shade. Therefore,
a PV system that integrates the GCC and APD methods is proposed to develop a highly

efficient and long lifetime system.

2.3 Grid harmonic voltage

2.3.1 Effect of grid harmonic voltage on APD control

The power distribution grid has grid harmonics, and studies on grid-connected inverters
have proposed methods to suppress the effects of grid harmonics [62—66]. In the case
of APD control, it needs to compensate for the power pulsation generated by the grid
harmonic voltage v, in addition to the power pulsation generated by the fundamental
component V.

The influence of harmonic voltages on the DC voltage ripple is evaluated in this study.
From (2.1), the output power pac is composed of Ppc and the power pulsation pr. However,

a single-phase grid voltage has harmonic components vy, in addition to the fundamental
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component ver, as shown in Fig. 2.13. Eq. (2.5) shows the output power pacn when the

grid voltage has the fundamental and 3rd harmonic components.

pach = iac X (Vact + Vach)
= \/511 sinwgt X \/Evlsinwgt + \/Ehsina)gt X \/§V35in3wgt

=LV - 11V1COS2a)gt+ (11 V3C0$2wgl‘ -1 V3cos4wgt) = Ppc +pr+ Py (2.5

Here, V3 is the RMS value of the 3rd harmonic voltage and py, is the output power pulsation
caused by the harmonic component. Additionally, the initial phases of the fundamental
and harmonic voltage are 0 degrees.

From (2.5), pacnh includes the 2nd and 4th power pulsations caused by the 3rd harmonic
voltage in addition to ps. Fig. 2.14 shows the effect of the 3rd harmonic voltage on
the output power pulsation pyipple. The 2nd power pulsation caused by the 3rd harmonic
voltage pyp, is opposite to that of p;. Therefore, the 2nd power pulsation pyippie2 is reduced.
The 2nd and 4th DC voltage ripples are caused by pyippie2 and the 4th power pulsation
Pripple4» as shown in Fig. 2.14.

The 2nd and 4th DC voltage ripples can be expressed by the output power pulsations py

and py and compensating power py as in (2.6) and (2.7).

(Pr = Pr2) — Px> _ (Pg— Ppa) — cPy
wgVpcCpc wgVpcCpc

Avpcripz = (2.6)

Phy

A iy = ————— 2.7
VDCrip4 2aVbcCnc 2.7)

Here, the n-th DC voltage ripple Avpcripn 1s the peak-to-peak value of the AC component
at vpc as shown in Fig. 2.14; Py, is the amplitude of the n-th compensating power; Ps
is the amplitude of the 2nd power pulsation caused by the fundamental component; Py,
and Py are the amplitudes of the 2nd and 4th power pulsation caused by 3rd harmonic
component, respectively; Vpc is the average DC voltage. Additionally, the initial phase

of the fundamental voltage vacr and harmonic voltage vacy is O degree. The 2nd voltage
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Figure 2.14. Effect of 3rd harmonic voltage on output power pulsation pyippie.

ripple can be controlled by compensating with Px according to P¢ and Pp;. Conversely,
the 4th voltage ripple is not compensated by Px; therefore the value is determined by Ppa.

Fig. 2.15 shows the voltage ripple ratio generated for the 3rd harmonic voltage at
Pac = 1 kW and Cpc=50 pF from 2.6 and 2.7. It can be seen that the voltage ripple
factor increases as the 3rd harmonic voltage increases. Therefore, APD control that takes

harmonics into account is required to achieve a voltage ripple ratio of 5%.

2.3.2 Related study of APD control focus on grid harmonic voltage

The APD control considering grid harmonics has been studied in [67]. Fig. 2.16 shows

an inverter with an APD circuit proposed in the literature, and Fig. 2.17 shows its control
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Figure 2.17. APD control for harmonic voltage.

block. The control block in Fig. 2.17is an APD control based on DC voltage. When system
harmonics are present, compensation is required for frequencies above 200 Hz owing to
the presence of harmonics in addition to the conventional 100 Hz. The control block uses
multiple PR compensators PRy, (s) to provide responsiveness to multiple frequencies. Eq.

(2.8) shows the transfer function of PR(s).
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2Kxi
PRu(s) = Kp + Ri®bS

5 (2.8)

52 + 2wps + Wi,

where wy,; is the target angular frequency and wy, is the band angular frequency. The target
frequency is the even-order frequency of the grid (i=2,4, ....,n).

While the study of APD control based on DC voltage includes grid harmonics, the
study of APD control based on power pulsation has not yet been sufficiently considered.
A design is required to include power pulsations caused by grid harmonics to realize APD
control that achieves a voltage ripple of 5%. Therefore, it is necessary to study APD

control based on power pulsation that considers grid harmonics.

2.4 Grid impedance

2.4.1 Effect of grid impedance on APD control

Many studies on grid-connected inverters have reported that grid impedance affects the
control stability and performance of inverters [68—75]. The control parameter design is
based on an analysis of the effect of grid impedance on the stability of inverter control
[68], [69]. The real-time control parameter update method by combining grid impedance
estimation and inverter control has been proposed in [74], [75]. During APD control, the

power pulsation must be controlled according to the grid impedance of the distribution
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Figure 2.20. Equivalent circuit of grid impedance at 50 Hz.

grid.

The effect of grid impedance on APD control is clarified. As shown in, (2.1) APD
control compensates for the pulsation component of the output power. On the other hand,
the pulsation component propagated in the DC voltage is generated from the inverter
current Zj,y and the inverter voltage vip,. Fig. 2.19 shows the effect of grid impedance
on power pulsation. The phase difference between the current and voltage is caused by
the LC filter at the inverter output and the grid impedance L,. This current and voltage
phase difference also causes a phase difference between output power pulsation pyippe and
power pulsation propagating in DC voltage pyipple inv- EQ. (2.9) shows the power pulsation

propagated to the DC side pripple iny-
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Pinv = finy X Viny = V2I1sin(wgt + Ab;) x V2V sin(wgt + A6,)
=11 Vicos(Ab; — Ab,) — I} Vicos(Lwgt + Ab; + Ab,)
=1,V cos(A8; — Ab,) — I Vicos(2wet + Ab))

= Ppc +p ripple_inv 2.9)

Here, only the fundamental component is considered for the inverter current i, and voltage
vinv- The A6; represents the phase difference between iac and iy, and A6, represents the
phase difference between vac and vipy.

The equivalent circuit at 50 Hz with derivation of the phase relationship is shown in
Fig. 2.20. Here, v, is expressed as the resistance R, for the effective power output from
the inverter. Each phase difference can be expressed by (2.10) and (2.11) from the LC

filter Lg;, Cgj, and the grid impedance L, R.

_ a)gCﬁl(R + Rg)

AG; = 2.10
1- a)éLCﬁ] ( )

_ ngﬁl
(R +Ry)(1 — wzLuCpr)

(2.11)

v

From the equations, it can be confirmed that pyippie inv also has a phase difference with pyippie
because it contains a phase difference between current and voltage. The compensating
power px of the APD circuit is expressed by (2.12) from the output power pac and estimated

grid impedance L', R’.

Pinv = 11 V1COS(2a)gt + AQ;) (2.12)
wgCﬁl (R’ + Rg) 4 (,()gLﬁl )
1-wil'Cyi (R +Ry)(1 - wiLsCr)

=1, Vicos(2w,t +

The influence of the grid impedance can be suppressed by APD control that takes the
phase difference into account when the grid impedance is known. On the other hand, the

grid impedance varies with time. The effect on voltage ripple when there is a difference
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between the estimated and actual impedances is expressed by (2.13) from the difference

between pripple_iny and px.

11 Vi{(cosb, — cosH;,) + (sind, — sin@l’))}

w¢VpcCpc

Avpcrip = (2.13)

Fig. 2.21 shows the effect of impedance estimation error with respect to R on the voltage
ripple ratio at V=100V, I,=50 A, Cpc=50 pnF, and Vpc=200 V. It can be confirmed that
the voltage ripple increases with an increase in the impedance estimation error. Therefore,
it is necessary to perform phase compensation of the APD control by accurate impedance

estimation.

2.4.2 Related studies on grid impedance estimation

Many studies have been conducted on the estimation of grid impedance [76-90]. Passive

and active methods have been proposed for grid impedance estimation. The passive
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Figure 2.24. Grid impedance estimation for LCR component.

method estimates the grid impedance based on disturbances generated in the grid [76-83].
Although it has low estimation accuracy and cannot estimate the grid impedance at the
desired timing, it is useful as an estimation technique that minimizes changes in the grid.
The active method estimates the grid impedance based on the changes caused by injecting
disturbances into the grid by the inverter control. The active method has the advantage
that the estimation can be done at the desired timing, and the estimated frequency range,
estimation accuracy, and estimation time can be controlled by design.

Many studies have been conducted on injecting methods that inject harmonic current
and voltage into the grid [84-87], as well as methods that change the active and reactive
power [88-90]. Fig. 2.22 shows a grid-connected inverter and Fig. 2.23 shows an example
of harmonic injection used to estimate the grid impedance. Current control is performed
at the grid frequency in the steady state, and harmonic currents are injected during grid

impedance estimation to estimate the grid impedance by reading the voltage change.
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AL
LTI

Figure 2.25. Harmonic injection of multiple frequencies.

In the conventional grid impedance estimation, the grid impedance was assumed to
comprise inductive and resistive components. However, power factor correction capacitors
are used in the grid to improve the power factor, and the grid contains a capacitive
component as well. Ref. [91] examines the case in which a power factor correction
capacitor and other components resonate with the wiring inductance in a medium-voltage
distribution grid, thereby affecting the frequency characteristics between the 2nd and 20th
orders. In a low-voltage distribution grid, the capacitive component of the output LC filter
of the distributed power supply is increasing. The increase in the capacitive component
of the grid causes a resonant element in the grid impedance from the 2nd to 20th order,
which affects the inverter control. In addition, references [92], [93] study the impact
of grid impedance with the capacitive component on inverter control. Therefore, it is
important to include the capacitive component for grid impedance estimation.

Impedance estimation has also been proposed for grid impedance with the resonant
elements [94-99]. Ref. [97] reports a highly accurate grid impedance estimation with
resonant characteristics in 50.4 s using a technique that injects harmonic currents with
multiple frequencies into the grid. Fig. 2.24 shows a grid-connected inverter with grid
impedance that has a resonant element at the output, and Fig. 2.25 shows the harmonic
currents with multiple frequencies that are used to estimate the grid impedance. It is
possible to acquire multiple frequency responses simultaneously by injecting a square wave
signal with varying pulse width. As a result, the estimation time is shortened. However,
although the grid impedance estimation with resonant elements has realized the acquisition

of impedance-frequency characteristics, it has not been able to estimate the inductance,
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capacitance, and resistance (LCR parameters). It is important to estimate parameters for
grid impedance with resonant elements since there are analyses using parameters such as
inductance and capacitance of the grid impedance as in the Refs. [92], [93]. In addition, the
grid impedance varies with time because of load conditions and network switching; hence,
itis necessary to estimate and update the grid impedance in real time. Parameter estimation
is essential to derive the phase difference for APD control. Therefore, the development
of parameter estimation techniques for grid impedance with resonant characteristics is

required.

2.5 Summary

Chapter 2 reviews related research and clarify issues that require solutions. Many studies
on improving the efficiency of the APD method focus on the circuit scheme. On the
other hand, there have been very few studies on operation methods, such as controlling
the compensating power of the APD circuit based on the operating power and power
generation characteristics of the PV array. PV equivalent circuit was used to evaluate
the PV power generation efficiency and effect of voltage ripple. Based on the evaluation
results, a voltage ripple of 5% is defined as the allowable voltage ripple ratio, and the
objective is to realize APD control with compensated power that achieves a voltage ripple
of 5%. This dissertation proposes a control scheme to control the compensating power
of the APD circuit according to the power generation characteristics of the PV array to
achieve higher efficiency for the PV system.

The effect of partial shade on the power generation efficiency of a PV array was shown.
As a partial shade suppression method, GCC using a power conversion circuit is presented,
and it is shown that by controlling the operating point of each PV module, maximum power
can be produced even under the influence of partial shade. The importance of considering
an integrated system of the partial shade compensation and APD method was demonstrated
by describing GCC.

The impact of grid harmonic voltage on APD control was clarified, and the study of

including power pulsation caused by grid harmonic voltage in voltage control was shown
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to be necessary. Numerical analysis shows that the 3rd harmonic voltage cause 2nd and
4th power pulsations, and that these power pulsations cause DC voltage ripple. The effect
of the 3rd harmonic voltage at 1 kW on voltage ripple control is shown, and it is shown
that power pulsation caused by harmonic voltage must be considered to achieve a voltage
ripple ratio of 5%.

The influence of grid impedance on APD control was clarified, and the technique for
obtaining grid impedance in real time was shown to be necessary. The equivalent circuit
and numerical analysis at 50 Hz show that the grid impedance parameter is necessary
for voltage ripple control. In addition, the effect of grid impedance estimation error on
voltage ripple control at 5 kW is shown, indicating that accurate grid impedance estimation
is necessary to achieve a voltage ripple ratio of 5%. Furthermore, literature on conventional
grid impedance was reviewed, and it was confirmed that most of the literature focus on
the resistive and inductive components. In addition, it was confirmed that some studies
included the capacitive component in the grid impedance. Because parameter estimation
is essential to derive the phase difference for APD control, it is necessary to develop a

parameter estimation technique for grid impedance with resonant characteristics.
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Voltage Ripple Control Focusing on PV

Power Generation Efficiency

Chapter 3 proposes an APD control considering the power generation characteristics of a
PV array. The APD control achieves compensated power control according to the power
generated by the PV. Real-time simulation and experimental results for an inverter with a
rating of 1 kW will clarify the difference and usefulness of the pulsation compensation of

the APD circuit according to the design method of the DC capacitance.

3.1 Main circuit configuration

Fig. 3.1 shows the main circuit configuration and Table 3.1 lists the circuit specifications.
The APD circuit is a buck-boost converter consisting of a decoupling capacitor Cy,

APD circuit

SXIJ:} S VX SlJé} SSJé} La i L
: X2 :

) —

—
: = Coc
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2,
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Figure 3.1. Main circuit configuration of APD circuit.
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Table 3.1. Circuit specification and parameters.

Parameter Value
Grid voltage v, 100 V
Grid frequency fgia 50 Hz
Input voltage Vpc 180 - 200 V
Decoupling average voltage Vxave | 300 V
Input capacitance Cpc 50, 300 pF
LC filter inductance Lg 2250 pH
LC filter capacitance Cg 3.3 pF
Grid inductance L 100 nH
Decoupling inductance Ly 1600 pH
Decoupling capacitance Cx 50 pF
APD switching frequency fsapp | 20 kHz
Inverter switching frequency f, | 20 kHz

Wgl cos2wqt

A

V2v,

X
Vv —> BEF]
. Px — Sx
Px |Dx1vpe PWM >Sx2
T 1 ILX
Dxi vpc (b)

Figure 3.2. Block diagram of the APD control. (a) Compensating power calculation block.
(b) Control block of inductor current i; x and average decoupling capacitor voltage Vx.

decoupling inductor Lx, and switches Sxj, Sx».

3.2 Voltage ripple control using compensation ratio c¢

3.2.1 APD control block

Fig. 3.2 shows the proposed APD control block and Table 3.2 lists the control parameters.

In the proposed APD control, the compensating power px is controlled from the inductor
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Table 3.2. Control parameters of conventional APD control.

Parameter Value
Resonant gain Kr 100
Proportional gain Kp 20

Resonant angular frequency wy 2*1*100 rad/s
Band angular frequency wy, 2*a*10 rad/s
Eliminated angular frequency 1 we; | 2*7*100 rad/s
Band angular frequency 1 wy, 2**10 rad/s

current command value i} , and the average value of the decoupling capacitor voltage Vx
is controlled from the average value command V7. The conventional APD control always
uses the output power pulsation pyipple to calculate i for maximum compensation, the
proposed APD control introduces a compensation ratio ¢ that varies between 1 and 0, so
that the control is performed at px, where the voltage ripple ratio of vpc apcrip operates
at the allowable ripple ratio according to the operating power. When c¢¢=0, i.e., px=0,
the compensating power control and the average value control of the decoupling capacitor
voltage are stopped.

