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ABSTRACT Currently, residential photovoltaic power generation system is increasingly used worldwide.
In this paper, an optimized structure of residential photovoltaic (PV) power generation system with 1500V
DC bus is proposed. It includes PV panels, a three-level boost converter, a high efficiency isolated bidirec-
tional DC-DC converter, battery and three-phase five-level DC-AC converter that can work under islanding
mode or grid-connected mode. The higher DC bus voltage greatly reduces line loss and improves efficiency
of the system. An energy management scheme used for the system is proposed in this paper to guarantee
the stability of the system and to increase its economic benefits. Besides, the optimized method for the
structure of the bidirectional dc-dc converter is proposed. This structure can achieve higher DC voltage gain
and higher efficiency. Furthermore, for low voltage battery application in the residential system, LLC and
CLLC under DC transformer (DCX) mode are evaluated and the LLC is selected as the isolated bidirectional
DC-DC converter. The optimized designed method of bidirectional LLC is proposed. Finally, experiments
are carried out to verify the performance of the optimized converters and the system.

INDEX TERMS Energy management scheme, high efficiency, isolated bidirectional DC-DC converter, LL.C

converter, residential photovoltaic power generation system.

I. INTRODUCTION

Since photovoltaic power generation system can alleviate
energy crisis and reduce environmental pollution, it has been
applied worldwide [1].

Residential photovoltaic power generation system is
increasingly applied to houses [2], [3]. Residential photo-
voltaic power generation system is aimed to provide contin-
uous and reliable power supply to household loads [4]. It is
an active distributed network employing PV panels, battery
energy storage system (BESS) and variety of converters and
loads, operated grid-connected or islanded, in a controlled,
coordinated way [5].

Since the PV panels’ output power is irregular and stochas-
tic due to the intermittent nature of the sun irradiation, there
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are still some problems such as load mismatch, poor load
flowing, voltage instability and reliability problems. There-
fore, BESS is necessary in the residential photovoltaic power
generation system [1].

In the traditional PV power generation system, BESS is
always connected to the DC bus directly. However, there are
some potential dangers for batteries when the load changes
suddenly without current control. So, it is necessary to insert
a bidirectional DC-DC converter between the DC bus and
batteries to control the discharging current [6].

Besides, the traditional PV system with single DC-AC
converter is not suitable for the residential situation for its
higher economic cost and complex maximum power point
tracking (MPPT) control [7], [8]. The additional MPPT stage
is believed as a better way to address the problems of voltage
instability of PV panels. With the development of wide band
gap devices, SiC devices can be used in the 1500V DC
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bus to reduces line loss and improve the efficiency of the
system.

According to whether connected to the grid, residential
photovoltaic power generation system can be divided into
grid-tied system and stand-alone system [9]. Energy con-
sumption and cost are important factors in such a system
because they directly affect the resource utilization and eco-
nomic benefits of the system [10]. Therefore, grid-tied res-
idential photovoltaic power generation system is preferred
because it can not only ensure the reliability of power supply
but also benefit the residents via taking the advantage of the
time-of-use (ToU) price [11].

In conclusion, residential photovoltaic power generation
system is a complex system including PV panels, BESS,
DC-DC converters and DC-AC converters. Therefore, coor-
dination among the various components in the system is very
important. It means that the energy management scheme is
necessary since there are three different converters influenc-
ing the DC bus voltage and the energy transmission [12].
Besides, the costs and the economic benefits should also be
considered in the energy management scheme.

Therefore, the optimization of residential photovoltaic
power generation system must take the factors discussed
above into account. This paper dedicates to optimizing the
residential photovoltaic power generation system to achieve
higher efficiency and higher economic benefits.

In this paper, the contributions can be concluded as

1) The optimized structure of the system oriented to
1500V DC bus is proposed. The higher DC bus voltage
greatly reduces line loss and improves efficiency of the
system.

2) An energy management scheme is proposed. It is
aimed to improve the reliability of power supply and
to increase the economic benefits of the system. The
scheme ensures the reliability of power supply for the
residential load and increases the economic benefits via
feeding back energy to the grid.

3) The optimized method for the structure of bidirectional
DC-DC converter is proposed. The structure that bat-
tery side is parallel connected and bus side series con-
nected can easily achieve higher DC voltage gain and
higher efficiency, and improve the energy utilization of
the system.

4) The LLC and CLLC under DCX mode are evaluated.
The optimized design method is proposed. Theoretical
analysis and experimental results show that optimized
bidirectional LLC has more advantages in low-voltage
applications.

Thus, the rest of this paper is organized as follows.
Section II reviews the related works. Section III introduces
the proposed energy management scheme used for the resi-
dential situation aimed to guarantee the reliability and effi-
ciency of the system. Section IV discusses the structure
of isolated bidirectional DC-DC converter with high effi-
ciency and high DC gain and evaluates the performance of
LLC and CLLC in lower voltage situation. Section V gives
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experimental results and analysis. Finally, section VI draws
the conclusion.

Il. RELATED WORKS

Considering that this study involves optimizing the whole
PV system in residential situation, related works are
reviewed by several sections including PV system and
energy management scheme, DC-DA converters and DC-DC
converters.

A. PV SYSTEM AND ENERGY MANAGEMENT SCHEME
Considering the MPPT, a two-stage grid-connected PV sys-
tem with an adjustable dc-link voltage is proposed, wherein
MPPT is realized by DC-DC converters and great perfor-
mance is achieved [13]. However, there is no BESS in the
system. The irregularity and randomness of solar irradiation
will lead to the frequent interaction between the system and
power grid. In [9], a PV system with BESS was proposed and
an energy management scheme based on the DC bus signaling
is given. The system can achieve higher resource utilization
and higher reliability. But only the DC load is considered
in the system. It is not suitable for the residential situation.
In [14], a residential PV system with grid-tied three phase
converter is presented and an optimized energy management
scheme is proposed. The system can achieve ‘“Plug and Play”
in residential situation. Nevertheless, the energy management
scheme only focuses on the reduction of the reaction with the
grid. The economic benefits are ignored. Besides, in energy
management scheme, the state of charge (SOC) of the battery
is a very important variation in energy management. How-
ever, SOC for batteries are usually ignored in the energy
management scheme [9], [15].