Fig. 3.2(a) shows the compensating power calculation block. The amplitudes V1, I;
and phase of the fundamental component w,t are obtained from the output voltage vac
and output current iac using a phase-locked loop(PLL) [100]. The compensating power
command py is calculated from V', I, wgt, and ct.

Fig. 3.2(b) shows the control block of the inductor current ii x and average decoupling
capacitor voltage Vx. The inductor current command ij, is calculated from py, DC
voltage vpc, and duty ratio Dx; of switch Sx;. The inductor current ipx follows if, in
a feedback loop using a proportional-resonant (PR) compensator PR. The compensating
power px is charged and discharged to Cx by controlling i1 x. Eq. (3.1) shows the transfer
function of PR [101-103].

2
PR(s) = Kp + Kg il

3.1
s2+2a)bs+a)g S

In the average value control, the average value of the decoupling capacitor voltage Vx
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Table 3.3. Inductor specifications.

Parameter Value
Core volume 48.4 cc
AL value 146 nH
Magnetic circuit length [, | 0.146 m
Number of turns N 61
Number of cores m 3

follows the command V7 in a feedback loop using a proportional-integral compensator.
Vx is detected by removing the 100 Hz component from vx using the band elimination
filter BEF,. Eq. (3.2) shows the transfer function of BEF,,.

2 2
+
BEF,(s) = —— Zen

3.2
52 + 2Wpns + W2, 5-2)

3.2.2 Design of decoupling indctor Lx

The decoupling inductance L4 is designed based on the inductor current ripple. Because
the amplitude of the inductor current ripple is largest for the 100 Hz component, the design
focuses on the 100 Hz component. Eq. (3.3) shows the relationship between the inductor
current ripple and inductance Lx. The inductance is calculated as the inductor current
ripple Aljpopeak caused by the switching frequency in relation to the current peak It x, sw
is set to be 1600 11H as the value that is within 50 % or less.

Vbe X Dxi X Tsw

Toopeak X 0.5 > Aipx, sw = 7 (3.3)
X

where Tsw is the switching time of one cycle. Table 3.3 lists the inductor specifications.
Eq. (3.4) shows the relationship between the number of inductor turns N and the magnetic

flux H.

N x I
4500 > H = —LXpeak (3.4)
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Figure 3.3. Operating power and required DC capacitance Cpc

Where I xpeak 1s the peak value of the inductor current ip x and /. is the average magnetic
path length of the toroidal core. Eq. (3.5) is the relationship between the inductance Ly,

value of AL, and number of turns V.

Lx = 1600 x 107 = AL x m x N> (3.5)

Since It xpeak 18 10.21 A when operating at 1 kW, the number of turns N satisfying equations

(3.4) and (3.5) is 61 and the number of cores m is 3.

3.2.3 Design of the DC capacitance Cpc

The capacitance of the DC capacitor Cpc is derived from the design that focuses on the

100 Hz voltage ripple Avyip 100 Wwhen the APD control is stopped to improve the system

efficiency of the inverter. Eq. (3.6) shows the relationship between Cpc and Avyip, 100.
Vil

Cor= ——— 3.6
Pe wVpcAviip, 100 (5-6)

where w is the grid angular frequency. Fig. 3.3 shows the capacitance required to achieve
avpcrip=% when the APD circuit is stopped, relative to the amount of operating power
Vaclac. Cpc=50 pF is required for S0 W and Cpc=300 pF for 333 W. The system
efficiency of the proposed APD control system is verified when 50 and 300 pF derived for

Cpc are used.
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3.2.4 Design of decoupling capacitor Cx

The capacitance of the decoupling capacitor Cx is designed based on the compensating
power px and the decoupling capacitor voltage vx when operating at the rated 1 kW.
Since the APD circuit is a buck-boost converter, the relationship between the inverter
input voltage vpc and the average voltage Vx of the decoupling capacitor voltage can be
expressed by (3.7).

Dx;

Vxave = ———V] 3.7
X =Dy, '>¢ (3.7)

The ratio of px to the power pulsation pyippe in (3.8) is defined as the compensated power

ratio CPaio.

P
CPryio = X

— x 100 (3.8)
ripple

Eq. (3.9) shows the relationship between the decoupling capacitor voltage vx, compen-
sation power px, and Cx.
Ccp ratiovl I

Cx=——"—7" 39
X WVxave AVXrip ( )

where Avxqip is the ripple component of the decoupling capacitor voltage. From (3.9),
when Vx=300 V, CP,4io=100%, V=100 V, I,=10 A, a capacitor capacitance of Cx=50
nF is required to achieve Avx,;,=200 V. The Cx=50 pF is applied under all operating
conditions as in the conventional APD control, and control is performed with Vx=300 V

constant.
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Figure 3.4. PV characteristics of 100 W — 1 kW for real-time simulation.
3.3 Relationship between DC voltage ripple and compen-

sation ratio c¢

3.3.1 Verification system of real-time simulator

It is difficult to verify the control strategies because the power generation characteristics
depend on the actual experimental environment. Therefore, the influence of the harmonic
voltage on the conventional APD control is verified through real-time simulation. Fig.
3.5 shows the verification system configuration. The main circuit operation is calculated
by the hardware-in-the-loop (HIL) simulator (HIL402) from Typhoon HIL. The inverter
and APD controls were executed by a microcontroller (TMS320F28379D) from Texas
Instruments. Fig. 3.4 shows the P-V characteristics for real-time simulation. The power
generation characteristics of each PV array are calculated in HIL402. For each PV array
generating 50 W—1 kW, the power generation efficiency of the PV array for each capacitance

is calculated.

3.3.2 Verification result of real-time simulations

The voltage ripple response of the APD circuit to the compensating power px is verified

from real-time simulations. Fig. 3.6 shows the operating waveforms of the compensating
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Figure 3.5. Verification system configuration.
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Figure 3.6. Real-time simulation waveform at Cpc=50 pF and 1 kW. (a) ¢¢=1.0. (b)cs=0.7.

power px, DC voltage vpc, and decoupling capacitor voltage vx when the DC capacitance
Cpc=50 pF, 1 kW operation. From the waveform of px, it can be confirmed that px
changes according to CPpyi0. vpc Waveform shows that when CPi,,=100 Y%, the voltage
ripple ratio aypcyip 18 suppressed to 5%. On the other hand, when CPy0=70%, the avpcrip

is more than 5 %, and the change of voltage ripple according to CP.,, can be confirmed.
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The waveform of vx shows that the average value Vx is controlled at 300 V regardless of
CP:atio-

Fig. 3.7 shows the relationship between CP..j, and avpcrip. Fig. 3.7(a) shows the
variation of aypcyip With CPy, for each operating power when Cpc=50 pF. At 1 kW and
300 W operation, aypcrip €xceeds 5 % as CPru, decreases. Therefore, to maximize the
power generation efficiency, it is necessary to operate with a CPyyi, of 100%. On the
other hand, at 50 W, aypcyip remains below 5 % for all CPyy, including the shutdown
of the APD circuit. Therefore, even without compensation of the APD circuit, the power
generation efficiency is drawn out and the system efficiency improvement is achieved by
suppressing the power loss of the APD circuit. Fig. 3.7(b) shows the change of avpcyip
for each CP,, for each operating power when Cpc=300 pF. Because the aypcyip remains
below 5% for all CP.,, below 300 W, the system efficiency is improved over a wide
operating power range owing to the shutdown of the APD circuit. At 1 kW operation,
the avpcrip remains below 5% for CP.,, between 70-100%, which means that maximum
power generation efficiency can be achieved even at a CPyy, of 70%. From the above
results, the CPy,, that can maximize the power generation efficiency varies depending on

the operating power and DC capacitance.
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Figure 3.8. Experiment configuration of APD circuit.

Table 3.4. Circuit parameters and model number.

Parameter Model number
Electric load R, PCZ1000A(KIKUSUI)
. . C4AQLBWS5500A3JK
Film capacitor Cpc, Cx (KEMET)
FTACDS801V335JTLJZ0

Film capacitor C¢

(NIPPON CHEMI-CON)

Inverter switch S - S4
(GaN-FET)

TPH3212PS(transphorm)

APD switch Sxi, Sx2
(SiC-MOSFET)

SCT2160KEC(ROHM)

Evaluation of system efficiency of PV system

3.4.1 Experimental Circuit Configuration

Fig. 3.8 shows the experimental circuit configuration of the PV system. Table 3.4 lists

the components used in the actual circuit. In the experimental verification, a regulated

DC power supply was used as input and an electronic load as output to measure the

power conversion efficiency. Because the total voltage of vpc and vx is applied to the

switching device Sx;, Sx» in the APD circuit, a maximum of 600 V is applied to the device

when operating at 1 kW and CP.ijo=100%. Therefore, SIC-MOSFETs with a withstand

voltage of 1200 V were used. The inverter circuit consists of two half-bridge modules

(Transphorm: TDHBG2500P100) that use GaN-FETs.
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3.4.2 Evaluation of system efficiency of the APD control

The system efficiency 74yseem 18 €valuated using the PV power generation efficiency npy
obtained from real-time simulation and the power conversion efficiency 7.iuir Obtained
from actual equipment verification. The power conversion efficiency 7.t 15 defined
by equation (3.10), and the system efficiency nsyem i defined by equation (3.11) as the
product of the power conversion efficiency and power generation efficiency. Here, pac is

the output power.

Pac

Ncircuit = 75— X 100 (3.10)
Ppy
TcircuitIPV

Nsystem = CiT (3.11)

Fig. 3.9(a) shows the efficiency at Cpc=50 pF, 1 kW operation, and Fig. 3.9(b)
shows the efficiency at Cpc=300 pF, 1 kW operation. At Cpc=50 pF, 1 kW, there is a
significant decrease in power generation efficiency because avpcrip increases significantly
with respect to the decrease in CPy,,. Therefore, it can be confirmed that owing to the
large influence of the generation efficiency on system efficiency, the improvement in power

conversion efficiency with the decrease in compensation power is not effective, and the
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optimal point is CPyijo=100%. On the other hand, when Cpc=300 pF, 1 kW, the decrease
in power generation efficiency with respect to the decrease in CPryyo 1S suppressed as the
DC capacitance. As a result, it can be confirmed that CP,,;,=80% is optimal owing to the
improvement in power conversion efficiency.

Fig. 3.10 shows the variation of the optimal compensation ratio with operating power
for each DC capacitance. When Cpc=50 pF, it is optimal to stop the APD control at
light loads of 50-100 W. On the other hand, 400 W—1 kW requires a CP,,, of 100 %
for the APD circuit. At Cpc=300 pF, the trend changes and the optimal compensation
ratio is suppressed to 80% at 700 W and above. The optimal compensation ratio at 1
kW rating is considered. Because the maximum current capacity of the APD circuit can
be reduced to 80% of the 1 kW maximum compensation, switching devices with lower
current ratings can be applied compared to the conventional APD control. From the above
results, it can be confirmed that the optimum compensation ratio changes according to
the DC capacitance and operating power and the maximum current capacity in the APD
circuit is suppressed to 80% at Cpc=300 kW.

Fig. 3.11 shows the comparison of system efficiency between the proposed APD control
and the conventional APD control for each DC capacitance. Fig. 3.11(a) shows that when
Cpc=50 pF, the efficiency improves by 6.4—16% at 50—100 W owing to the elimination of
losses in the inductor and switching devices in the APD circuit as the switching operation

of the APD circuit stops. When Cpc=300 pF in Fig. 3.11(b), the system efficiency
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Figure 3.11. Comparison of system efficiency 1sysem between proposed and conventional
APD control. (a) Cpc=50 pF. (b) Cpc=300 pF.
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improves by 1.2-16.8% as the APD circuit is stopped in the range of 400 W and below, as
in the case of Cpc=50 pF. In addition, Refs. [36] and [38] compare the PV system losses

with and without APD circuits, and show that the loss of the APD circuit tends to account

for a larger proportion of the total PV system loss at light loads. Therefore, the increase in
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efficiency from 400 W to 200 W is owing to the large ratio of the loss of the APD circuit
to the total loss of the PV system at light loads. Based on the above results, it can be said
that the proposed APD control is an effective method for improving system efficiency at
light loads, and it is significant in seasons and regions with long operating hours at light
loads.

The effect of the APD control stop on the inverter operation is verified based on the
operation results at Cpc=300 pF and 300 W. The series resistors of 12 € is inserted to
the DC power supply E and R reproduce the voltage ripple equivalent to the real-time
simulation in vpc. Fig. 3.12 shows the DC voltage vpc, the inverter output voltage vac,
and the inverter output current iac. A voltage ripple of 3.78% is generated from the DC
voltage, but the inverter voltage and current show that the inverter operation is unaffected
by the voltage ripple. These results confirm that the proposed APD control improves the

system efficiency of the PV system.

3.5 Summary

In chapter 3, the compensating power control for APD control focusing on PV power
generation characteristics is proposed. In a 1 kW rated inverter, the difference and
usefulness of the pulsation compensation of the proposed APD control were verified for
two capacitance design methods: When Cpc=50 pF, the compensation power of 100 %
by the APD control is required at rated power, but this is much lower than that of 300 pF.
The APD control is effective in downsizing the inverter because it uses a small capacitor.
On the other hand, when Cpc=300 1F, although the capacitance increases, the maximum
current capacity is suppressed to 80% of 1 kW operation, enabling the use of switching
devices with lower current capacity than in the conventional APD control. In addition, the
system efficiency is improved by 1.2—16.8% at an operating power of 400 W or less. This
is significant in seasons and regions with low solar radiation and long hours of light-load
operations. These results show the difference in the amount of compensating power and
the usefulness of the proposed APD control depending on the design method of the DC

capacitance.
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PV system with Active Power
Decoupling and Generation Control

Features

This chapter analyzes two circuit configurations of the PV system equipped active power
decoupling and generation control features using the state-space averaging method, and

clarifies the difference between the characteristics of the two circuit configurations.

4.1 Main circuit and operation principle of GCC

4.1.1 Main circuit configuration

Fig. 4.1 shows the main circuit configuration of the single-phase inverter with circuit
integrating GCC and APD circuit (hereinafter referred to as “Integrated circuits”). Fig.
4.2 shows the main configuration of the PV system with a combination of the conventional
GCC and APD circuits (hereinafter referred to as “Individual circuit”). The circuit
specifications and parameters of both configurations are listed in Table 4.1.

In both systems, the DC power generated by the PV array transmits AC power to the
grid via an inverter circuit, and the GCC section controls the operating points of the PV
modules individually using switching operations to suppress the effects of partial shading.

The active power decoupling circuit section charges and discharges power pulsation to the
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Figure 4.2. Main circuit configuration of individual circuit.

decoupling capacitor Cx through the switching operation of power devices Sx; and Sx».
The following three characteristics of the integrated circuit and individual circuit can be

mentioned.

* Inthe individual circuit, the sum of the DC voltage V¢ and the decoupling capacitor
voltage V'x is applied to Sx; and Sx» used in the power decoupling circuit section;
hence, it is necessary to use devices with appropriate withstand voltage values.
Because high withstand voltage devices have high conduction resistance, and high
voltage operation increases switching losses, Vx must be operated at a relatively low
voltage. In the individual circuit, the power decoupling circuit is connected to the
DC bus; therefore Vx must be operated at a high boost/buck ratio to operate at a low

voltage. Generally, the power conversion efficiency of a buck-boost converter tends
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Table 4.1. Circuit specification and parameters of integrated and individual circuits.