B. DC-AC CONVERTERS

For three phase grid-tied system, traditional two-level invert-
ers have been used in the system for their simplicity [16].
However, these two-level inverters require large filter and
high-voltage-rated semiconductor devices, which leads to
low power density and large power loss [17]. To obtain
smaller filter size and higher efficiency, multilevel invert-
ers were introduced to the photovoltaic power generation
system. Then, a three-level single-phase inverter and a
three-level three-phase inverter were used in the photo-
voltaic power generation systems respectively to achieve
higher efficiency, lower THD and lower EMI noise [18], [19].
Three-phase five-level inverter based on SiC devices and
interleaved three-level T-type inverters were used in PV
systems and obtained high efficiency and high power-
density [20]. With the development of SiC devices, higher
DC bus voltage and multi-level inverters can improve the
efficiency. However, the DC bus voltage of these systems
are still 850V.it means that the system efficiency can be
further improved. In fact, SiC devices can be used in 1500V
DC bus easily to improve the efficiency of the system
significantly.
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C. DC-DC CONVERTERS

For 1500V DC bus, a DC-DC converter is needed between
PV panels and inverter to avoid too much number of
series-connected PV panels and achieve MPPT. Besides,
an isolated bidirectional DC-DC converter between the
DC bus and batteries is more important in the residential
photovoltaic power generation system to provide electrical
isolation.

Bidirectional
DC-DC Converter

Two-stage Single-stage
Circuit Circuit

e A combination of
stage circuits
Isolated Non-Isolated
Circuit Circuit

single-stage circuit
e Galvanic isolation o Brief strucure

e High voltage step-up

ratio

T A P
COCOCO0E) &)

FIGURE 1. Classification diagram of bidirectional DC-DC converters.

The map of bidirectional DC-DC converter has been
shown in Fig. 1. In [21], a bidirectional buck/boost circuit
was directly used in a photovoltaic energy storage system.
However, in residential utilization, for safety consideration,
the voltage rating of battery module is normally below 48V,
which means that the converter between battery and DC
bus (voltage rating is up to 1500V for three-phase five-
level inverter) needs to meet high voltage gain requirement
that non-isolated topology is difficult to achieve. Hence,
isolated topology is preferred for its higher DC voltage
gain and electrical isolation [22]. To achieve higher effi-
ciency and better EMI performance, technologies that can
achieve soft-switching are best choice as isolated converter in
the residential photovoltaic power generation system. These
topologies include dual active bridge (DAB), series resonant
converter (SRC), LLC converter and CLLC converter. DAB
has received extensive attention in recent years, and has
been applied more and more in energy storage system and
microgrid. Its primary side can achieve zero voltage switch-
ing (ZVS) turn-on under certain load conditions. However,
the phase difference between voltage and current will result
in a larger cycle power, which limits the further improvement
of efficiency and power density [23], [24]. SRC is a widely
used bidirectional DC-DC converter as well. Since there are
only two series resonant elements in SRC, the voltage gain
cannot exceed 1. At the same time, SRC cannot achieve
soft switching in all gain ranges, and the large switching
loss makes it difficult to improve efficiency [25], [26]. LLC
is very suitable for applications that require high efficiency
and high power density since it can realize ZVS on the
primary side and ZCS on the secondary side. Besides, the
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voltage gain of LLC can exceed 1, that is, the converter can
operate in step-down mode and step-up mode. In fact, LLC
is still working as SRC under backward condition, and its
equivalent output gain is smaller than 1 [27]. Although the
m-type LLC converter can amplify the gain range of the
converter under bidirectional operation and have no effect
on the soft-switching realization of the circuit, the reactive
power of the circuit is greatly increased [28]. Therefore, it is
not suitable for high efficiency application. CLLC can also
realize ZVS-on at primary side and ZCS-off at secondary side
in full load range. At the same time, operation conditions
of the converter under forward and backward mode are the
same. However, it is difficult to control because there are
two resonant peaks in its gain curve [29], [30]. Additionally,
the step-up ratio of DC voltage is up to 31.25, which is
too high to realize in a single-stage circuit. Then, two-stage
circuit was proposed. A two-stage bidirectional DC-DC con-
verter based on LLC and interleaved boost converter were
used in a charger. This converter works as a one-stage DC-
DC converter (LLC only) in charging mode and two-stage
in discharging mode [31]. To reduce the operation frequency
range and obtain wide DC gain range, a bidirectional DC-DC
converter based on LLC and buck/boost was proposed in a
photovoltaic energy storage system [22].

D. CONTRIBUTIONS
PV power generation system can effectively alleviate energy
crisis and reduce environmental pollution. Unlike the related
works reviewed above, this paper dedicates to optimize the
residential photovoltaic power generation system to achieve
higher efficiency and higher economic benefits.

The contribution of this paper is mainly manifested in two

aspects:
1) Higher efficiency: to achieve higher -efficiency,

the optimized structure of the system with1500V DC
bus which is rarely employed is used. To improve
the efficiency of the system, optimized method for
the structure of bidirectional DC-DC converter is pro-
posed. CLLC and LLC used in the residential situation
are evaluated. The better choice is given and optimized
design method is proposed.

2) Higher economic benefits: to increase the reliabil-
ity and economic benefits in the residential situation,
an energy management scheme is proposed. Users can
get more economic benefits from ToU tariff.

Ill. ENERGY MANAGEMENT SCHEME OF

OPTIMIZED SYSTEM

A. SYSTEM CONFIGURATION

The optimized residential photovoltaic power generation
system has been shown in Fig. 2. A three-level boost, an iso-
lated bidirectional DC-DC converter and a three-phase five-
level DC-AC converter share a DC bus. DC-AC converter,
grid and residential load share an AC bus. PV panels only
transfer the power to the DC bus via a three-level boost
converter. The isolated bidirectional DC-DC converter is a
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FIGURE 2. The optimized residential PV power generation system.

key element connected with battery and DC bus to balance
the power differences between PV panels and residential load.
The three-phase five-level DC-AC converter is connected
between DC bus and AC bus, which enables bidirectional
power flow to improve the system reliability.

Since the proposed energy management scheme is
designed for the residential photovoltaic power generation
system, reliability is the most important standard for the
scheme. Then the proposed energy management scheme is
aimed to enhance the system reliability with consideration of
economic benefits.