Parameter Value
Grid voltage v, 100 V
Grid frequency fgrig 50 Hz
DC voltage Vpc 210V
Decoupling average voltage of integrated circuit Vi, | 240 V
Decoupling average voltage of individual circuit Ve | 315V
DC capacitance Cpc 50 pF
LC filter inductance Lg; 2250 nH
LC filter capacitance Cg 3.3 pF
Grid inductance L 100 nH
Decoupling inductance for integrated circuit Lx 800 pH
Decoupling inductance for individual circuit Lyx 1600 pH
Decoupling capacitance for integrated circuit Cx 100 pF
Decoupling capacitance for individual circuit Cx 50 pF
GCC inductance L, L, 100 pH
GCC capacitance C1—C3 30 pF
APD switching frequency fsapp 20 kHz
GCC switching frequency fsgcc 40 kHz
Inverter switching frequency finy 20 kHz

to decrease as the boost/buck ratio increases, and so operating Vx at a low voltage
leads to increased power loss in the power decoupling circuit. In contrast, in the
integrated circuit, because the power decoupling circuit is connected to the lowest
PV module (PV3), Vx operates at a relatively low boost/buck ratio corresponding
to the PV module voltage Vx, and the withstand voltage required for power devices
is also low. Therefore, switching loss suppression of Sx; and Sx, can be expected

in the integrated circuit.

* In the integrated circuit, the decoupling inductor Ly is expected to be compact and

low-loss. In the individual circuit, since Vx and Vpc are applied to Lx, the required
inductance becomes large to operate at the same switching frequency and to keep
the inductor ripple current at the same level. In contrast, the integrated circuit
can operate with relatively small inductance because the voltage applied to Ly is

significantly reduced.

* In the integrated circuit, the power decoupling circuit is connected in series with the
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GCC circuit, and so the charging and discharging power to Cx passes through the
GCC circuit. Because of this relationship, losses due to charging and discharging
power occur in the inductor and switches in the GCC. In the individual circuit, the
charging/discharging power is transmitted directly from the DC bus to the Cx, so

the loss due to charging/discharging power is only in the power decoupling circuit.

From the above three points, it can be seen that both integrated and individual circuits have
advantages and disadvantages. In addition to these circuit configurations, it is necessary
to clarify the circuit configuration suitable for PV systems by examining the control

characteristics.

4.1.2 Operation principle of GCC

The total voltage of each PV module is determined by the average DC voltage Vpc and is
expressed in (4.1).

Vi+Vo+V3=Vpc 4.1)

Each PV voltage in a buck-boost converter section is expressed in (4.2) using the off-duty

ratio D of the buck-boost converter.

Dy Di»D» Di{»D»D
ViiVyi Vs V=1 22, DieDn D DnDx
Dy Dy Dy Dy Dy Dxy

=1 Zk] Zklkz . k]kzkx

(4.2)

From Eqgs. (4.1) and (4.2), it can be observed that GCC adjusts each PV voltage to the
maximum operating voltage through Vpc and D. Therefore, all the PV modules can
produce their maximum power, and the generation characteristics of the PV array have

only one peak power point, and the influence on the MPPT control can be suppressed.
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Figure 4.4. Equivalent circuit of individual circuit.

4.2 Analysis of PV system with active power decoupling and

generation control features

4.2.1 Analysis of integrated and individual circuit

The integrated and individual circuits were analyzed using the state-space averaging

method. Figs. 4.3 and 4.4 show the target circuits to be analyzed, wherein the inverter

circuit is replaced by a resistor R;j,,. Table 4.2 shows the conditions considered in the

analysis and Table 4.3 summarizes variable definitions. PV module currents /,-/3 and
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Table 4.2. Analysis conditions.

Parameter Value
Equivalent resistance Rj,, 44.1 Q
parasitic resistance ryj,rp of Li,L; | 10 mQ
parasitic resistance rpx of Ly x 69.5 mQ
On resistance rg 72 mQ
PV equivalent current /; 35A
PV equivalent current /, SA

PV equivalent current /3 55 A

Table 4.3. variable definitions.
Si1 :D1,S12:D; Dy=1-D,
SQ] 2D2,8222D_2 C1=C2=C3=C
Sx1 :Dx,Sx2:Dx | Cpc=aC

Table 4.4. Switching combinations.

Pattern | Si; S | Sy Sao
1 ON OFF | ON OFF
2 OFF | ON ON OFF
3 ON OFF | OFF | ON
4 OFF | ON OFF | ON

decoupling capacitor voltage Vx are assumed to be constant, represented by the constant
current and voltage sources, respectively. The state vectors x(¢) and y are defined as in
(4.3) and (4.4).

x(t) = [iLi(2), ira (1), ix (¢), vi(2), v2(2), v3(1)] 4.3)

y =11, I, Iz, Vx] 4.4)

The state-space averaging equation is expressed in (4.5).

dx (1)
dt

= AX() + By (4.5)

In the integrated and individual circuits, the duty ratio of each switch must be considered,

as six switches are used. However, if all switches are considered simultaneously, the
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equation becomes complicated. Therefore, the switching states of S;;—S;, are assumed

to be fixed values, and the state-space averaged equation is derived with the duty ratio of

switches Sx; and Sx», which are assumed to be variables. There are four patterns of the

switching combinations, as shown in Table 3. Comparing each pattern of the coefficient

matrices A and B, the matrix in (4.6)—(4.8) that uses the duty ratio of all switches is derived.

Aintegrated = D1D2A" + D DA% + Dy D2A® + DD, A*

-0 0 2 -2 0
—n 0 0 2 2
oo n 0 o 2
0, P macDX - Ri’:C - R:jc - Ri:’:c
Ql 01 maCBX Rm _ R.mC _R-mC
invC mv myv
P O %(ma -1) _R::c - R:vlC _R::C
Aindividut = D1D2A" + D1 Dy A + DDA’ + D Dy A*
-+ 0 0 2 -2 0
-z 0 0 2 2
01 P, Ex(ma_y “Rmc "RmC " RuC
01 0 Ex(ma_y) “RmC T RaC T RaC
PO Bx(ma _ ) “Rmc T RC T RaC

(4.6)

4.7)
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B =D,D,B' + D,D>B> + D\D>B> + D,D,B*

0 0 0
0 0 0
0 0 0
L(1-ma) ma —ma
o p(-ma)

(4 - e(-ma)

Variables O,, P,, and Q, are expressed in Egs. (4.9)—-(4.11)
1
O, = _E{Dn(l —2ma) + ma}

1
P, = —=ma{2D, - 1}

=T
1
O, = _E{Dn(l —2ma) +ma — 1}

Variables ry, r;, rx, and m are expressed in (4.12)—(4.14).

rx = Iix + Dyrspg +Dann2(n = 1a2)

rx = rix + Dxrsxi + Dxrsxo

C1CC
m

1

= (C1C2+C1C3 + C1C3)Cpe + C1C2C;  1+3a

(4.8)

4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

The matrix B is identical to each circuit configuration. Regarding the matrix A in the

integrated circuit, the voltages V| and V; are not related to i x. However, in the individual

circuit, since the APD section is connected to the DC input port, it is understood.
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4.2.2 Derivation of disturbance suppression characteristic of APD

control
If the fluctuation of the inverter input current Al (s) is given as a disturbance, the
disturbance suppression characteristic of AVpc(s) at a target frequency of 100 Hz is
derived when the APD control operates. Here, the integrated circuit is analyzed. First, the
plant model of the integrated circuit is derived. The response of AX(s) to the fluctuations
AVx(s), ARy (s), and ADx(s) is expressed in (4.15), which is derived from Egs. (4.5),
(4.6), and (4.8).

(s — A)AX(s) = B4AVx(s) + A XAR;ny ()

aRinv

0A 0B

—X+ —Y)AD 4.1
+(5po X+ 55 IADX(S) (4.15)

Here, the fluctuations in /;—-/3 are ignored and B, represents the fourth row of (4.8). Eq.
(4.15) is rearranged for AX(s), and AX(s) is expressed in Eq. (4.16) as the sum of Aljp(s)

and ADx(s).

2
RL, A

AX(s)=(SE-A-F - G)—l{—vDC TR

XAIinv(S)

0A 0B
—X+ —Y)AD
+(GhX+ 55 VIADX(S))

XinvAIinv(S) + XDXADX(S) (416)

= [Aul) ) Ik AVIG) AW Av3<s>]A1, (s)
L AIinv (S) AIinv (S) AIinv (S) AIin\' (S) AIinv (S) AIinv (S) "

_ Al (s) Ii7(s) Iix(s) AVi(s) AV (s) AV;(s)
+ »ADE(I(S)) A;)zx(s) Agx(s) AD;(S) ADi(s) AD;(S)] ADy(s)

= AILlinv(s) AILZinv(S) A[LXinv('S) A‘/linv(s) VZinv(S) ‘/Sinv(s):| Alinv(s)

+ iAILlDX(S) AILZDX(S) AILXDX(S) A‘/IDX(S) VZDX(S) VSDX(S)] ADX(S)
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Main circuit model

_______________________________________________
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Figure 4.5. Block diagram without APD control.

where E represents the identity matrix and the coefficient matrices F and G are calculated

from AVx(s) and ARj,y(s), as shown in (4.17) and (4.18), respectively.

D _
AVx(s)= —=Alix==10 0 2x 0 0 0AX(s) (4.17)

SCx S X
Riznv Rinv

ARinV(S) = - Alinv + —(AVl + AVz + AV3)
Vbe Vbe
R? .

=——TAliw+——10 0 0 1 1 1[AX(s) (4.18)

Vbe Vbe

that each PV voltage has an effect on i; x. In addition, AVpc(s) is expressed in (4.19) as

the sum of the fluctuations of the PV voltages AV (s), AV>(s), and AV3(s).

AVDc(S) = AVl + AVz + AV3

(4.19)
= (Viiny + Vainy + V3iny) ALy (5) + (Vipx + Vapx + Vapx) ADx ()

The plant model of the proposed circuit is expressed in (4.16) and (4.19).

Next, the fluctuation of the input voltage AVpc(s) with and without APD control is
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Figure 4.6. Block diagram with APD control.

derived from (4.16) and (4.19). Fig. 4.5 shows the block diagram of the plant model
without APD control. Without APD control, ADx(s) has no fluctuation and AVpc(s) is

determined only by Ali,,(s). AVpc(s) without APD control is expressed in (4.20).

AVpc(8) = Viiny + Vainy + V3iny) Aliny () (4.20)

Fig. 4.6 shows the block diagram of the plant model with the APD control model. The
fluctuation of the input voltage with APD control AVpcapp(s) is determined by Al (s)
and ADx(s). The quantity Ay xapp(s) for the feedback loop is expressed by Al (s) as
shown in (4.21).

Al xapp(s) =

1 V)
be I xpx + ILXinv}AIinV(S)
X

—PR
1+ PR(S) * ILXDX{ (S) DxVx
= ILxapDALiny () 4.21)
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Figure 4.7. Disturbance suppression characteristics of DC voltage Vpc.

From Fig. 4.6 and (4.21), the fluctuation of the PV voltage with APD control AV, app(s),

is expressed in (4.22).
A B Vbe
VnAPD(S) - {_PR(S)D * I.xapD ViDx + Vninv}AIinv(s)
xVx
= nAPDAIinv(S) (I’l =1- 3) (422)

The disturbance suppression characteristic of AVpc(s) for the APD control is derived by
dividing AVpcapp(s) and AVpc(s) without APD control. From (4.20) and (4.22), the

disturbance suppression characteristic is expressed by (4.23).

AVpcapp () _ (Viapp + Vaapp + V3app) Aliny ()
AVDC(S) (Vlinv + V2inv + V3inV)AIiIlV(S)

(4.23)

Additionally, the disturbance suppression characteristics of the conventional circuit are
derived by substituting (4.6) into (4.7), and a procedure similar to the previous calculation

is used.

4.2.3 Evaluation of the disturbance suppression characteristic of

APD control
Fig. 4.7 shows the disturbance suppression characteristic of Vpc in terms of both config-
urations. It has been confirmed that the integrated circuit can suppress not only the target

frequency (at 100 Hz) but also an integral multiple frequencies of 100 Hz by using APD
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control. Conversely, the individual circuit can suppress 100 Hz, which is very similar to
the proposed circuit, but the suppression effect of the conventional circuit is significantly
reduced at 200 and 300 Hz compared to that of the integrated circuit. Figs. 4.8 and 4.9
show the disturbance suppression characteristics of the PV voltage for each configuration

derived from (4.24).

AViapp(5) _ VaappAlLiny (5)
AVH(S) VninvAIinv(s)

(n=1-23) (4.24)

In the integrated circuit, the frequency characteristics of each PV module tend to be
similar; however, there is a difference in the suppression effect of each PV voltage. Each

PV module produces power depending on its output voltage. If a fluctuation appears in
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Figure 4.11. Main circuit configuration of APD circuit with partial shade.

the PV voltage, the operating point moves away from the optimal point; thus, the average
generated power decreases compared to the maximum power, and the power generation
efficiency also declines. From the above characteristics, there is a possibility that the
proposed circuit cannot fully utilize the potential generated power of PV and PV3 with
respect to PV,. In addition, the individual circuit shows similar frequency characteristics

between each PV module in a low frequency band up to around 100 Hz.

4.3 Verification result

The validity of the characteristics of the APD control was analyzed and verified by using
real-time simulation. Fig. 4.10 shows the PV characteristics used in this verification.
The power generation characteristics of each PV are changed assuming the case that the

PV array is in partial shade. Fig. 4.11 shows a circuit configuration assuming the case
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of partial shading in a conventional APD circuit. In the integrated circuit, there is a
difference between the disturbance suppression characteristics of the PV voltages; hence,
it is estimated that the average generated power decreases from the maximum power.

Therefore, in this verification, the power generation efficiency of PV npy, is defined by
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(4.25) and is also evaluated for each PV module.

Ppyn _ A

= (4.25)
P PVnmax P PVnmax

pvn =



4.3 Verification result

200

vac [V]

-200

iac [A]

290

vpe [V]
~
S

130

110

V1,V2, Vs [V]
~]
=

(%)
(e]

N

Ila12’13 [A]

o

10 ms

time

vac [V]

iac [A]

Ila[2’13 [A]

200

-200

N

o

10 ms

time

Figure 4.15. Operation waveforms with  Figure 4.16. Operation waveforms with
APD control of integrated circuit.

APD control of individual circuit.

Here, Ppynmax 1S defined as the maximum generated power of the PV module and Ppy,, is

defined as the average output power of the PV module, which is derived from the average

value of the PV voltage V,, and the average value of the PV current /,,.

Fig. 4.12 shows the operating waveforms of the APD circuit when partial shade occurs.
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Table 4.5. Evaluation of PV power generation efficiency.

Maximum Conventional Integrated Individual
power APD circuit circuit
PV, | 210 W 209.6 W(99.8%) | 204.1 W(97.2%) | 208.9 W(99.5%)
PV, | 350 W 267.8 W(76.5%) | 348.1 W(99.5%) | 348.9 W(99.7%)
PV; | 450 W 308.4 W(70.1%) | 430.3 W(97.8%) | 437.4 W(99.4%)
Total | 1000 W 785.8 W (78.6%) | 982.5 W(98.3%) | 995.2 W(99.5%)

The waveforms show the inverter output voltage vac, inverter current iac, DC voltage
vpc, PV voltages Vy, V,, Vi, and PV currents 1, I, Is from the top. A low-pass filter
(LPF) is applied to each waveform to remove the switching frequency components. It
can be confirmed from the PV current waveforms that the operating voltage of each PV is
determined by the current and that the maximum power of each PV is not produced.

Figs. 4.13 and 4.14 show the operating waveform without APD control in integrated
and individual circuits. For vpc waveform, it is confirmed that the ripple voltage of vpc
appears with 46 V,,_,(Integrated circuit) and 44 V,_,(Individual circuit).

Figs. 4.15 and 4.16 show the operating waveform with APD control in integrated and
individual circuits. Here, because of the calculation speed of the microcontroller, 10 €
resistive load is used instead of grid voltage vy, and the inverter is controlled by open-loop
control. For vac and iac, both circuits produce AC wave, and it can be confirmed that
the APD control does not affect the inverter control and the power pulsation can be stored
in the decoupling capacitor by charging and discharging actions. Comparing the THD of
iac in both circuits, the distortion in the individual circuit was 0.91% and 0.87% in the
integrated circuit; the THD of the integrated circuit is evidently lower than that of the
individual circuit. This can be attributed to the high-frequency components contained in
vpc that are transmitted to the output, when the individual circuit is used.

For vpc waveform, the ripple voltage of vpc is reduced to 6 V., (individual circuit)
and to 7 V., (integrated circuit). For PV voltage, it is confirmed that the average voltage
of each PV module is maintained at an optimum voltage by the GCC in both circuits.

As shown in the analysis, each PV voltage is imbalanced when the integrated circuit
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is used. This is because switches Sx; and Sx, in the APD section use the feedback
loop to control the inductor current, while switches S;;—S,, in the GCC section are in
an open loop. Meanwhile, in the individual circuit, there is no difference in amplitude
between the PV voltages, and each PV module has the same suppression effect. It can
be confirmed that high-frequency components are generated on each PV voltage as well.
The PV power generation efficiency is evaluated for both the circuits. Table 4.5 shows
the calculation results using the average PV voltage and the average PV current derived
from the simulation results. Because the maximum power of each PV cannot be output
with the conventional APD circuit, the overall power generation efficiency is significantly
reduced to 78.6%. It is clear from the table that the power generation efficiency of the
individual circuit is 1.2% higher than that of the integrated circuit, because the amplitude
of each PV voltage in the individual circuit is uniform and lower than that of the integrated
circuit. Therefore, considering the power generation efficiency, it can be assumed that the

individual circuit is more suitable for a PV system.

4.4 Summary

Chapter 4 described two configurations of PV inverters with GCC and APD features.
Mathematical analysis was performed on both circuits using the state-space averaging
method to clarify the dynamic characteristics of the APD control of both circuits. Further-
more, the disturbance suppression characteristics of the APD control were evaluated using
dynamic characteristic analysis, and the differences in control characteristics depending
on the configurations were outlined. The validity of the analysis was confirmed using
a real-time simulation under an output power rating of 1 kVA and input voltage of 210
V. The operation of GCC suppressed partial shade and improved the power generation
efficiency from 78.6% to 99.5%. In addition, the individual circuit was confirmed to be
a more suitable circuit configuration for the PV system in view of its power generation

efficiency.






Chapter 5

69

Active Power Decoupling Control

Focusing on Harmonic Voltage

This chapter proposes the control strategies of APD for the compensation of power pulsa-
tion caused by both fundamental and harmonic components. Furthermore, the compen-
sating power of the APD control is discussed when the grid voltage has the 3rd harmonic
voltage. The influence of the 3rd harmonic voltage on the DC voltage ripple is evaluated.
In the APD control, the power pulsation caused by the harmonic components is consid-
ered for compensating power calculation. The compensating power including the power
pulsation caused by the fundamental and harmonic components is discussed based on the

DC voltage ripple. The validity of APD control is verified on a 400 W inverter.

5.1 APD control considering harmonic voltage

5.1.1 Proposed compensating power calculation

Fig. 5.1 shows the main circuit configuration when harmonics are included, and Table 5.1
lists the circuit conditions; the APD circuit and LC filter parameters are those of Chapter
3.

Fig. 5.2 shows the compensating power calculation block of the APD control and Table
5.2 lists the control parameters. In the APD control, the compensating power command p5

is calculated from the sum of the power pulsation caused by the fundamental component
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Figure 5.1. Main circuit configuration of APD circuit with harmonic voltage.

J

Table 5.1. Circuit parameters and specifications with harmonic component.

Parameter Value
Average DC voltage Vpc | 200 V
Output power pac 400 W
Grid voltage vf 100 V

3rd harmonic voltage vg, | 25 V (25%)
Grid frequency f, 50 Hz

DC capacitance Cpc 50 pF

Calculation block of power pulsation p¢
' wWgt 5 cos2wgt C
l » COs

ac » PLL 21, ) e LN

wgt N
VAC » COS p

PLL N2V, . X
COSL()gl‘ T TSI

v VACE Vdif VACh Ph
+(i)—» BEF, —~XF—

v

Calculation block of power pulsation py,
(a)

Figure 5.2. Compensating power calculation block of the APD control.

pr and harmonic components py. Additionally, the compensation ratios cf and ¢, are used
to control the 2nd and 4th power pulsations. The py, is calculated from the output current
iac and harmonic voltage vach.

vach 1s detected by removing the fundamental component using the difference waveform
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Table 5.2. Control parameters of the APD control.

Parameter Value
Resonant gain Kr 100
Proportional gain Kp 20

Resonant angular frequency wy 2*1*100 rad/s
Band angular frequency wy, 2*a*10 rad/s
Eliminated angular frequency 1 we; | 2*7*100 rad/s
Band angular frequency 1 wy, 2**10 rad/s
Eliminated angular frequency 2 we; | 2*7*50 rad/s
Band angular frequency 2 wy; 2*a*10 rad/s

and BEF,. The difference voltage vg;is is calculated from the output voltage vac and the
fundamental voltage vacr is detected by PLL. The vacy can be detected regardless of the
harmonic orders by suppressing the fundamental component only. The compensating

power px is controlled using the control block in Fig. 3.2(b).

5.1.2 Evaluation of compensating power

The compensating power including the 2nd and 4th pulsation power is discussed based on
the voltage ripple ratio aypcrip- Eq. (5.1) shows the voltage ripple ratio aypcyip, Which is

the ratio of the 2nd and 4th voltage ripple to Vpc.

2 2
\/ AVDCripz + AVDCrip4

1 1
Woc x 100 (5.1)

Q@VvDCrip =
The 2nd and 4th DC voltage ripples in the APD control are calculated as follows:

(Pt — Pro) — Pxa _ (Pt = Pro) — (ctPr — cnPra)
a)gVDC Cpc CUgVDC Cpc

Avpcripz =

Pha = Pxa _ Pra(1 —cn)
2wsVpcCpc  2weVpeCpe

Avpcrips = (5.2)

Because the APD control compensates for power pulsations caused by both the funda-
mental and harmonic components, the compensating power term is included in the DC

voltage ripple of both the 2nd and 4th pulsations.
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Figure 5.3. Relationship between compensation ratios ¢ and ¢y, at voltage ripple ratio
QVDCrip = 5%.

Fig. 5.3 shows the compensation ratio of the power pulsation caused by fundamental
component ¢ that can achieve aypcrip of 5% for each compensation ratio of the power
pulsation caused by harmonic component ¢y, in the analysis using (5.1) — (5.2) and Table
5.1. It can be confirmed that the compensation ratio ¢y increases with an increase in the
compensation ratio c.

Fig. 5.4 shows the relationship between compensating power ratio CPy, and cp. Here,
CP,, 1s defined as the ratio of the compensating power Px to the output power pulsation
Piipple shown in (5.3). For lower CPyy0, the power conversion loss of the APD circuit can

be suppressed because the APD circuit operates with lower compensating power.

P
CPuio = —— x 100
P ripple

Pt — cnPi2)? + (cnPpa)?
_ \/(Cf t — cnPp2)* + (cnPha) % 100 (5.3)

\/(Pf — P)2+ P,

The blue line represents CPy,, using the combination of ¢ and ¢, shown in Fig. 5.3,
and the blue point represents the minimum point of CP,, (c5=0.73, c,=0.51). The black
point represents CPy, With 100% compensation for the 2nd and 4th power pulsations
(cs=1.0, cy=1.0), whereas the red point represents CPy, with 100% compensation for
only the 2nd power pulsation (¢¢=0.75). The combination of the compensation ratios in
Fig 5.3 can achieve lower power operation compared to the case with 100% compensation

of the 2nd power pulsation and 100% compensation of the 2nd and 4th power pulsations.



5.1 APD control considering harmonic voltage

Oc=1.0, c,=1.0
OCf=O.75
O¢p=0.73, cy=0.51
100 - <)
_ )
=
280 f ——m o — |
S
60 0 0.5 1.0
Ch

Figure 5.4. Relationship between compensating power ratio CP,,j, and compensation
ratio cy,.
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Figure 5.5. Block diagram of compensating power px control.

A 4

Additionally, the combination of compensation ratios ¢ and ¢y, in Fig. 5.3 shows that the
CP,ito 1s minimized by compensating 81% for the 2nd power pulsation and 51% for the

4th power pulsation.

5.1.3 Analysis of APD control

The APD control is required to be responsive to power pulsations of more than 100 Hz
when the grid voltage has harmonic components. The response of the APD control was
verified through the analysis of the compensating power px control. Fig. 5.5 shows the
block diagram of the px control. The compensating power Px(s) is controlled by the
inductor current I x(s) to the inductor current command /7y (s). The duty ratio of switch
Sx1 Dxi(s) is calculated by amplifying the deviation between I} , (s) and Iy x(s) using the
PR compensator PR(s). Dx;(s) is converted to I1 x(s) through the plant model P(s). The
decoupling capacitor current /cx(s) is determined from the duty ratio of switch Sx, Dx»

and Iy x(s). The compensating power Px(s) is derived as the product of Icx(s) and the
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Sx1 J

rsxi Sx2 x(® C
1 < D E— DC
i (D 16T 1 Fvoc® I:: [] Rin
— rsx2 Cx
icx (1)

Figure 5.6. Equivalent circuit for analysis.

Table 5.3. Equivalent circuit parameters.

Parameter Value
On-resistance rxi, x2 72.0 mQ
Parasitic resistance rx 69.5 mQ
PV current Ipy 2A
Equivalent resistance Ri,, | 100 Q

average value of the decoupling capacitor voltage Vx. The transfer function Gpx(s) is

expressed as the response of Px(s) to the compensating power command Py (s) in (5.4).

Px(s)  Dx2Vx P(s) X PR(s)

Gpx(s) = Pi(s)  DxiVoc ~ 1+ P(s)x PR(s)

(5.4)

Fig. 5.6 shows the equivalent circuit for analysis and Table 5.3 lists the equivalent
circuit parameters. The equivalent circuit in Fig. 5.6 uses a current source as input. The
inverter is replaced by an equivalent resistance Rj,,. Parasitic resistance ry x is considered
for inductor Lx and on-resistances rsx; and rsx» are considered for the switches Sx; and
Sx»2, respectively.

The plant model P(s) was derived from the state-space averaging method [104]. Eq.
(5.5) is the state-space averaged equation. Eq. (5.6) shows the coefficient matrix A.
Eq. (5.7) shows the total resistance rx. Here, Dy, is the OFF duty ratio of Sxi, rrx

is the parasitic resistance of Ly, and rx; and rx; are the on-resistances of Sx; and Sxo,
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Figure 5.7. Gain-frequency characteristic of PR(s)XP(s).
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Figure 5.8. Gain-Frequency characteristic of Gpx(s).

respectively.
ZLX(t) ;LX(t) O
d
E ve(t) | = A v(t)|+] 0 Ly (5.5)
Vo (1) V(| e
_rx Dx Dx;
Lx Lx Lx
A=|-22 0 0 (5.6)
Dy, __ 1
CDC RinvCDC
rx:er+DX|rx1+5x1rx2 (57)

From (5.5) — (5.7), P(s) can be expressed as shown in (5.8). P(s) has a resonant frequency

f¢ that is determined by Lx, Cx, and Cpc. P(s) has high gain characteristics in the band
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Figure 5.9. PV characteristic for real-time simulation.

around f.
(Vbc+Vx)
ILX(S) Ly §
P(s) = D = > —
xi(8) s2+ g4 ( Dy, " Dy,
Lx LxCpc = LxCx
etV

- Ix 7 (5.8)

s2+£—Xs+a)2
X C

Fig. 5.7 shows the gain-frequency characteristics of PR(s)XP(s). PR(s)XP(s) has a
gain characteristic of more than 10 dB at 100 Hz — 1 kHz based on the resonance and
PR compensator characteristics. Fig. 5.8 shows the gain-frequency characteristics of the
transfer function Gpx(s). The gain characteristics remain near 0 dB in the 100 Hz — 1 kHz

band; it was confirmed that the response of the APD control is secured in this band.

5.2 Verification results

It is difficult to verify the control strategies because the power generation characteristics
and 3rd harmonic voltage depend on the actual experimental environment. Therefore, the
influence of the harmonic voltage on the conventional APD control was verified through
real-time simulation. Fig. 5.9 shows the P-V characteristics for real-time simulation.

Fig. 5.10 shows the operating waveform with the conventional APD control of ¢;=0.75
and c,=0. Figs. 5.11 and 5.12 show the operating waveform with the APD control of
ce=1.0, cy=1.0, and ¢t=0.73, c,=0.51. The waveforms show the inverter output voltage

Vac, inverter current iac, DC voltage vpc, decoupling capacitor voltage vy, output power
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Figure 5.10. Operation waveforms with conventional APD control of ¢¢=0.75.

pulsation pyipple, and compensating power px from the top. A low pass filter is used for
vbe, Px» and pripple to remove the switching frequency components. The cut-off frequency
of low pass filter is designed at 2 kHz.

vac has harmonic components of the grid voltage. From ixc waveforms, the inverter

produces 50 Hz AC current with the conventional and proposed APD control.
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Figure 5.11. Operation waveforms with  Figure 5.12. Operation waveforms with
APD control of ¢;=1.0 and ¢,=1.0. APD control of ¢;=0.73 and ¢,=0.51.

Fig. 5.13 shows the FFT waveforms of vpc in Fig. 5.10 — 5.12. Table 5.4 lists
the verification results of the DC voltage ripple Avpcyipn and voltage volatility avpcrip
calculated from vpc. The conventional APD control suppresses the 100 Hz component

but not the 200 Hz component. In the APD control of ¢;=1.0 and ¢,=1.0, both the 100 and
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Figure 5.13. FFT waveforms of the DC voltage with the APD control. (a) With the
conventional APD control. (b) With the APD control of ¢;=1.0 and ¢,=1.0. (c) With the
APD control of ¢¢=0.73 and ¢;,=0.51.

200 Hz components are suppressed. In the APD control of ¢;=0.73 and ¢,=0.51, avpcrip
is 4.87% because the 100 and 200 Hz components are controlled by the compensation
ratios c¢f and c¢y,.

The pulsation of the 100 Hz component can be confirmed from the vx waveform in Fig.
5.10. The decoupling capacitor voltage vx shows a pulsation of the 200 Hz components
as well as the 100 Hz component in Figs. 5.11 and 5.12.

Table 5.5 presents the verification results of the output power pulsation pyipyle and
compensating power px. In the conventional APD control, it was confirmed that the 100
Hz component of the output power pulsation is compensated. In the APD control of

cr=1.0 and cy=1.0, both the 100 Hz and 200 Hz components are compensated. In the APD
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Table 5.4. Verification results of voltage ripple Avpcripn and voltage volatility avpcrip-

Avpcrip2 | Avpcrips | @vpcrip
Ssrﬁ:z?g??i(ﬁ ;3 0.49% | 3.32% | 3.36%
thfl %I;lz df::%“ 0.61% | 0.35% | 0.70%
Zfi%féggn?ﬁf&gi 437% | 2.16% | 4.87%

Table 5.5. Verification results of output power pulsation pripple and compensating power

pPx.

100 Hz 200 Hz | CPrao
Output power pulsation pripple | 298.9 VA | 97.7 VA

px with conventional
APD control of ¢;=0.75 2954 VA | 21.8 VA | 94.2%
px with the APD control 204.1 VA | 97.6 VA | 98.5%
of ¢;=1.0 and ¢,=1.0 ) ) '
px with the APD control
of ¢;=0.73 and ¢;=0.51 238.6 VA | 48.8 VA | 77.4%

control of ¢¢=0.73 and ¢;,=0.51, the 100 Hz and 200 Hz components are compensated by

the compensation ratios ¢r and ¢y, to the target values of 79.8% and 49.9%, respectively.

Further, it was confirmed that the voltage volatility avpcip of 5% could be achieved even

when the compensated power was reduced from 98.5% to 77.4%.