B. ENERGY MANAGEMENT SCHEME

In this section, an energy management scheme is proposed for
the residential power generation system to ensure the power
balance and reliability of the system and increase the eco-
nomic benefits. As shown in Fig. 3, the energy management
scheme is based on the ““Self-produced and Self-used.” The
PV panels have the highest priority in power supply.

Priority Level I
PV Panels

Increase

Reliability of
Power Supply
&

Increase
Economic
Benefits

A

W7

Priority Level 11 Priority Level 111
Batteries Grid

FIGURE 3. Priority in power supply of the optimized system.

To obtain more economic benefits and maintain the relia-
bility of the system, the consideration of sunshine time and
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ToU tariff is added to the design of energy management
scheme. Since sunshine hours and ToU tariff are completely
different in different regions, the design and analysis in this
section are all based on Shanghai, China.

Sunrise/Sunset Time and Sunshine Hours in Shanghai
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FIGURE 4. Sunrise time, sunset time and sunshine hours of Shanghai in
different months.

ToU Tariff In Shanghai, China
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FIGURE 5. The ToU tariff in Shanghai.

The sunrise time, sunset time and sunshine hours of Shang-
hai in different months have been shown in Fig. 4. The ToU
tariff in Shanghai is shown in Fig. 5. In Shanghai, sunrise
time is near six o’clock which is one of the boundaries of ToU
tariff. Unlike the sunrise time, sunset time in Shanghai is long
before another boundary. Besides, the average sunlight hours
in different month in Shanghai are different. To improve the
resource utilization, this difference in different month must be
considered. Since the peak time is from 6:00-22:00, to pursue
the highest economic benefits, at different boundaries the sys-
tem must be switched to the different operation mode. Then
the proposed energy management scheme can be divided into
three main modes, MODE1, MODE2 and MODE3, as shown
in Fig. 6. These three main modes are identified by the sunrise
time, sunset time and the boundary of peak time and valley
time. In each main mode, the operation can be divided into
several sub-modes and the state machine has been shown in
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TABLE 1. Operation mode of the proposed energy management scheme.

MODEI1 MODE2 MODE3
(Sunrise Time — Sunset Time) (Sunset Time — 22:00) (22:00 — Sunrise Time)
soc Ofbattel'y Poy>Piow Ppy < Prow Ppy < Prow Py <Prow
MODEIA MODEID MODE2B MODE3A
S0C < SOC.., UD2D: MPPT UD2D: MPPT UD2D: Turn off UD2D: Turn off
" BD2D: Step-up BD2D: Step-down BD2D: Turn off BD2D: Step-down
D2A: Islanding D2A: Turn off D2A: Grid connection D2A: Grid connection
MODEIA MODEIC MODE2A MODE3A
UD2D: MPPT UD2D: MPPT UD2D: Turn off UD2D: Turn off

SOCpin < SOC < SOCpax

SOC = SOCax

BD2D: Step-up
D2A: Islanding

MODEIB
UD2D: MPPT
BD2D: Turn off
D2A: Grid connection

BD2D: Step-up
D2A: Islanding

MODEIC
UD2D: MPPT
BD2D: Step-up
D2A: Islanding

BD2D: Step-up
D2A: Islanding

MODE2A
UD2D: Turn off
BD2D: Step-up
D2A: Islanding

BD2D: Step-down
D2A: Grid connection

MODE3A
UD2D: Turn off
BD2D: Step-down
D2A: Grid connection

UD2D = Unidirectional DC-DC converter, BD2D = Bidirectional DC-DC converter, D2A = DC-AC converter

Operation mode in different month and different time

MODE3
22:00
20:00
18:00 >
16:00
=
3  14:00
°
z
g 1z MODE1
E
= 10:00
8:00
e —
son ———l w
4:00
MODE3
2:00
0:00
1 2 3 4 5 6 7 8 9 10 1" 12
~e—Sunrise Time Sunset Time Switch Time 1 Switch Time 2 Month

FIGURE 6. Switching time of three main modes according to the sunrise
time, sunset time and ToU tariff.

MODE3

22:00 Sunrise 12:00 Sunset 22:00

Time

FIGURE 7. State machine of the operating modes.

Fig. 7. In Fig. 7, the switching of MODE1, MODE2 and
MODES are controlled by the preset time based on the actual
month. The red lines represent the switching of sub-modes
when the main mode is switched.

In each main mode, sub-modes are identified by the maxi-
mal output power of PV panels Ppy, SOC of battery and load
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power Proap. Then, the sub-mode selection can follow the
rules shown in TABLE 1. In which, SOC,,;, is the low limit
of SOC and is SOC},4x high limit. SOC,,,ox and SOC,,;, are
set as 95% and 5% to prevent battery from over-charging or
over-discharging. Each sub-mode is described as follows and
the schematic diagram of power flow is shown in Fig. 8.

MODEI1A: As shown in Fig. 8(a), if the load power is
less than the power PV panels generated and the battery is
not fully charged, that is Ppy > Proap and SOC < 95%,
the PV panels are the main power supply. Then, the unidirec-
tional DC-DC converter operates at MPPT mode, the bidirec-
tional DC-DC converter operates at step-up mode to maintain
the DC bus voltage, and no power is obtained from the grid.

MODEI1B: As shown in Fig. 8(b), if the load power is
less than the power PV panels generated and the battery is
fully charged, that is Ppy > Proap and SOC > 95%,
the PV panels are the main power supply. To pursue the higher
economic benefits in the residential system, the excess energy
will be fed to the grid. Then the DC bus voltage will be
controlled by DC-AC converter and the bidirectional DC-DC
converter will be turned off.

MODEI1C: As shown in Fig. 8(c), if the load power is
greater than the power PV panels generated and the bat-
tery is not fully discharged, that is Ppy < Proap and
SOC=>5%, both BESS and PV panels are the power supply.
Then, the bidirectional DC-DC converter operates at step-up
mode to control the DC bus voltage and transfer power to the
load and the unidirectional DC-DC converter will operate at
MPPT mode. The grid is not connected at this mode.

MODEID: As shown in Fig. 8(d), if the load power is
greater than the power PV panels generated and the battery
is fully discharged, that is Ppy < Prosap and SOC < 5%,
the grid has to be connected as main power supply. Then,
the DC-AC converter is turned off to prevent batteries
from charging by the grid. Unidirectional DC-DC converter
switches to constant voltage (CV) mode to maintain the DC
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FIGURE 8. Schematic diagram of power flow of each sub-mode.

bus voltage and charge the batteries. Then, batteries can
be charged by PV panels only and cost can be reduced.
Besides, MODEI1D will not switch to MODEILC until the
SOC > 95%.

MODE2A: As shown in Fig. 8(e), MODE2A is the same
as MODEI1C except that the unidirectional DC-DC converter
is turned off. The bidirectional DC-DC converter operates
at step-up mode to control the DC bus voltage and transfer
power to the load as power supply. The grid is not connected
at this mode.

MODE2B: As shown in Fig. 8(f), MODE2B is similar to
the MODEID. If Ppy < Proap and SOC < 5%, the grid
has to be connected as main power supply. Unlike MODEI1D,
the PV panels can not work in MODE?2. To reduce the higher
electricity cost caused by peak time price and increase the
economic benefits, the batteries are not allowed to be charged.

MODE3A: As shown in Fig. 8(g), only one sub-mode
in MODE3. Since BESS is the main power supply in
MODE?2 and valley time price is much lower than peak
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time price, the grid becomes the unique power supply. The
unidirectional DC-DC converter operates at step-down mode
to charge the batteries. The energy stored in the BESS will
be used as main power supply to replace the grid in next
morning.

C. CONTROL METHODS

The control methods corresponding to the proposed energy
management system has been shown in Fig. 9. In which,
D7 is the reference duty cycle of the unidirectional DC-DC
converter, D} is the reference duty cycle of the bidirectional
DC-DC converter and Dj is the reference duty cycle of the
DC-AC converter.

peo[ pue A13)eq ‘Ad ‘PLID JO 8IS
UOIIIAS PO

connection

FIGURE 9. Control diagram of the residential photovoltaic power
generation system.

The three-level boost converter is employed in tracking
maximum power point in the system. The three-level boost
converter can operate at MPPT mode or CV mode. Perturba-
tions method is used here to achieve MPPT, in which V), and
Ipy are the voltage and current of the PV panels, V7, is the
reference voltage of Vj,, Ig‘ and I, are the reference current
and actual current of the three-level boost. For CV mode,
Vipus is voltage of DC bus, V¥ is the reference voltage of Vi,
as outer loop reference and the inner loop reference is 7, the
reference of PV panels current 1,,,.

A two-stage isolated bidirectional DC-DC converter is
used to control the voltage and current of the battery. This
DC-DC converter can operate in step-up mode or step-down
mode. Since the bidirectional LLC works as a DCX, just the
duty cycle of the buck/boost is controlled in the bidirectional
DC-DC converter. When it works in step-up mode, a double
closed loop control is applied. In which V¥ - is the reference
of outer loop and the inner loop reference is -I},,, the ref-
erence of battery current Ip,,. When it works in step-down
mode, Vj, is voltage of battery, V' is reference voltage
of Vpa as outer loop reference and the inner loop reference
is I .. Then the reference duty cycle for bidirectional DC-DC
converter can be obtained in different operation mode.
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FIGURE 10. Configuration of the proposed residential photovoltaic power generation system.

A three-phase five-level inverter is used which can operate
in islanding mode or grid connection mode. In islanding
mode, the DC-AC converter works as a stand-alone inverter.
A triple loop control is used in which V,, is the RMS of
output voltage and V)  is its reference, v, and v}, are instan-
taneous output voltage and its reference and i, and i are
instantaneous output current and its reference calculated via
voltage loop. In grid connection mode, the DC-AC converter
has to maintain the voltage of DC bus, so the outer loop
reference is replaced by DC side voltage. Besides, to connect
the grid, the grid voltage V is sampled to calculated its phase
angle 6. Then, the SPWM signal is generated to control the
AC or DC voltage.

IV. OPTIMIZATION OF HIGH EFFICIENCY ISOLATED
BIDIRECTIONAL DC-DC CONVERTER

A. CONFIGURATION OF ISOLATED BIDIRECTIONAL

DC-DC CONVERTER

In this section, the high efficiency isolated bidirectional
DC-DC converter is discussed. This bidirectional DC-DC
converter is very important in the residential photovoltaic
power generation system as shown in the Fig. 10. For safety
consideration, the battery voltage is always lower than 48V.
It means that a high voltage gain is required since the DC bus
voltage is up to 1500V. To improve the DC gain and achieve
higher efficiency, an optimized isolated bidirectional DC-DC
converter is shown in Fig. 11. The converter consists of two

.Y LLC or CLLC BUCK-BOOST Iy
+ +
+ 14}} I: L g, +
T K TV mia1 ) = Whast
5H 5 L | ! )
Bidirectional DC-DC Module 1
Vbat Vbus
-L.%® LLC or CLLC BUCK-BOOST
—>
+ L = +
£ 1-d;
nic By, TF V2
2
— J h h | =

Bidirectional DC-DC Module 2

FIGURE 11. Configuration of isolated bidirectional DC-DC converter in the
proposed system.
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identical independent modules. The module is a two-stage
isolated bidirectional DC-DC converter, in which a bidirec-
tional LLC or CLLC can be employed in providing electrical
isolation and higher DC gain. To achieve higher efficiency,
the isolated bidirectional DC-DC converter works as a DCX
and a buck/boost is added to improve the DC gain range of
the module. Since the voltage of battery side is very low
compared to the voltage of DC bus, the current is large so
that the problems caused by large current and power loss are
prominent. To avoid these problems, a scheme that battery
side connected in parallel and DC bus side connected in series
is adopted, which is beneficial to higher efficiency and higher
DC gain.

There are some advantages for this converter.

First, two modules are connected in parallel at battery side.
Then the current of each module is reduced by half. Since the
conduction loss is proportional to the square of the current,
the conduction loss of battery side in this converter will be
reduced by half. Then the efficiency is increased significantly.

Second, two modules are connected in series at DC bus
side. Then the voltage that each module needs to withstand is
greatly reduced and the DC voltage gain can be improved.