5.3 Summary

Chapter 5 described the control strategies of APD for the compensation of power pulsation

caused by both fundamental and harmonic components. The verification results confirmed

that the APD control compensates for the power pulsation caused by both the fundamental

and harmonic components. Additionally, it was confirmed that the compensating power

can be reduced from 98.5% to 77.4%. It has an advantage in reducing device loss from

suppression of compensating power ratio.
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Real-time Parameter Estimation for
Impedance with Resonant

Characteristics

This chapter proposes estimation methods of quality factor and LCR parameters for real-
time estimation of grid impedance with resonant characteristics to achieve high estimation
accuracy. The quality factor estimation method focusing on phase variation near the
resonant frequency and the LCR parameter estimation method using quality factor is
proposed. In addition, the estimated frequency injection method that estimates only near
the resonant frequency in fine frequency increments is proposed to reduce the estimation
time. The accuracy of parameter estimation and estimation time is verified using a HILS
and microcontroller. From the validation results, the estimation method achieves that
the estimation error of LCR parameters is within 2% and the estimation time is 9.42 s.

Estimation time is reduced by a factor of 1/5 compared to the conventional method.

6.1 Target System Configuration

6.1.1 Accuracy target value for parameter estimation

This subsection discusses the impact of grid impedance estimation errors on the voltage

ripple control proposed in Chapter 3. Chapter 2.4.1 describes the change in voltage ripple
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Figure 6.1. Effect of grid impedance estimation error on voltage ripple control with cy.
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Figure 6.2. Main circuit configuration of impedance estimation.

when grid impedance estimation errors occur, based on (2.13). The compensation ratio c¢

in Chapter 3 is introduced in (2.13), which is shown in (6.1).

I, Vi{(cost, — crcosty) + (sind, — crsind)) }

A in = 6.1
VDCrip wgVDC Coc 6.1)

Fig. 6.1 shows the effect of impedance estimation error with respect to R on voltage ripple
control with ¢ at V=100V, ;=50 A, Cpc=50 pF, Vpc=200 V, and ¢;=0.99. It can be
confirmed that the voltage ripple ratio of 5% is maintained when the impedance estimation
error is less than 5%. Therefore, an impedance estimation error of 5% or less is required

for voltage ripple control.

6.1.2 Target system configuration

Fig. 6.2 shows the main circuit configuration, and Table 6.1 lists the circuit and microcon-

troller specifications. The main circuit consists of voltage supply E, the grid-connected
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Table 6.1. Circuit and microcontroller specifications.

Parameter Value
Voltage supply £ 200 V
Output power Puc 1 kVA
Grid voltage v 100 V
Grid frequency f, 50 Hz
Switching frequency fsw 20 kHz
Input capacitance Cpc 2 mF
Filter inductance Ly 2250 nH
Filter capacitance Cy 3.3 pF
Grid inductance L; 400 pH
Grid inductance L, 300 pH
Load resistance R 150 mQ
Load capacitance C 300 pF
Bit number of AD converter 16 bit
Flash memory 1024 KB
Voltage detection ratio Vi, 1:200
Voltage range of AD converter Viypee | 6.6 V

inverter, an LC filter, a grid impedance Z, and an AC voltage source v, that simulates the
grid. Assuming the case of a power factor correction capacitor connected to the grid, the
capacitive component is connected in parallel to the grid. A T-type equivalent circuit is
adopted to consider the case where the capacitor is inserted between the grid and inverter.
Each LCR parameter is set to a value such that the resonant frequency is between the 2nd

and 20th order of the grid frequency, assuming that a large capacitance is installed.

6.2 Parameter Estimation Method

6.2.1 Estimated equation for quality factor

The quality factor is derived from the phase variation near the resonant frequency. Fig.
6.3 shows the equivalent circuit of grid impedance Z. Assuming that the AC voltage source

Vg 1s short-circuited, the grid impedance Z(s) is expressed by (6.2).

SSLIL,C + s> (Ly + Ly)CR + s(Ly + L)

7(s) =
() $2L,C+ sCR + 1

(6.2)

Fig. 6.4 shows the equivalent circuit considering resonant in the denominator term of
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Figure 6.3. Impedance Z(s) equivalent circuit.

iAC CD VaC § L,

Figure 6.4. Impedance equivalent circuit at resonant angular frequency wy;.

the impedance model in (6.2). The denominator term is represented by a series resonant

circuit of L, C, and R. Eq. (6.3) shows the resonant angular frequency wy;.

1

Wy = (6.3)
' T VILC
The quality factor at resonant frequency Q; is expressed by (6.4).
' 1 |L
Qn=—2 =2 (6.4)

where w; is the angular frequency at which the phase characteristic shifts +45 degree
from the phase of the resonant frequency 6,;, and w; is the angular frequency at which the
phase characteristic shifts -45 degree from 6,;.

The relationship between phase-frequency characteristics near the resonant frequency
and quality factor is clarified. From the equivalent circuit in Fig. 6.4, the impedance

characteristics near the resonant frequency Gy (s) can be expressed as in (6.5).

(s>CR +5)/C

G (s) =
rl() s2+sR/L2+wr1

(6.5)
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Figure 6.5. Phase-frequency characteristics around wy; . (a) Gyi(s). (b) Z(s).

Fig 6.5(a) shows the phase-frequency characteristic of G;(s). w;; has a phase of 0
degree, w; has a phase of 45 degree, and w, has a phase of -45 degree. On the other
hand, Fig. 6.5(b) shows the phase-frequency characteristics of Z(s) around the resonant
frequency. The phase-frequency characteristic in Fig. 6.5(a) has an offset of 6,;. The
phase between w; and w; is assumed to be 90 degrees, and the phase change between w,
and w, is assumed to be linear. The phase slope near the resonant frequency ;; can be

expressed in terms of the resonant frequency and quality factor Q,; as in (6.6).

2790 3 219001
Wy —w Wy

(6.6)

By obtaining (3, from the phase estimation results near the resonant frequency, the quality
factor can be derived from £, and the resonant angular frequency wy.
6.2.2 Estimated equation for LCR parameters

The estimation of the 4 parameters L;, L,, C, and R requires 4 equations. These 4

equations are derived by focusing on the characteristics of resonant frequency for the
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Figure 6.6. Impedance equivalent circuit at resonant angular frequency wy,.

impedance model in (6.2). Fig. 6.6 shows the equivalent circuit considering resonance in
the numerator term of the impedance model in (6.2). The numerator term is represented

by a parallel resonant circuit of L;, L,, C, and R. Eq. (6.7) shows the resonant angular

Li+ L,
2 = 6.7
W2 = 4/ LL.C (6.7)

The grid inductance L, ,; is derived from the impedance |Z,;| at the resonant angular

frequency wy,.

frequency, resonant angular frequency w;; and w,,, and parameter y, as shown in (6.8).

|Zrl h’(wrzz - wr21)

Ly, = (6.8)
\/(wr22 - w})? + 0wy
where y can be expressed from Q;; and w1, as shown in (6.9).
=RC = ! (6.9)
4 er Wrl '

From equations (6.8) and (6.9), L, ;| can be calculated using w1, wy2, |Z;1| and Q;; detected
by impedance estimation.
In addition, L, can be expressed in two ways. The grid inductance L, , is derived from

the impedance |Z;,| at the resonant angular frequency, resonant angular frequencies w;
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and wy,, and parameter y as shown in (6.10)

|Zr2 | (wr22 - wfl )
4
ywrZ

X \J(@Wh /02 — 12 + (0n7)? (6.10)

Ly =

From (6.8) and (6.10), the parameter y exists in the denominator and numerator of both
expressions, and an error in 7y causes a change in the opposite direction. L, can be
derived by averaging the two expressions as (6.11), and the estimation error of L, can be
suppressed.

Ly=(Lys1+Lyp) 0.5 (6.11)

C and L are derived by using the L, as shown in (6.12) and (6.13).

1
C= 6.12
szrzl ( )
szrzl
W~ Wy

R can be derived from L,, C, and Q;;, as shown in (6.14).

1 [L,
R = — 6.14
er C ( )

The parameter estimation is achieved by detecting the five parameters wy, Wy, |Z1 |, |Zn2|,

and Q;; with impedance estimation.

6.3 Impedance estimation method

6.3.1 Estimated frequency injection method

The parameter estimation uses five parameters for resonant frequency: resonant angular
frequencies w;; and w,,, impedance |Z;;|, |Z,| at the resonant frequency, and Q value Q;;.

The detection of resonant frequencies requires estimation in fine frequency increments.
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parameter estimation start

Figure 6.7. Flowchart of parameter estimation.

However, if the estimation is done in fine frequency increments over the range of 100 Hz to
1 kHz, the estimation time increases. Therefore, an estimated frequency injection method

is required to perform impedance estimation in fine frequency increments only near the

resonant frequency.
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Figure 6.8. Example of the estimated frequency injection in the frequency

characteristics of Impedance |Z| and Phase 6.

Fig. 6.7 shows the flowchart of the parameter estimation method. Fig. 6.8 shows the
example of the estimated frequency injection in the impedance-frequency characteristics
of grid impedance Z(s). In the frequency bands of A, C, and E in Fig. 6.8, estimation is
performed in coarse frequency increments to detect the vicinity of the resonant frequency.
Determination of the vicinity of the resonant frequency is performed by a positive and

negative change in phase 6. Eq. (6.15) represents the phase determination condition.

O(n—1)x0(n) <0 (6.15)

where n represents the sample point. The frequency between the frequency of phase 8(n-1)
and the frequency of phase 8(n) that satisfies (6.15) is determined as the vicinity of the
resonant frequency.

In the frequency bands of B and D in Fig. 6.8, estimation is performed in fine frequency
increments to detect the resonant frequency. The resonant frequency f;; is detected from

the impedance peak, and the resonant frequency f}, is detected from the impedance trough.
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Figure 6.9. Equivalent circuit. (a)Without harmonic current control. (b)With harmonic
current control.

Eq. (6.16) represents the impedance peak determination condition.

|Z|(n-2) <|Z|(n—-1) > |Z|(n) (6.16)

The frequency of the impedance peak |Z|(n-1) that satisfies (6.16) is detected as f;;. Eq.

(6.17) represents the impedance trough determination condition.

1Z|(n=2) > |Z|(n—-1) < |Z](n) (6.17)

The frequency of the impedance trough |Z|(n-1) that satisfies (6.17) is detected as f,.
The impedance estimation with fine frequency increments can be performed only in the

necessary frequency bands, thereby reducing the impedance estimation time.

6.3.2 Principle of Impedance Estimation

For impedance estimation, the harmonic amplitude change caused by the harmonic current
injection is detected, and the impedance calculation is performed from the amplitude
change. The harmonic components in the grid affect the impedance estimation. Refs.
[98], [99] proposed suppressing the effects of the grid harmonics by taking differential
waveforms before and after harmonic injection. Fig. 6.9 shows the equivalent circuit
before and after harmonic injection. Eq. (6.18) expresses the equivalent circuit without

harmonics, and (6.19) expresses the equivalent circuit with harmonics.

vact = Ziact + Vg (6.18)
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vact = Z(iact +iach) + Vg (6.19)

From (6.18) and (6.19), it can be confirmed that the inverter output voltage changes
depending on the presence of harmonics. Therefore, the effects of the grid voltage v,
can be suppressed by taking the difference of both voltage and current before and after

harmonic injection as in (6.20).

— Z
VACh — VACf _ LACh _7 (6.20)

(iach +iach) —iach  iach

Ref. [99] reported that the difference waveform alone causes variations in the estimated
values. Itreported thatitis necessary to estimate 200 times for one estimated frequency and
average the results to achieve an estimation error of about 10 % in impedance estimation
using differential waveforms. Grid impedance with resonant characteristics requires the
estimation of multiple frequencies to detect characteristics. Therefore, it is required to

suppress the variation of the detected waveform in addition to the different waveforms.

6.3.3 Impedance estimation Operation

This thesis proposes impedance estimation with a band-pass filter(BPF) in addition to the
difference waveform to suppress the variation of the estimated value. Fig. 6.10 shows a

block diagram of the impedance estimation operation. Fig. 6.10 shows a block diagram of
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Figure 6.11. Voltage and current sampling.

the impedance estimation operation. In waveform detection, the differential voltage and
current waveforms are taken to suppress the influence of the grid, and the amplitude change
caused by the inverter control is detected. In addition, a BPF is applied to differential
waveforms vgir and ig to suppress variation in estimated values. Eq. (6.21) shows the
BPF.

2
BPF(s) = @3

6.21
$2 + 2wy + w? ©21)

where w, is target angular frequency, and wy is band angular frequency. The target
frequency w is varied according to the estimated frequency, and waveform variations can
be suppressed regardless of the estimated frequency.

The impedance |Z| is calculated from RMS values of the current /,,s and voltage
Vims- The filtered waveform vg; and i5; are transformed using a single-phase two-phase
transformation. A Second-Order Generalized Integrator(SOGI) is used for the single-
phase to two-phase transformation [105]. SOGI is a single-phase to two-phase conversion

technique that uses (6.22) and (6.23) to convert a single-phase waveform vg; into a two-
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Table 6.2. Breakdown of estimation time.

Coarse estimation | Fine estimation
Detection of
steady-state 1 period 1 period
waveform
Convergence . .
of filter cal. 4 periods 4 periods
Impedance & . .
Phase cal. 1 period 10 periods
Total 6 periods (0.12's) | 15 periods (0.3 s)

phase orthogonal waveform v, and vg.

kws
= ——————— 6.22
Yo i kws+ a2 (6.22)
kw
S — 6.23
Y v kws+ ™ (6.23)
I1ms and Vs are calculated from the two-phase waveform as shown in (6.24).
Vims = V2 + 3 (6.24)

|Z| is calculated by dividing Vs by Irms as shown in Fig. 6.10.

The impedance phase 6 is derived from the difference of the zero crossing points
of the filter waveform. Fig. 6.11 shows an example of voltage and current sampling.
The sampling point that satisfies the conditional expressions in (6.25) is defined as the

zero-crossing point of the voltage and current waveforms.

v(l) <v(l-1)&v(l) xv(l-1) <0 (6.25)

6 is calculated from the difference between voltage phase 6, and current phase 6; as shown
in Fig. 6.10. The phase slope S;; is derived by applying the least-squares method in a
first-order equation and using the phase between the frequency detected as the resonant

point and the frequency four samples before that frequency.
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Figure 6.12. Block diagram of fundamental and harmonic current control.

Table 6.2 shows the breakdown of the estimation time. The steady-state waveforms iacs
and vacr are detected for one period and stored in the array data. A harmonic current
is injected, and the difference and filter waveforms are calculated. The impedance and
phase need to be calculated after the BPF calculation has converged. The filter calculation
convergence time is set to 4 periods based on 100 Hz, which takes the longest time for
the BPF calculation to converge. After the filter calculation converges, the impedance
and phase are calculated. Repeated impedance estimation is performed and averaged to
suppress variation in the estimated values. In coarse frequency increments, number of
repetitive periods is set to 1 because the purpose is to detect the vicinity of the resonant
frequency, and high estimation accuracy is not required. In fine estimated frequency
increments, number of repetitive periods is set to 10 because high estimation accuracy is

required to detect the impedance, phase, and frequency of the resonant point.

6.3.4 Harmonic current injection method

The single injecting frequency is employed as the injection harmonic current of uniform
amplitude regardless of the estimated frequency. Fig. 6.12 shows a block diagram of the
fundamental and harmonic current control. The configuration of the PR compensator is
shown in (6.26), which has a term for the harmonic component to be controlled in addition
to the term for the fundamental component.

Ksza)be Khaa)th

2
f

PR(s) = Kp +

3 (6.26)

52 + 2wpns + w;

§2 + 2wpes + w
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Table 6.3. Frequency increments of impedance estimation.