Third, the converter can operate without voltage sharing
and current sharing control. The steady state equivalent model
of the bidirectional DC-DC converter is shown in Fig. 12.
Take the step-up mode for example, if the buck/boost works at
continuous conduction mode (CCM), the equivalent circuit is
shown in Fig. 12(a). It is obvious that the DC bus side voltage
of each DC-DC module can be expressed as,

nVpar
1—-D

Vius1 = = Vipus2 (1

since the same duty cycle D is used for each module. And the
battery side current of each module can be expressed as,

1
—Ipar1 = nly = nlﬂ

=nl) = —lpur2 2)

If the buck/boost works at discontinuous conduction
mode (DCM), the equivalent circuit is shown in Fig. 12(b),
in which R,(D) is,

2Lf

R.(D) = 57

3
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FIGURE 12. The steady state equivalent model of the bidirectional DC-DC
converter.

Besides, the equivalent current source can be expressed as,

. 1 n*VZ, e 1 n*vZ, @
Re(D) Vpysi — nVpa Re(D) Vpyso — nVpa
It is obvious that
Voust = Vius2
L =1 )
—Ipar1 = nl{ = nlé = —Ipar2

Therefore, the separate control for each module is not
required and two modules can equalize voltage automatically
with the control of DC bus voltage. Furthermore, because the
transmission power and battery voltage of the two modules
are the same, the two modules can automatically equalize the
current on the battery side.

Forth, two modules are identical. Maintenance of the con-
verter will become easier especially in residential situation.

Although the buck/boost is the main object to be controlled
in the converter, the isolated bidirectional DC-DC circuit used
in the module is the key of the whole converter. To optimize
the efficiency of the DC-DC converter, the selection of the
isolated bidirectional DC-DC circuit is carried out carefully.
It is obvious that DAB and SRC are not suitable for the system
since their soft-switching is difficult to achieve at light load.
Therefore, LLC and CLLC shown in Fig. 13 will be mainly
discussed in the following sections.

B. DESIGN OF BIDIRECTIONAL LLC AND CLLC

The topology of LLC and CLLC are shown in Fig. 10. LLC
and CLLC are suitable for the residential photovoltaic gen-
eration system because it can achieve soft-switching at any
load condition and achieve higher efficiency. Although it is
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FIGURE 13. Topologies of LLC and CLLC.

difficult to control CLLC for its special voltage gain curve,
it can still operate at near resonant frequency as a DCX. Then,
comparison of LLC and CLLC is made to select the best
topology for the residential photovoltaic power generation
system.

The operation principle of bidirectional LLC and CLLC
had been introduced in some literatures [22], [27], [29].
Since the isolated bidirectional DC-DC converter in the
optimized system is a two-stage topology, the bidirectional
LLC or CLLC in this converter can work as a DCX which
means that they only operate at resonant frequency. There-
fore, the DC voltage gain of LLC and CLLC can be obtained
via first harmonic approximation (FHA) and the result can
meet the precision requirement near the resonant frequency.
Then, to achieve higher efficiency, the bidirectional LLC and
CLLC can be designed as follows.

1) DESIGN OF TURN RATIO OF TRANSFORMER
According to FHA, the DC voltage gain of bidirectional LLC,
Gric can be expressed as

1
L P*r* 1)2 L, L, 2
\/64C1,1n4V,4 <w B 5) + (1 +I - Lmal)z)
(Charging mode)
Gric = 1 ging (6)
L P2r4 1)?
\/64(?1,1an,4 (w - 5) +1
(Discharging mode)

In which, L, is the resonant inductance, C; is the resonant
capacitance, P is the power of LLC, n is the turn ratio of the
transformer, L,, is magnetic inductance, V; is the voltage of
battery side and w is the normalized frequency of bidirec-
tional LLC. It is obvious that the Gy ¢ will be equal to 1 in
both charging mode and discharging mode when w is 1 that
switching frequency is equal to the resonant frequency. The
same conclusion can be obtained by the expression of G¢crrc
the DC voltage gain of CLLC (7), as shown at the bottom
of the next page. Therefore, to meet the requirement of DC
voltage gain, the turn ratio of transformer, n can be expressed

VOLUME 7, 2019



R. Li, F. Shi: Control and Optimization of Residential Photovoltaic Power Generation System

IEEE Access

by bus side voltage Vj, and battery side voltage V; as,
Vi

n=
Vi

®)

2) DESIGN OF MAGNETIC INDUCTANCE
Magnetic inductance is an important parameter no matter in
LLC or in CLLC. It affects the realization of soft switching
and the power loss of the converter. Therefore, the magnetic
inductance should be designed carefully.

First, magnetic inductance affects the efficiency of the
converter. For LLC, in charging mode, the resonant current i,
magnetic current i, bus side current of transformer i, and
battery side current of transformer i can be derived as,

ir(t) = I, sinQufst — @) 9
nVt 1
— =1, 0<t<—
=1 e 10
im(t) = nVv, (l _ 2_]1%) | 1 (10)
- =7 4], —<t<-
Ly, " 2f5 s
ip(t) = ir(t) — im(0) (11)
is(t) = —nip(1) (12)
wherein,
I - nV;
" AL
2
nP
I = 12 (13)
' (2nV1) HRC

¢ = arcsin(—)
I,

In discharging mode, the expression of i, becomes

ir(t) = —I, sinQQufst + 1) (14)
[ (15)
" 2V

For CLLC, in charging mode, the resonant current i,, mag-
netic current iy, bus side current of transformer i, and battery
side current of transformer i; can be expressed the same as
LLC. However, in discharging mode, there are some clear
difference in the expression as follows.

wherein,
. nV;
" AL,
7P \?
I, = 12 (20)
P <2nVl) i
. m
Qo= arcsm(I )

p

Thus, the conduction loss and switching loss of LLC and
CLLC can be calculated and the relationship between total
loss Pjyss and Ly, is shown in Fig. 14. There is an obvious
demarcation point in Fig. 14, namely L, ;in. When L, is
smaller than L, ;in, the Pj,s drops rapidly with the increase
of L,,, while changes slightly with the increase of L,, when it
is greater than Ly, ;;in. Then Ly, i, can be set as the minimum
value of magnetic inductance,

Ly > Lm,min (21)

~———8—— LLC/CLLC charging mode
~———e—— LLC discharging mode

g CLLC discharging mode

P, loss (W)

Lm,min

~~~~~

L, (uH)

FIGURE 14. Relationship curves between power loss and magnetic
inductance in LLC and CLLC.

Second, the realization of soft switching is closely related
to the magnetic inductance. Since the LLC or CLLC works

ip(1) = I, sinQRrfit — @) (16) at resonant frequency, the battery side can achieve ZCS turn-
nVit 1 off naturally. However, the realization of ZVS turn-on in both
7 I 0=<r= ? sides is decided by resonant current during deadtime, which
im(t) = " | Coan can be approximated as the maximum magnetic current I,
_nVl (t - 2_]3) o i < l at that time. Then, the soft switching conditions can be
L, mn 2f; =~ f expressed as,
ir(1) = ip(t) + im(2) (18) . T, )
. . <
is(t) = —nip(t) (19) "7 8Coss
1
Gerre = (N

L2, Pz 2L 2L Rk L L1\
rl “tm — [ 2&m = —_ Lrl _ _Lrl_
\/64mer1n4V[4 [(Lrl + 1) @ (Lrl + 2) w + w3] + (1 + Ly me2>
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In which T, is the deadtime, C,s is the sum of output
capacitance including the bus side device and the battery side
device. Furthermore, L,, can be selected by

Ty
8C0S~J:Y

3) DESIGN OF RESONANT COMPONENTS
For LLC and CLLC, the resonant frequency can be
expressed as

Ly min < Ly < (23)

1
B 27TV LGy

Thus, if f, has been determined and L,, has been selected
through the method introduced above, the curves of DC
voltage gain of LLC and CLLC at a specific power rating are
determined by resonant inductance L, only. According to (6)
and (7), to obtain a relatively flat curve of DC voltage gain,
the L, should be much smaller than L,,, such as one-tenth,
to avoid gain variations due to the disturbances of switching
frequency and inconsistencies of resonant components. After
that, the resonant capacitance can be deduced from the reso-
nant frequency.

Ir (24)

TABLE 2. Parameters of LLC and CLLC.

Parameters LLC CLLC
Rated Power P, 2kW 2kW
DC bus side voltage V), 360V 360V
Battery side voltage V; 24V 24V
Magnetic inductance L, 140puH 140pH
Resonant inductance 14uH 14uH, 62nH
Ly, Ly
Resonant capacitance 180nF 180nF, 40.5F
Crp, G2
Turn ratio of transformer n 15 15
Resonant frequency f; 100kHz 100kHz
Switching frequency f; 100kHz 100kHz
DCbus side switching  grwsengopM2 — STWS6N6ODM2
devices
Battery side switching BSC014N04LS BSCO014N04LS
devices (8 parallel) (8 parallel)

For CLLC, there are still two components needing to be
designed. To obtain the same resonant frequency as bus side
and the symmetric equivalent circuit, L, and C, can be
calculated as

Ly, =

2
Cry =n“Cyy

L
n?2 (25)

C. COMPARISON OF BIDIRECTIONAL LLC AND CLLC

To compare the two circuits, an LLC and a CLLC circuit were
designed to facilitate the analysis of characteristics of these
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two topologies. The specification is based on the residen-
tial photovoltaic power generation system. The battery side
voltage V; is 24V, the bus side voltage Vj, is 360V, and P,
the rated power is 2kW. Then, parameters of two circuits are
designed based on the method and are shown in TABLE 2.
Thus, the power loss of switching devices in both modes can
be calculated.

Besides, to minimize the error of calculated total power
loss, the power loss of resonant capacitors and magnetic
component are considered. Eight capacitors are parallel con-
nected in the LLC and CLLC and the total equivalent series
resistance (ESR) is 50m€2. However, the resonant capacitance
of battery side in CLLC is up to 40.5uF. The selection of the
capacitor is very difficult because of large current and high
switching frequency, even though the required voltage rating
is very low. To minimize the number of capacitors, the capac-
itance of a single capacitor cannot be too small. Finally,
forty-one capacitors are used and total ESR is 0.488mS2.
Then the calculated efficiency curve and loss break down
at full load are obtained and shown in Fig. 15 and Fig. 16.
The highest efficiency of LLC and CLLC under charging
mode and discharging mode are 98.4%, 98.2%, 98.2% and
97.8% respectively. It is obvious that the efficiency of LLC
is always slightly higher than CLLC, no matter in charging
mode or discharging mode. Fig. 16 shows that the addition
of resonant capacitors in the battery side increases the loss
of CLLC, which is the main reasons of lower efficiency of
CLLC. Although the parallel capacitors greatly reduce the
overall ESR, the power loss is still significant because of large
current.

Calculated Efficiency Curve

99.0%

98.0%

97.0%

96.0%

95.0%

94.0%
2 =s=Efficiency of LLC under charging mode

of LLG under di ing mode
93.0% =e~Efficiency of CLLC under charging mode
of CLLC under di ing mode

92.0%
200 400 600 800 1000 1200 1400 1600 1800 2000
Unit: W

FIGURE 15. Calculated efficiency curves of LLC and CLLC under charging
mode and discharging mode respectively.

In addition, too many resonant capacitors are used to meet
the capacitance requirement and current rating requirement.
The power density is difficult to be further improved.

Besides the efficiency, the resistance of DC voltage gain to
frequency disturbance is also a main factor to be considered.
According to the FHA, the DC voltage gain of LLC and
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Loss Break Down of LLC and CLLC at 2kW (Unit:W)

45
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[}

LLC under LLC under
charging mode discharging

Power loss

CLLC under CLLC under

charging mode discharging
mode mode

mPower loss of Lr2 [ ° 0.507 o0.597

mPower loss of Lrl 2.7 2.37 237 2.37
= Power loss of transformer 15.243 15.243 15.243 15.243
= Power loss of Cr2 [ [} 4282 6.447
m Power loss of Crl 2.937 1.904 2.937 1.951
= Tum off loss 1.389 8.64 1.389 8.64
= Battery side conduction loss 3.073 4.083 2.073 4.626
m Bus side conduction loss 4.699 3.046 4.699 3421

FIGURE 16. Loss break down of LLC and CLLC under charging mode and
discharging mode respectively.

LLC (Charging mode) G
LLC (Discharging mode) 4
CLLC

3250

P(W)

4000 *

FIGURE 17. Surface of DC voltage gain of LLC and CLLC.

CLLC can be respectively expressed as (6) and (7). The
surfaces of DC voltage gain of LLC and CLLC are shown
in Fig. 17. It can be seen that the DC voltage gain of CLLC
near resonant frequency of CLLC becomes more sensitive
to frequency disturbance as the power increases. Therefore,
CLLC is not suitable for DCX condition.

In conclusion, LLC is a better topology as bidirectional
isolated DC-DC circuit in the residential photovoltaic power
generation system, because of: 1) Higher efficiency no matter
under charging mode or discharging mode. 2) Higher power
density to be further improved. 3) High resistance to fre-
quency disturbance in DCX condition.
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Therefore, the LLC is selected in the final scheme to opti-
mize the residential photovoltaic power generation system.