Coarse frequency increments | 100 Hz
Fine frequency increments S5 Hz

20

iac [A]
iac [A]

10 10
200 — 5 . . 200 — 25
> >
S 0 9 0
-~ -~
-200 ' .' ' -200 .
time [s] time [s]
Figure 6.13. Operating waveform with-  Figure 6.14. Operating waveform with
out harmonic current control. harmonic current control.

where Kp is proportional gain, K¢ is resonant gain of fundamental frequency, Kgy, 18 res-
onant gain of harmonic frequency, wy is fundamental angular frequency, wy is harmonic
angular frequency, wys is fundamental band angular frequency, wyy is harmonic band
angular frequency. The addition of the harmonic component term provides a harmonic
current output with uniform amplitude regardless of the estimated frequency. The har-
monic component term is updated at the time when the estimation frequency is switched.

Harmonic current with 3 % of the fundamental current RMS value is injected into Z.
6.4 Verification result

The impedance estimation system using a microcontroller and a real-time simulator was
constructed, and the estimation of grid impedance with resonant characteristics was ver-
ified by the impedance estimation system. Table 6.3 lists each frequency increments of
impedance estimation. A coarse frequency increments is performed at 100 Hz, and a
fine frequency increments is performed at 5 Hz. The operation of the harmonic current
control by the inverter is confirmed from the operation waveform at 700 Hz control as

a value near f,. Figs. 6.13 and 6.14 show the inverter output current iac and voltage
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Figure 6.15. FFT waveform. (a) Output current iac. (b) Output voltage vac.

vac waveforms with and without harmonic current control. The injection of harmonic
components can be confirmed. Fig. 6.15 shows the FFT waveforms of the inverter output
current and voltage. Fig. 6.15 (a) shows that the 700 Hz component has an amplitude of
about 0.41 A (2.96 %) owing to the harmonic current control. Fig. 6.15 (b) also shows
the amplitude change in the 700 Hz owing to the harmonic current control. The voltage
resolution of AD converter V. is defined by (6.27), where Ve is the voltage range of

AD converter, and V4, is the voltage detection ratio.

Vratio X Vrange ( 6 27)

VI’CS = 216

The resolution of the AD converter V. is calculated to be 0.02 V from the conditions in

Table 6.1. The voltage amplitude of 0.33 V at 700 Hz indicates that sufficient harmonic
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Figure 6.16. Frequency characteristics of grid impedance. (a) Impedance-
Frequency characteristics. (b) Phase-Frequency characteristics.

Table 6.4. Number of impedance estimation points and estimation time.

Number of estimated points

at coarse frequency increments (0.12 s) 11{1.32)
Number of estlmgted points 27 (8.15)
at fine frequency increments (0.3 s)

Estimation time 9.42s

current is injected into the grid impedance.

Fig. 6.16 shows a comparison between the impedance estimation results and the
numerical analysis values. The numerical analysis value is calculated in (6.2). From Fig.
6.16 , it can be confirmed that the impedance-frequency characteristics can be obtained
near the resonant frequency. Table 6.4 shows the number of impedance estimation points
and estimation time. In the impedance estimation, 38 points are estimated, and the
frequency characteristics are obtained in 9.42 s.

Validation of parameter estimation using estimation results of impedance-frequency

characteristics is also performed. The parameter estimations are performed 200 times, and
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Table 6.5. Estimation result of parameters for the calculation using phase 6;;.

Analytical Average Average Standard
value ..

value value deviation
error

|21 = 7.16 Q 1.4% 0.02 Q

7.06 Q ’ ) )

1202 |= 0.76 Q -3.8% 0.06 Q

0.79 Q ’ ’ ’

frl =

530.5 Hy 525.0 Hz -1.04% 0 Hz

fr2 =

701.8 Hyz 697.1 Hz -0.7% 6.59 Hz

Hrl

= 19.3 degree 26.5 degree | 37.3% 0.6

Table 6.6. Estimation result of LCR parameters by using phase 6.

True Average Average Standard
value o
value value deviation
error
R=150.0mQ | 2258 mQ | 50.5% 11.5 mQ
L; =400.0 pH | 416.0 nH 4.0% 17.1 pH
L, =300.0 pH | 317.1 ptH 5.7% 6.3 nH
C=300.0 pF 289.9 pF -3.4% 5.7 nF

the average value, error of the average value, and the standard deviation are derived. Eq.
(6.28) shows the average value of the estimated value Lyyerage, (6.29) shows the estimation
error of the average estimated value Lo, and (6.30) shows the standard deviation of the

estimated value Lyg. Where 7 is the number of parameter samplings.

1 n
Laverage = ; Z Lestimation(k) (628)
k=1
Layer
Lerror = ——5— %100 (6.29)
Ltrue,value
1 n
Ly = J ; Z(Lestimation(k) - Laverage)2 (630)
k=1

Table 6.5 shows the estimation results of parameters for the calculation, and Table 6.6
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Table 6.7. Estimation result of parameters for the calculation using quality factor Q.

Analytical Average Average Standard
value ..
value value deviation
error
120 |= 7.16 Q 1.4% 0.01 Q
7.06 Q ) ) :
|Zr2 |=
079 O 0.75Q -5.1% 0.05 Q
frl =
530.5 Hz 525.0 Hz -1.04% 0 Hz
fr2 =
701.8 Hz 698.7 Hz -0.13% 5.0Hz
B =1.13 1.16 2.7% 0.03
Q1= 6.67 6.76 1.3% 0.19

Table 6.8. Estimation result of LCR parameters by using quality factor Q.

True Average Average Standard
value .
value value deviation
error
R=150.0mQ | 147.8 mQ | -1.5% 5.3 mQ
L; =400.0 pH | 393.1 pH -1.7% 16.0 ptH
L, =300.0 pH | 302.8 ntH 0.9% 7.5 pH
C=300.0 pF 303.5 pF 1.1% 7.6 nF

shows the parameter estimation results. Table 6.5 shows that each parameter is detected
within an error of 37.3%. The frequency detected as the resonant point is different from
the resonant frequency of the analysis value, thus an error of more than 30 % is observed
in the phase estimation value. The standard deviation confirms that the variability of the
estimated values is within 7.6% of the average value. Table 6.6 shows that L, L, C, and R
can be estimated within 50.5% error. The phase estimation error causes an error of more
than 50% in the estimated value of R.The standard deviation confirms that the variability
of the estimated values is within 5.1% of the average value.

Table 6.7 shows the estimation results of parameters for the calculation, and Table 6.8
shows the parameter estimation results. Table 6.7 shows that each parameter is detected
within an error of 5.1%, although each resonant frequency is detected at a value different

from the analytical value. The standard deviation confirms that the variability of the
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estimated values is within 6.7% of the average value. Table 6.8 shows that L;, L,, C and
R can be estimated within 1.7% error. The standard deviation confirms that the variability

of the estimated values is within 4.1% of the average value.

6.5 Summary

Chapter 6 described the estimated frequency injection method for real-time parameter
estimation of grid impedance with resonant characteristics. The impedance estimation
was verified under the estimation conditions of a 16-bit AD converter and a sampling
frequency of 40 kHz. It was confirmed that the estimation accuracy of LCR parameters
was within 2%, and the estimation time was 9.42s. The 2% estimation error indicates that

the effect on voltage ripple control can be sufficiently suppressed.
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Summary and Future Works

7.1 Summary

This dissertation proposed active power decoupling method focusing on PV generation
characteristics and distributed power gird. The challenges addressed in each chapter are
described below.

Chapter 2 describes related research and clarifies issues that require solutions. Many
studies on improving the efficiency of APD method have focused on the circuit scheme. On
the other hand, there have been few studies on operation methods such as controlling the
compensating power of the APD circuit based on the operating power and power generation
characteristics of the PV array. This dissertation proposes a control scheme to control the
compensating power of the APD circuit according to the power generation characteristics
of the PV array to achieve higher efficiency of the PV system. The importance of
considering an integrated system of the partial shade compensation and APD method was
demonstrated by describing GCC. The impact of grid harmonic voltage on APD control
was clarified, and the study of including power pulsation caused by grid harmonic voltage
in compensated power control was shown to be necessary. Furthermore, the influence
of grid impedance on APD control was clarified, and the technique for obtaining grid
impedance in real time was shown to be necessary. The literature on conventional grid
impedance was reviewed, and it is necessary to develop a parameter estimation technique

for grid impedance with resonant characteristics.
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Chapter 3 describes the compensating power control for APD control focusing on PV
power generation characteristics. In a 1 kW rated inverter, the difference and usefulness of
the pulsation compensation of the proposed APD control were verified for two capacitance
design methods: When Cpc=50 pF, the compensation power of 100% by the APD control
is required at rated power, but this is much lower than that of 300 pF. The APD control is
effective in downsizing the inverter because it uses a small capacitor. On the other hand,
when Cpc=300 pF, although the capacitance increases, the maximum current capacity is
suppressed to 80% of 1 kW operation, enabling the use of switching devices with lower
current capacity than in the conventional APD control. In addition, the system efficiency
is improved by 1.2-16.8% at operating power of 400 W or less. This is significant in
seasons and regions with low solar radiation and long hours of light-load operation. These
results show the difference in the amount of compensating power and the usefulness of
the proposed APD control depending on the design method of the DC capacitance.

Chapter 4 described two configurations of PV inverters with GCC and APD features.
Mathematical analysis was performed on both circuits using the state-space averaged
method to clarify the dynamic characteristics of the APD control of both circuits. Further-
more, the disturbance suppression characteristics of the APD control were evaluated using
dynamic characteristic analysis, and the differences in control characteristics depending
on the configurations were outlined. The operation of the GCC suppressed partial shade
and improved the power generation efficiency from 78.6% to 99.5%. In addition, the
individual circuit was confirmed to be a more suitable circuit configuration for the PV
system in view of its power generation efficiency.

Chapter 5 described the control strategies of APD for the compensation of power
pulsation caused by both fundamental and harmonic components. The verification results
confirmed that the APD control compensates for the power pulsation caused by both
the fundamental and harmonic components. Additionally, it was confirmed that the
compensating power can be reduced from 98.5% to 77.4%. It has an advantage in

reducing device loss by suppressing the compensating power ratio.
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Table 7.1. Summary of the dissertation

Conventional Proposed
PPD method APD method APD method
PV generation
efficiency 78.6% 78.6% ?Cgfaoster 1)
(with partial shade)
System efficiency 76.4% 74.6% ?éfa?teﬁ)
Lifetime of capacitor 110,000 hour 200,000 hour 200,000 hour
(13 years) (23 years) (23 years)
No Suppression of
Harmonic voltage No effect compensation device loss
(Chapter5)
Suppression of
No influence on
Resonant Impedance No effect . voltage ripple
compensation
control
(Chapter6)

Chapter 6 described the estimated frequency injection method for real-time parameter
estimation of grid impedance with resonant characteristics. The impedance estimation
was verified under the estimation conditions of a 16-bit AD converter and a sampling
frequency of 40 kHz. It was confirmed that the estimation accuracy of LCR parameters
was within 2%, and the estimation time was 9.42s. From verification results, the estimation
method achieves the high estimation accuracy of LCR parameters. The 2% estimation
error indicates that the effect on voltage ripple control can be sufficiently suppressed.

Table 7.1 provides a summary of the results of each chapter. It is confirmed that the

proposed APD method has high system efficiency compared to the PPD and conventional

APD methods.
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. Power devices

. Passive devices

4

Figure 7.1. Inverter Failure Factors

- Gate drive circuits

. Connector parts
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7.2 Future works

7.2.1 Lifetime evaluation of PV systems with APD method including

power devices
Conventional PV systems with APD feature focus on the lifetime of the capacitor. Fig.
7.1 shows the breakdown of inverter failure factors [106]. Power devices account for a
large proportion of the failure factors in inverters. Therefore, it is necessary to consider
the lifetime of not only the capacitors but also the power devices. Previous studies on
inverters have reported that the lifetime of inverters can be improved by operating them
with reduced operating power [107].

Therefore, quantitative evaluation of the effect of the suppression of the compensated
power ratio by the APD control proposed in this dissertation on the lifetime of the power
devices will clarify the lifetime of the entire PV system with APD feature. By comparing
with the conventional APD system, it is clarified that the proposed APD system works

effectively on the lifetime of the power device.
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Figure 7.2. Block diagram of the APD control with impedance estimation. (a) Com-
pensating power calculation block. (b) Control block of inductor current i; x and average
decoupling capacitor voltage Vx.

7.2.2 Development of design approaches for APD circuits, including

DC capacitance
In Chapter 3, the DC capacitance was designed to achieve a voltage ripple ratio of 5%
for the operating power, even when the APD circuit is stopped, and the improvement in
system efficiency was verified. The design of DC capacitance should also incorporate the
concept of volume, since the installation area in a house is limited and power conversion
circuits are required to be smaller in volume. In addition, in the proposed method,
DC capacitance affects the design of cooling components because of the suppression of
device losses associated with the suppression of the compensation power ratio according
to DC capacitance. Therefore, the development of a design method for DC capacitance
that simultaneously considers system efficiency and the volume of the power conversion

circuit is developed.

7.2.3 Verification of the actual system integrating the APD circuit
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and GCC
Future studies include verification of the actual system integrating the APD circuit and
GCC. The integrated and the individual circuits each have different elements such as power
devices and inductor designs. Actual equipment verification including these elements will

be performed to verify the circuit characteristics including power conversion efficiency.

7.2.4 Integration of impedance estimation methods and APD control

In Chapter 6, the LCR parameter estimation of the grid impedance with resonant character-
istics was verified and a parameter estimation error of 2% was achieved. The application
to APD control is shown in Fig 7.2. The phase Afj, is calculated based on the estimated
parameters L}, L7, C’, and R” and used for phase compensation of the compensated power
command p5. It is necessary to verify the operation of the PV system with APD feature
when this control system combining impedance estimation and APD control is used. The
usefulness of the proposed system will be clarified by discussing the tracking performance

of the proposed system with respect to the time variation of the grid impedance.



Bibliography

[1]

(2]

[4]

[5]

[8]

[9]

”The Sixth Strategic Energy Plan,” Ministry of Economy, Trade and Indus-
try, https://www.enecho.meti.go.jp/category/others/basic_plan/ (in Japanese) (Last
viewed on Oct. 12, 2022).

“Future Energy Policy,” Ministry of Economy, Trade
and Industry, https://www.meti.go.jp/shingikai/enecho/denryoku
_gas/saisei_kano/pdf/040_01_00.pdf (in Japanese) (Last viewed on Oct. 12,
2022).

”Annual Report on Energy 2021 (Energy White Paper 2022),” Ministry of Economy,
Trade and Industry, https://www.enecho.meti.go.jp/about/whitepaper/2022/pdf/ (in
Japanese) (Last viewed on Oct. 12, 2022).

“Act on Special Measures Concerning the Promotion of Utilization of Renewable
Electric Energy, Website for Information Disclosure,” Ministry of Economy, Trade
and Industry, https://www.fit-portal.go.jp/PublicInfoSummary (in Japanese) (Last
viewed on Oct. 12, 2022).

“Photovoltaic Power Generation Status - Continued development of
new projects necessary to make photovoltaic power generation a
major power source”, Ministry of Economy, Trade and Industry,
https://www.meti.go.jp/shingikai/santeii/pdf/062_01_00.pdf (in Japanese) (Last
viewed on Oct. 12, 2022).

”Disclosure of Information on ZEH (Zero Energy House),” Ministry of Econ-
omy, Trade and Industry, https://www.enecho.meti.go.jp/category/saving_and
_new/saving/general/housing/index03.html (in Japanese) (Last viewed on Oct. 12,
2022).

”What does it cost to produce electricity?,” Ministry of Economy, Trade and
Industry, https://www.enecho.meti.go.jp/about/special/johoteikyo/denki_cost.html
(in Japanese) (Last viewed on Oct. 12, 2022).

International Energy Agency, "World Energy Outlook 20207, International Energy
Agency, https://www.iea.org/reports/world-energy-outlook-2020 (Last viewed on
Oct. 12, 2022).