The experimental result is introduced in the next section.

V. EXPERIMENTAL RESULT AND ANALYSIS

A. EXPERIMENTAL SYSTEM

In order to optimize the residential photovoltaic power gener-
ation system and to verify the design method and conclusions
obtained above, a derating experimental platform was set up
in the laboratory, DC bus of which is 800V. The configuration
of experimental platform is shown in Fig. 18. The coordina-
tion of the residential photovoltaic power generation system
is controlled by a DSP and a CPLD, TMS320F28377D (TI)
and XC2C256 (XILINX), as shown in Fig. 19.

FIGURE 19. The master control board of the system.

As shown in Fig. 18, the system includes a PV emulator, a
three-level boost converter, batteries, an isolated bidirectional
DC-DC converter and a three-phase five-level converter. And
the isolated bidirectional DC-DC converter designed based
on the method introduced last section is shown in Fig. 20.
The rated power of the isolated bidirectional DC-DC con-
verter is 4kW. Each module is 2kW. The battery side voltage
is 24V and DC bus side voltage is 400V. The controller
of each converter is TMS320F28069 as shown in Fig. 21.
To verify the results of theoretical analysis, the bidirectional
DC-DC module is tested at different load condition. Besides,
the operation performance of the optimized system is
tested.

116117



IEEE Access

R. Li, F. Shi: Control and Optimization of Residential Photovoltaic Power Generation System

FIGURE 20. The isolated bidirectional DC-DC module in the proposed
system.
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FIGURE 21. The slave control board of each converter.

B. EXPERIMENTAL RESULT AND ANALYSIS
The experimental result of the operation conditions of bidi-
rectional LLC at different load conditions under charging
mode has been shown in Fig. 22. In Fig. 22, CH1 is the drive
voltage of the DC bus side, CH2 is the voltage between drain
and source of switching devices in the DC bus side, CH3 is
the drain-source voltage of the devices in the battery side
and CH4 is resonant current of the resonant inductor. It is
obvious that the body diode of devices has been conducted
before its drive voltage turn to high and the ZVS-on has been
achieve in the bus side no matter what the load condition is.
That is important to optimize the efficiency of the isolated
bidirectional DC-DC converter and the proposed system.
The experimental result of the operation conditions of bidi-
rectional LLC at different load conditions under discharging
mode has been shown in Fig. 23. In Fig. 23, CH1 is the drain-
source voltage of device in the DC bus side, CH2 is the current
of transformer in the DC bus side, CH3 is the drive voltage
of devices in the battery side and CH4 is resonant current
of the resonant inductor. It is obvious that the current of
transformer is still greater than O at the moment that the drive
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FIGURE 22. The waveforms of bidirectional LLC at different load
conditions under charging mode.
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FIGURE 23. The waveforms of bidirectional LLC at different load
conditions under discharging mode.

voltage of battery side has turned to high and the ZVS-on
has been achieved in the battery side no matter what the
load condition is. It is important to optimize the efficiency of
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the isolated bidirectional DC-DC converter and the proposed
system.

Besides, the experimental result of bidirectional buck/boost
converter at full load condition has been shown in Fig. 24.
Fig. 24 includes the waveforms of current and drive voltage
of the buck/boost converter which has been labeled in the
Fig. 24.

o~ ™~ ™ ~ e Zooml GRS K priveyilage = SOusdv |
Lo i | i { L/ sV [ | |
- bl ) } - L o i i "
| r T T T i T T o
! Current of device
/ f / (lower bridge arm)
J / / J / // / SAvaly
, / / '
S A7

FIGURE 24. The waveforms of buck/boost.

Curves of efficiency of bidiractional LLC under different mode
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FIGURE 25. The curves of bidirectional LLC under charging and
discharging mode.

Then, the experimental results of efficiency of bidirectional
LLC and the isolated bidirectional DC-DC module are shown
in the Fig. 25 and Fig. 26. Fig. 25 shows the efficiency curves
of the bidirectional LLC under charging mode and discharg-
ing mode. The designed bidirectional LLC obtains the highest
efficiency at full load condition, which is up to 98.39% under
charging mode and 97.8% under charging mode. It is obvious
that the efficiency of bidirectional LLC under charging mode
is always slightly higher than the efficiency under discharging
mode which is the same as the theoretical analysis above.
It is because that many devices are connected parallel to
meet the current and conduction loss requirement at battery
side which cause a larger switching loss. The efficiency of
bidirectional LLC is approximate to the calculated efficiency
shown in the Fig. 10, especially at full load condition. Thus,
the loss break down of the bidirectional LLC shown in
Fig. 16 is validated. Fig. 26 shows the efficiency curves of the
isolated bidirectional DC-DC module under charging mode
and discharging mode separately. The efficiency of isolated
bidirectional DC-DC module can achieve 97.5% and 96.03%
at 2500W under charging mode and discharging mode. It is
because the power loss of bidirectional LLC is much reduced
and buck/boost can achieve high efficiency that may higher
than 99% even though it is a hard-switching circuit.
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FIGURE 26. The curves of the isolated bidirectional DC-DC module and
comparison with the DC-DC converter without optimization.

FIGURE 27. The prototype of the DC-DC converter without optimal
structure.

Besides, efficiency curves of the isolated bidirectional
DC-DC converter without optimal structure under charging
mode and discharging mode are also listed in Fig. 26. The
prototype of this DC-DC converter is designed following the
method proposed above and is shown in Fig. 27. At full load
condition, the efficiency of optimized DC-DC converter can
achieve 96.54% and 95.44%. 1t is nearly 1% higher than the
DC-DC converter without optimal structure. Besides, it is
obvious that the greater the output power is, the greater the
efficiency improvement will be no matter under charging
mode or discharging mode. This is because that the optimal
structure proposed in the paper can effectively reduce the
current and conduction loss.

The experimental result of current sharing characters of the
isolated bidirectional DC-DC converter has been shown in
Fig. 28. In Fig. 28, CH1 is the battery side current of module-I
and CH4 is the battery side current of module-II tested at the