International Energy Agency, “Formulation of NEDO PV challenges”,

107



108

Bibliography

New Energy and Industrial Technology Development Organization,
https://www.nedo.go.jp/news/press/AAS_100318.html (in Japanese) (Last viewed
on Oct. 13, 2022).

[10] "Basic Knowledge of Capacitors - Types, Applications, and Characteristics”,
Panasonic, https://industrial.panasonic.com/jp/ss/technical/b3 (in Japanese) (Last
viewed on Dec. 13, 2022).

[11] D. Mukaiyama, Y. Aruga, M, Ueda, H. Takei, T. Shinoda, N. Takizawa, T. Egami,
S. Arimoto, and H. Jonokuchi, A Study of Thermal and Electrical Multi-Domain
Model of Aluminum Electrolytic Capacitors (First Report),”Transactions of the
Society of Automotive Engineers of Japan, Vol. 53, No. 6, 2022.

[12] "Miniature ~ Aluminum  Electrolytic = Capacitor”,  Nippon Chemi-Con,
https://www.chemi-con.co.jp/products/relatedfiles/capacitor/catalog/KXNLL-
j.PDF

[13] ”DC link capacitor”, KEMET, https://connect.kemet.com:7667/gateway/IntelliData-
ComponentDocumentation/1.0/download/datasheet/C4 AQLBWS5700A3LK.pdf.

[14] K. Kusaka, N. Takaoka, T. Sakuraba, H. Watanabe, and J. 1. Itoh, “Single-Phase
AC Grid-Tied Inverter with Buck-Type Active Power Decoupling Circuit Operated
in Discontinuous Current Mode,” IEEJ Journal of Industry Applications, Vol. 10,
No. 3, 2021.

[15] T. B. Orgil, B. Dugarjav, and T. Shimizu, “Active Power-Decoupling Circuit to
Reduce Ripple Currents of Recycling Batteries used with Single-Phase Voltage
Source Inverters,” IEEJ Journal of Industry Applications, Vol. 10, No. 2, 2021.

[16] S.Liu, Y. He, G. Wang, and M. Wang, “Power Decoupling Control for Boost-Type
Single-Phase Inverter with Active Power Buffer,” 2019 IEEE Energy Conversion
Congress and Exposition (ECCE), 2019.

[17] P. Nandi and R. Adda, “Reduction of Low-Frequency Ripples in Single-phase
Switched Boost Inverter using Active Power Decoupling,” 2019 IEEE Energy Con-
version Congress and Exposition (ECCE), 2019.

[18] K. Toyama and T. Shimizu, “A High-Efficiency Shingle-Phase Utility Interactive
Inverter with an Active power deocupling Function and its Control Method,” IEEJ
Transactions on Industry Applications, Vol. 135, No. 2, 2015.(in Japanese)

[19] M. H. Zara, M. Mohamadian and R. Beiranvand, “A Single-phase Grid-connected
Photovoltaic Inverter Based on a Three-switch Three-port Fly—back with Series
Power Decoupling Circuit,” IEEE Transactions on Industrial Electronics, Vol. 64,
No. 3, 2017.

[20] T. Shimizu, K. Wada and N. Nakamura, “Flyback-Type Single-Phase Utility In-

teractive Inverter With Power Pulsation Decoupling on the DC Input for an AC



109

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Photovoltaic Module System,” IEEE Transactions on Power Electronics, Vol. 21,
No. 5 2006.

H. Watanabe, T. Sakuraba, K. Furukawa, K. Kusaka, and J. Itoh, “Development
of DC to Single-phase AC Voltage Source Inverter with Active Power Decoupling
Based on Flying Capacitor DC/DC Converter,” IEEE Transactions on Power Elec-
tronics, Vol. 33, No. 6, 2018.

M. S. Irfan, A. Ahmed and Joung-Hu Park, “Power-Decoupling of a Multiport
Isolated Converter for an Electrolytic-Capacitorless Multilevel Inverter,” IEEE
Transactions on Power Electronics, Vol. 33, No. &, 2018.

N. Takaoka, H. Watanabe, and J. I. Itoh, “Isolated DC to Single-Phase AC converter
with Active Power Decoupling Capability Using Coupled Inductor,” IEEJ Journal
of Industry Applications, Vol. 11, No. 2, 2022.

Y. Tang, Z. Qin, F. Blaabjerg, and P. C. Loh, “A Dual Voltage Control Strategy for
Single-phase PWM Converters with Power Decoupling Function,” IEEE Transac-
tions on Power Electronics, Vol. 30, No. 6, 2015.

C.Y. Liao, W. S. Lin, Y. M. Chen, and C. Y. Chou, “A PV Micro-inverter with PV
Current Decoupling Strategy,” IEEE Transactions on Power Electronics, Vol. 32,
No. 8, 2017.

X. Liu, H. Li, and Z. Wang, “A Fuel Cell Power Conditioning System With Low-
frequency Ripple-free Input Current Using a Control-oriented Power Pulsation
Decoupling Strategy,” IEEE Transactions on Power Electronics, Vol. 29, NO. 1,
2014.

J. Roy, Y. Xia, and R. Ayyanar, “Half-Bridge Voltage Swing Inverter with Active
Power Decoupling for Single-phase PV Systems Supporting Wide Power Factor
Range,” IEEE Transactions on Power Electronics, Vol. 34, NO. 8, 2019.

T. Wu, Z. Liu, J. Liu, S. Wang, and Z. You, “A Unified Virtual Power Decoupling
Method for Droop-controlled Parallel Inverters in Microgrids,” IEEE Transactions
on Power Electronics, Vol. 31, NO. 8, 2016.

Yi Tang, F. Blaabjerg, P. C. Loh, C. Jin and P. Wangm, “Decoupling of Fluctuating
Power in Single-Phase Systems Through a Symmetrical Half-Bridge Circuit,” IEEE
Transactions on Power Electronics, Vol. 30, No. 4, 2015.

Y. Xia, J. Roy, and R. Ayyanar, “A Capacitance-Minimized, Doubly Grounded
Transformer less Photovoltaic Inverter With Inherent Active-Power Decoupling,”
IEEE Transactions on Power Electronics, Vol. 32, NO. 7, 2017.

S. Komeda and H. Fugita, “A Power decoupling control for an Isolated Single-Phase
AC-to-DC Converter Based on High-Frequency Cyclo converter,” IEEJ Transac-
tions on Industry Applications, Vol. 138, No. 4, 2018.(in Japanese).



110

Bibliography

[32] S. Komeda and H. Fujita, “A Power Decoupling Control Method for an Isolated
Single-Phase AC-to-DC Converter Based on Direct AC-to-AC Converter Topol-
ogy,” IEEE Transactions on Power Electronics, Vol. 33, No. 11, 2018.

[33] Z. Liao, N. C. Brooks and Robert C. N. Pilawa-Podgurski, “Design Constraints
for Series-Stacked Energy Decoupling Buffers in Single-Phase Converters,” IEEE
Transactions on Power Electronics, Vol. 33, No. 9, 2018.

[34] S. Qin, Y. Lei, C. Barth, Wen-Chuen Liu and Robert C. N. Pilawa-Podgurski, “A
High Power Density Series-Stacked Energy Buffer for Power Pulsation Decoupling
in Single-Phase Converters,” IEEE Transactions on Power Electronics, Vol. 32,
No. 6, 2017.

[35] H. Han, Y. Liu, Y. Sun, M. Su, and W. Xiong, “Single-phase Current Source Con-
verter with Power Decoupling Capability Using a Series-connected Active Buffer,”
The Institution of Engineering and Technology, Vol. 8, Iss. 5, 2015.

[36] S. Yamaguchi and T. Shimizu, “A Single-phase Power Conditioner with a Buck-
boost-type Power Decoupling Circuit,” IEEJ Journal of Industry Applications, Vol.
5, No. 3, 2016.

[37] J. Itoh, T. Sakuraba, H. N. Le, H. Watanabe and K. Kusaka, “DC to Single-Phase
AC Grid Connected Inverter with Boost Type Active Buffer Cirduit Operated in
Discontinuous Current Mode,” IEEJ Transactions on Industry Applications, Vol.
138, No. 5, 2018.(in Japanese)

[38] N. Deshmukh , S. Prabhakar and S. Anand, “Power Loss Reduction in Buck Con-
verter Based Active Power Decoupling Circuit,” IEEE Transactions on Power Elec-
tronics, Vol. 36, No. 4, 2021.

[39] Yi Tang and F. Blaabjerg, “A Component-Minimized Single-Phase Active Power
Decoupling Circuit With Reduced Current Stress to Semiconductor Switches,”
IEEE Transactions on Power Electronics, Vol. 30, No. 6, 2015.

[40] S. Zengin, F. Deveci, and M. Boztepe,” Decoupling Capacitor Selection in DCM
Flyback PV Microinverters Considering Harmonic Distortion,” IEEE Transactions
on Industrial Electronics, Vol. 28, No. 2, 2013.

[41] T. Ikeno, A. Utsumi, K. Hirachi and S. Nakagawa, “MPPT Method based on I-
V Characteristics Estimation by Equivalent Cirucit Model of PV Module,” IEEJ
Transactions on Power and Energy, Vol. 138, No. 6, 2018.(in Japanese)

[42] K. Ohniwa, T. Fujimaki and S. Eda, “On a Dynamic Equivalent Circuit of Photo-
voltaic Solar Cell Module,” IEEJ Transactions on Industry Applications, Vol. 109,
No. 8, 1989.(in Japanese)

[43] Y. Sekiba and K. Arimatsu, “Study on Improvement of Accuracy of Photovoltaic
Module Equivalent Circuit Model with Irradiance-dependent Variable Shunt Resis-



111

tor,” IEEJ Transactions on Power and Energy, Vol. 141, No. 2, 2021.(in Japanese)

[44] B.V.Singh, R. K. Pachauri, S. Tiwari, S. P. Jaiswal and H. H. Alhelou, “Investigation
of Different BPD Placement Topologies for Shaded Modules in a Series-Parallel
Configured PV Array,” IEEE Access, Vol. 8, 2020.

[45] A. Kajihara and T. Harakawa, “Considerations on Equivalent Model for PV-Array
under Partial Shading,” Journal of Signal Processing, Vol. 17, No. 2, 2013.

[46] S. M. MacAlpine, R. W. Erickson and M. J. Brandemuehl, “Characterization of
Power Optimizer Potential to Increase Energy Capture in Photovoltaic Systems Op-
erating Under Nonuniform Conditions,” IEEE Transactions on Power Electronics,
Vol. 28, No. 6, 2013.

[47] P. R. Kumar, 1. Kansal, T. S. Babu and H. H. Alhelou, “Power Losses Reduction
of Solar PV Systems Under Partial Shading Conditions Using Re-Allocation of PV
Module-Fixed Electrical Connections,” IEEE Access, Vol. 9, 2021.

[48] T. shimizu, M. Hirakata, T. Kamezawa and H. Watanabe, “Generation Control
Circuit for Photovoltaic Modules,” IEEE Transactions on Power Electronics, Vol.16,
No. 3, 2001.

[49] T. shimizu, O. Hasimoto and G. Kimura, “A Novel High-Performance Util-
ity—Interactive Photovoltaic Inverter System,” IEEE Transactions on Power Elec-
tronics, Vol.18, No. 2, 2001.

[50] M. Tahmasbi-Fard, M. Tarafdar-Hagh, S. Pourpayam and Amir-Aslan Haghrah, “A
Voltage Equalizer Circuit to Reduce Partial Shading Effect in Photovoltaic String,”
IEEE Journal of Photovoltaics, Vol.8, No.4, 2018.

[51] P. S. Shenoy, K. A. Kim, B. B. Johnson and P. T. Krein, “Differential Power Pro-
cessing for Increased Energy Production and Reliability of Photovoltaic Systems,”
IEEE Transactions on Power Electronics, Vol. 28, No. 6, 2013.

[52] C.Olalla, D. Clement, M. Rodriguez and D. Maksimovic, “Architectures and Con-
trol of Submodule Integrated DC-DC Converters for Photovoltaic Applications,”
IEEE Transactions on Power Electronics, Vol. 28, No. 6, 2013.

[53] C. Olalla, C. Deline, D. Clement, Y. Levron, M. Rodriguez and D. Maksimovic,
“Performance of Power-Limited Differential Power Processing Architectures in
Mismatched PV Systems.” IEEE Transactions on Power Electronics, Vol. 30 No.
2,2015.

[54] Y. Levron, D. R. Clement, B. Choi, C. Olalla and D. Maksimovic, “Control of
Submodule Integrated Converters in the Isolated-Port Differential Power-Processing
Photovoltaic Architecture,” IEEE Journal of Emerging and Selected Topics in Power
Electronics, Vol. 2, No. 4, 2014.

[55] M. Uno and A. Kukita, “Single-Switch Voltage Equalizer Using Multistacked



112

Bibliography

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Buck-Boost Converters for Partially Shaded Photovoltaic Modules,” IEEE Trans-
actions on Power Electronics, Vol. 30, No. 6, 2015.

M. Uno and A. Kukita, “PWM Converter Integrating Switched Capacitor Converter
and Series-Resonant Voltage Multiplier as Equalizers for Photovoltaic Modules and
Series-Connected Energy Storage Cells for Exploration Rovers,” IEEE Transactions
on Power Electronics, Vol. 32, No. 11, 2017.

M. Uno, M. Yamamoto, H. Sato and S. Oyama, “Modularized Differential Power
Processing Architecture Based on Switched Capacitor Converter to Virtually Unify
Mismatched Photovoltaic Panel Characteristics,” IEEE Transactions on Power
Electronics, Vol. 35, No. 2, 2020.

M. Uno and T. Shinohara, “Module-Integrated Converter Based on Cascaded Quasi-
Z-Source Inverter With Differential Power Processing Capability for Photovoltaic
Panels Under Partial Shading,” IEEE Transactions on Power Electronics, Vol, 34,
No. 12, 2019.

S. Park, M. Kim, H. Jeong, K. A. Kim, T. Kim, A-Rong Kim and Jee-Hoon Jung,
“Design Methodology of Bidirectional Flyback Converter for Differential Power
Processing Modules in PV Applications,” 10th International Conference on Power
Electronics-ECCE Asia, 2019.

Yu-Kai Chen, Yi-Chen Lai, Hong-Wen Hsu and Jui-Yang Chiu, “Design and
Implementation of Multi-Level LLC Maximum Power Tracking PV System under
Partial Shading Condition,” 10th International Conference on Power Electronics-
ECCE Asia, 2019.

R. Fei, X. Gong and S. Huang, “A Novel Grid-Connected PV System Based
on MMC to Get the Maximum Power Under Partial Shading Conditions,” IEEE
Transactions on Power Electronics, Vol. 32, No. 6, 2017.

K. Wada and T. Shimiuz, “Mitigation Method of 3rd-Harmonic Voltage for a
Three-Phase Four-Wire Distribution System Based on a Series Active Filter for the
Neutral Conductor,” Conference Record of the 2002 IEEE Industry Applications
Conference. 37th IAS Annual Meeting, 2002.

G. Escobar, D. del Puerto-Flores, J. C. Mayo-Maldonado, J. E. Valdez-Resendiz and
O. M. Micheloud-Vernackt, “A Discrete-Time Frequency-Locked Loop for Single-
Phase Grid Synchronization Under Harmonic Distortion,” IEEE Transactions on
Power Electronics, Vol. 35 No. 5, 2020.

J. Kwon, X. Wang, C. Leth Bak and F. Blaabjerg, “Harmonic Instability Analysis
of Single-Phase Grid Connected Converter Using Harmonic State Space (HSS)
Modeling Method,” In 2015 IEEE Energy Conversion Congress and Exposition
(ECCE), 2015.



113

[65] D. kumar and F. Zare, “Harmonic Analysis of Grid Connected Power Electronic
Systems in Low Voltage Distribution Networks,” IEEE Journal of Emerging and
Selected Topics in Power Electronics, Vol. 4, No. 1, 2016.

[66] H. Zhang, X. Ruan, Z. Lin, L. Wu, Y. Ding and Y. Guo, “Capacitor Voltage Full
Feedback Scheme for LCL-Type Grid-Connected Inverter to Suppress Current Dis-
tortion Due to Grid Voltage Harmonics,” IEEE Transactions on Power Electronics,
Vol. 36, No.3, 2021.

[67] K. P. Huang, Y. Wang and R. J. Wai, “Design of Power Decoupling Strategy for
Single-phase Grid-connected Inverter Under Nonideal Power Grid,” IEEE Trans-
actions on Power Electronics, Vol. 34, No. 3, 2019.

[68] J.Zhao, W. Wu, Z. Shuai, An Luo, H. S. h. Chung and F. Blaabjerg, “Robust Control
Parameters Design of PBC Controller for LCL-Filtered Grid-Tied Inverter,” IEEE
Transactions on Power Electronics, Vol. 35, No. 8, 2020.

[69] Z. Xie, Y. CHEN, W. Wu, Y. Xu, H. Wang, J. Guo and An Luo, “Modeling and
Control Parameters Design for Grid-Connected Inverter System Considering the
Effect of PLL and Grid Impedance,” IEEE Access, Vol. 8, 2020.

[70] C. T. Lee, A. Kikuchi and T. Ito, “An Auto-Tuning Damper for the Harmonic
Resonance of Grid-Connected Converters,” IEEJ Journal of Industry Applications,
Vol.8 No. 6, 2019.

[71] M. B. S. Romdhane, M. W. Naouar, 1. S. Belkhodja and Eric Monmasson, “Robust
Active Damping Methods for LCL Filter-Based Grid-Connected Converters,” I[EEE
Transactions on Power Electronics, Vol. 32, No. 9, 2017.

[72] T. Saeki, K. Ide, Y. Takase, H. Iura, S. Morimoto and T. Hanamoto, “Harmonic
Currnet Reduction Control Based on Model Predictive Direct Current Control of
IPMSM and Input Grid Circuit,” IEEJ Journal of Industry Applications, Vol.9 No.
1, 2020.

[73] T. Messo, R. Luhtala, A. Aapro and T. Roinila, “Accurate Impedacnce Model of a
Grid-Connected Inverter for Small-Signal Stability Assessment in High-Impedance
Grids,” IEEJ Journal of Industry Applications, Vol.8 No. 3, 2019.

[74] J. Xia, Y. Guo , X. Zhang , J. Jatskevich and N. Amiri, “Robust Control Strategy
Design for Single-Phase Grid-Connected Converters Under System Perturbations,”
IEEE Transactions on Industrial Electronics, Vol. 66, No. 11, pp. 8892-8901(2019).

[75] T.F. Wu, M. Misra, Y. Y. Jhang, Y. H. Huang and L. C. Lin, “Direct Digital Control
of Single-Phase Grid-Connected Inverters With LCL Filter Based on Inductance
Estimation Model,” IEEE Transactions on Power Electronics, Vol. 34, No. 2, 2019.

[76] S. Babaev, S. Cobben, V. Cuk, and H. v. d. Brom, “Online Estimation of Cable

Harmonic Impedance in Low-Voltage Distribution Systems,” IEEE Transactions



114

Bibliography

on Instrumentation and Measurement, Vol. 69, No. 6, 2020.

[77] N. Hoffmann and F. W. Fuchs, “Minimal invasive equivalent grid impedance
estimation in Inductive Resistive power networks using extended Kalman filter,”
IEEE Transactions on Power Electronics, Vol. 29, No. 2, 2014.

[78] Z. Liu, Y. Xu, H. Jiang and S. Tao, “Study on Harmonic Impedance Estimation
and Harmonic Contribution Evaluation Index,” IEEE Access, Vol. 8, 2020.

[79] F.Xu, W. Pu, J. Zhao, Z. Ma and W. Lv, “Study on the Verification of the Calculated
Harmonic Impedance,” IEEE Access, Vol. 8, 2020.

[80] Z. Xiangchen, Z. Guohui and Z. Jinbin, “Impedance Detection Based on Ripple
Analysis and Current Sharing Control in DC Microgrid,” IEEE Access, Vol. 8,
2020.

[81] F.Xu, C. Wang, Q. Shu, Z. Ma, H. Zheng, and A. Peng, “Study on the Estimation of
Utility Harmonic Impedance Based on Minimum Norm of Impedance Difference,”
IEEE Access, Vol. 8, 2020.

[82] D. Liang, H. Guo and T. Zheng, “Real-Time Impedance Estimation for Power Line
Communication,” IEEE Access, Vol. 7, 2019.

[83] Y. Ikai, M. Aoki, Y. Fujita, H. Kobayashi, M. Oguri and T. Yamada, “Verification of
Voltage Unbalance Suppression System using Single-phase Static Capacitors with
Distribution Line Impedance Estimating Function,” IEEJ Transactions on Power
and Energy, Vol. 137, No. 5, 2017.(in Japanese)

[84] P. Garcia, M. Sumner, A. N. Rodriguez, J. M. Guerrero and J. Garcia, “Observer-
Based Pulsed Signal Injection for Grid Impedance Estimation in Three-Phase Sys-
tems,” IEEE Transactions on Industrial Electronics, Vol. 65, No, 10, 2018.

[85] D. K. Alves, R. L. A. Ribeiro, F. B. Costaand T. O. A. Rocha, “Real-Time Wavelet-
Based Grid Impedance Estimation Method,” IEEE Transactions on Industrial
Electronics, Vol. 66, Issue 10, 2019.

[86] L.Asiminoaei, R. Teodorescu, F. Blaabjerg and U. Borup, “A Digital Controlled PV-
Inverter With Grid Impedance Estimation for ENS Detection,” IEEE Transactions
on Power Electronics, Vol. 20, No. 6, 2005.

[87] M. Berg, H. Alenius and T. Roinila, “Rapid Multivariable Identification of Grid
Impedance in DQ Domain Considering Impedance Coupling,” IEEE Journal of
Emerging and Selected Topics in Power Electronics, Vol. 10, No. 3, 2022.

[88] J. Fang, H. Deng, and S. M. Goetz, “Grid Impedance Estimation Through Grid-
Forming Power Converters”, IEEE Transactions on Power Electronics, Vol. 36, No.
2,2021.

[89] A.V.Timbus, P. Rodriguez, R. Teodorescu and M. Ciobotaru, “Line impedance es-

timation using active and reactive power variations,” 2007 IEEE Power Electronics



115

Specialists Conference, 2007.

[90] M. Ciobotaru, R. Teodorescu, P. Rodriguez, A. Timbus and F. Blaabjerg, “On-
line grid impedance estimation for single-phase grid-connected systems using PQ
variations,” 2007 IEEE Power Electronics Specialists Conference, 2007.

[91] K. Wada, H. Fujita and H. Akagi, “Considerations of a Shunt Active Filter Based
on Voltage Detection for Installation on a Long Distribution Feeder,” IEEE Trans-
actions on Industrial Applications, Vol. 38, No. 4, 2002.

[92] Y. Song, X. Wang and F. Blaabjerg, “Impedance-Based High-Frequency Resonance
Analysis of DFIG System in Weak Grids,” IEEE Access, Vol. 8, 2020.

[93] Z.Zhang, W. Wu, Z. Shuai, X. Wang, A. Luo, H. Shu-Hung Chung and F. Blaabjerg,
“Principle and Robust Impedance-Based Design of Grid-tied Inverter with LLCL-
Filter under Wide Variation of Grid-Reactance,” IEEE Transactions on Power Elec-
tronics, Vol. 34, No. 5, 2019.

[94] T. Roinila, M. Vilkko and J. Sun, “Broadband Methods for Online Grid Impedance
Measurement,” 2013 IEEE Energy Conversion Congress and Exposition (ECCE),
2013.

[95] T. Roinila, M. Vilkko and J. Sun, “Online Grid Impedance Measurement Us-
ing Discrete-Interval Binary Sequence Injection,” IEEE Journal of Emerging and
selected Topics in Power Electronics, Vol. 2, No. 4. 2014.

[96] J.Liu, X. Du, Y. Shi and H. M. Tai, “Grid-connected Inverter Impedance Estimation
Considering Grid Impedance and Frequency Coupling in the Stationary Frame”,
2019 IEEE Energy Conversion Congress and Exposition (ECCE), 2019.

[97] H. Alenius, R. Luhtala and T. Roinila, “Combination of Orthogonal Injections
in Impedance Measurements of Grid-Connected Systems,” IEEE Access, Vol. §,
2020.

[98] Y. Yoshida, K. Fujiwara, Y. Ishihara and H. Suzuki, “Islanding Prevention Method
for Photovoltaic System by Harmonic Injection Synchronized with Exciting Current
Harmonics of Pole Transformer,” Journal of International Conference on Electrical
Machines and Systems, Vol. 3, No. 3, 2014.

[99] N. Nunomura, Y. Yoshida and K. Suzuki, “Development of an Islanding Detection
Method by the Second Harmonic Impedance Estimation for Low Volatage Inter-
connection Inverters”, IEEJ Transactions on Power and Energy, Vol. 139, No. 9,
2019. (in Japanese)

[100] F. Xiong, W. Yue, L. Ming and L. Jinjun, “A Novel Frequency-Adaptive PLL
for Single-Phase Grid-Connected Converters,” 2010 IEEE Energy Conversion
Congress and Exposition, Georgia, 2010.

[101] R. Teodorescu, F. Blaabjerg, M. Liserre and P.C. Loh, “Proportional-resonant con-



116

Bibliography

[102]

[103]

[104]

[105]

[106]

[107]

trollers and filters for grid-connected voltage-source converters,” IEE Proceeding-
Electric Power Applications, 2006.

R. Teodorescu, F. Blaabjerg and M. Liserre, “Proportional-Resonant Controllers. A
New Breed of Controllers Suitable for Grid-Connected Voltage-Source Converters,”
Journal of Electrical Engineering, Vol. 3, 2004.

D. Zammit, C. S. Staines, and M. Apap, “Comparison between PI and PR Current
Controllers in Grid Connected PV Inverters,” International Journal of Electrical,
Computer, Energetic, Electronic and Communication Engineering, Vol. 8, No. 2,
2014.

R. D. Middlebrook and Slobodan Cuk, “A general unified approach to modeling
switching-converter power stages,” IEEE PESC’ 76 Record, 1976.

M. Ciobotaru, R. Teodorescu and F. Blaabjerg, “A new single-phase PLL structure
based on second order generalized integrator,” 2006 37th IEEE Power Electronics
Specialists Conference, 2006.

F. Blaabjerg, “Design for Reliability in Renewable Energy System” , IEEE Southern
Power Electronics Conference, Dec, 2017.

Y. Yang, H. Wang and J. Itoh, “Constant Power Generation of Photovoltaic Systems
Considering the Distributed Grid Capacity,” IEEE-APEC, Mar, 2014.



117

Journal Papers

o T. Sekiguchi and K. Wada, “Active Power Decoupling Control for Single-Phase
Power Conditioning System Focusing on Harmonic Voltage,” IEEJ Journal of
Industry Applications, 8 pages, Accepted.

* T. Sekiguchi and K. Wada, “An Active Power Decoupling Control for Single-Phase
Power Conditioning System Focusing on the Power Generation Characteristics of
a PV Array,” IEEJ Transaction on Industry Applications, Vol. 142, No. 7, pp.
498-505, 8 pages.

e T. Sekiguchi and T. Shimizu, “Study on Photovoltaic Power Generation System
with Power Decoupling Type Generation Control Circuit,” IEEJ Transaction on

Industry Applications, Vol. 139, No. 8, pp. 761-762, 2 pages.






119

International Conferences

o T. Sekiguchi and K. Wada, “Real-time Measurement Method of Grid Impedance
with Resonant Characteristics for Control of Distributed Power Generation Sys-
tems,” International Future Energy Electronics (IFEEC-2021), Virtual, November,
2021, 6 pages.

* T. Sekiguchi and T. Shimizu,” Analysis of a Single-Phase PV Inverter with Gen-
eration Control and Power Decoupling Features,” Twenty-first IEEE Workshop
on Control and Modeling for Power Electronics (IEEE COMPEL 2020), Virtual,
November, 2020, 8 pages.

e T. Sekiguchi and T. Shimizu, “Study on Single-phase Photovoltaic Power Gener-
ation System with Power Decoupling and Generation Control Functions,” Inter-

national Conference on Power Electronics ICPE-ECCE Asia, Korea, May, 2019, 7

pages.






Domestic Conferences

T. Sekiguchi, K. Wada, K. Nagira, and K. Mori, “Frequency characteristics mea-
surement for grid impedance with resonance characteristics using a Microcon-
toroller,” IEEJ Annual Meeting, Virtual, 4-040, March, 2021, 2 pages.

T. Sekiguchi and T. Shimizu, “Analysis of a Single-Phase PV Inverter with Gener-
ation Control and Power Deocuopling Functions,” IEEJ Technical Meeting, Osaka,
SPC-20-039, MD-20-039, January, 2020, 6 pages.

T. Sekiguchi and T. Shimizu, “Study on the voltage boost function of the power
decoupling type GCC on the event of voltage drop of PV modules,” IEEJ Annual
Meeting, Hokkaido, 4-179, March, 2019, 2 pages.

T. Sekiguchi and T. Shimizu, “Study on MPPT control of Photocoltaic Power
Generation System with Power Decoupling type Generation Control Circuit,” IEEJ
Technical Meeting, Nara, SPC-19-036, MD-19-036, January, 2019, 6 pages.

T. Sekiguchi and T. Shimizu, “Experimental verification of the GCC function in
GCC with Power Decoupling Circuit,” IEEJ IAS Conference, Kanagawa, 1-13,

August, 2018, 2 pages.

121






Acknowledgments (GHE¥)

For the many people to whom I have been indebted, the acknowledgments are given in
Japanese.

AHEDOZITBLUOAE LR EE LD 22HD, 2LOFOTIHE - ZXk%
WMhELR, T2, RLEVEHOEERLET,

TREHBETH 2HIH £ = B3, BEEED) L OEZEZ R ZIT AR TV E
REEH L TBY £3, ELFEEAIMELE L EKEEDIEEDE VD) S, Hifif
REFEDL THFUCI D D22 2 HEZTVET, & hbiFmiEgicBwTiE, H
FOPTEHTETVLLILESTVWE IR DE, MiXEWVWoXkIBIZT 55 A CTHE
BRERE TRV E R L, MHEFEEKE, —oOWZEE TOWEEATEIIA
DR TREEWERE 2D F L,

HER A AP B 2 FACHIT T, THREWTEWTEK BUA BB ER/REH
Ri2iE, FENEICIZ TSRS 2 B3O VW T THREW 2, RZE#H LT
BOET, HKEEDRTARY L7 bu=J 25BN id, FAMc 5T
RHWVEBRTDHY, O TMREEICEET 2252 F RV ELE, 166
DEDLRIC, EoRIIKRDITEZAINLERNIHEREN DX, BWEAntie
RoTHDHET,

RESIRIERS: = K 8%, WAL R $aK B 2036 K O B ok
BRI, AELRXOBEEL LT OTHEE - CHEEZIH D £ L, 3ETEHD
B T2 0HICHEE L ZBER, AL Z2HEmNRBRE T2570D07 PN
ARV WEZ T, BERYXEZLDRVWHDE LTERT I ENTEE L,

PET7IFRANR=b, RARTDOHFAZZTUOMIRED X > N=121%, HAOHEHS
MARBRLEINEE > TORLEESMRAELAEEZE LB IR E L, COVID-19 i
BIE, BDPBPIRARRA XY MR EDFEET ZRWIRRSHNTWE TH, REH
WEIN, BOMAZEDERDR->TL SL5, BoTHBD £7,

AEELE L TINE THIRICKHIETE D, RIENSDYR— FHHo7Bh
JTHHD F9, BMEREANOEZEZRSZT AN TS ALKBEEHR L TVET,

BRRO ZHINc X O AL B TE 222, O TE#P L LI E 3,

AN
(=,

123