full load condition. The difference between the two currents
is 1.6A, only 0.98% of the total current.

The experimental result of mode switching of one module
of the isolated bidirectional DC-DC converter has been shown
in Fig. 29, which includes waveforms of battery voltage,
battery current, DC bus voltage and DC bus current as labeled
in the Fig. 29. When the mode switches from charging to
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FIGURE 28. The waveforms of current sharing of the isolated
bidirectional DC-DC converter without separate control.
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Battery current ( 50A/div -80A)
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DCbus current ¢ 5A/div -54)

N

Battery current ( 50A/iy -80A) .

Switching time 177ms

(b) From discharging mode to charging mode

FIGURE 29. The waveforms of isolated bidirectional DC-DC module at
switching time.

discharging, the switching time is 8ms. During the switching
process, the maximum voltage of the DC bus side is 337V
and the DC bus voltage is 674V. At that time, the DC-AC
converter can work well. When the mode switches from
discharging to charging, the switching time is 177ms. There is
no abnormality in the waveforms. During these two switching
processes, the DC-AC converter works well and the system
can operate stably.

The experimental results of three-phase five-level DC-AC
converter have been shown in Fig. 30 and Fig. 31.
Fig. 30 shows the result of singe phase in the DC-AC con-
verter, in which CH2 is output voltage of the DC-AC con-
verter, CH3 is line voltage and CH4 is line current at full
load condition. Five-level DC-AC converter can reduce the
THD and EMI noise and increase the DC bus voltage and
efficiency of the system. Fig. 31 shows the line current of
the inverter when the DC bus voltage is controlled by the
DC-AC converter. CHI is the voltage of DC bus, CH2 is the
line current of phase A and CH3 is the line current of phase B.
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FIGURE 30. The waveforms of the five-level DC-AC converter.
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FIGURE 31. The waveforms of the three-phase five-level DC-AC converter.
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It is obvious that at that condition the DC bus voltage can be
controlled well.

Curves of efficiency of DC-AC coverter and the system
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FIGURE 32. The curves of efficiency of the five-level DC-AC converter and
the whole system.

Fig. 32 shows the efficiency of the five-level DC-AC
converter in the system. Besides, the curves of the whole
system are also shown in Fig. 32. There are three curves
of the system and the last one is the efficiency of the sys-
tem without optimal architecture. This system employed the
400V DC bus and single-phase two-level DC-AC converter.
Besides, the bidirectional DC-DC converter used a traditional
structure. The highest efficiency of the optimized system

VOLUME 7, 2019



R. Li, F. Shi: Control and Optimization of Residential Photovoltaic Power Generation System

IEEE Access

can achieve 96.43% and 94.97% under charging mode and
discharging mode. It is obvious, the efficiency of the system
can be improved a lot because of the optimal architecture.
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FIGURE 33. Distribution of typical daily power consumption of a
household in Shanghai.

TABLE 3. Parameters of the residential photovoltaic power generation
system.

Parameters Value
Rated Power 4kW
Battery capacity 10kW-h
State subsidy ¥0.42/(kW-h)
Local subsidy ¥0.4/(kW-h)
Feed-in tariff ¥0.42/(kW-h)
. ¥0.62/(kW-h)
Peak hour tariff (6:00~22:00)
. ¥0.62/(kW-h)
Valley hour tariff (22:00~6:00)

Fig. 33 shows the typical power consumption of a house-
hold and daily output power of PV in Shanghai. Fig. 33 is
obtained from a 4kW PV system with a 10kW-h BESS. The
parameters of the residential photovoltaic power generation
system have been shown in TABLE 3. According to Fig. 33,
the output energy of the PV is 33.1kW-h. Then, the state
subsidy and local subsidy in Shanghai is ¥13.90 and ¥13.24
separately. The total energy residential load consumed is
9.22kW-h, in which 6.02 kW-h is provided by PV or BESS
and the others is provided by the grid under valley hour
tariff. It is because that in the proposed energy management
scheme the batteries are not allowed to be charged to obtain
higher economic benefits. Therefore, ¥3.73 is saved and
¥1.43 is fees of electricity in a whole day which has included
the fees for batteries charging. The feed-in energy in such
a day is 27.56kW-h and the economic benefits is ¥11.58.
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Therefore, the total economic benefit is ¥41.02. Compared
with the conventional energy management scheme without
the consideration of the ToU tariff introduced in [2], the eco-
nomic benefit can be increased by 1.5%. In addition, in the
case of serious shortage of photovoltaic power generation,
such as rainy days, the total economic benefit of conventional
energy management scheme is fuzzy. It is because that the
SOC may lower than 5% during peak hour and the batteries
may be charged in a higher tariff.

According to the experimental results and analysis above,
the optimized residential photovoltaic power generation sys-
tem can be implemented and work well with higher efficiency
and higher economic benefits. The isolated bidirectional
DC-DC converter can achieve higher efficiency and reliabil-
ity in the system.

VI. CONCLUSION

This paper dedicates to optimize the residential photovoltaic
power generation system. The optimized system oriented
to 1500V DC bus is proposed. The higher DC bus voltage
greatly reduces line loss and improves efficiency of the sys-
tem. To improve the reliability of power supply and increase
the economic benefits, an energy management scheme is
proposed. Sunlight hours and ToU tariff are considered. The
scheme ensures the reliability of power supply for the residen-
tial load, meanwhile reducing the economic cost by reducing
grid power supply. To optimize the performance of the con-
verters in the system, the optimized method for the structure
of bidirectional dc-dc converter is proposed. This structure
can easily achieve higher DC voltage gain and efficiency to
further optimize the system. According to the experimental
results, the highest efficiency of the isolated bidirectional
DC-DC converter can achieve 97.50% under charging mode
and 96.03% under discharging mode. Furthermore, for low
battery voltage situation in the residential system, LLC and
CLLC under DCX mode are evaluated and the optimized
design method is proposed. The efficiency at different load
conditions and loss break down of LLC and CLLC are cal-
culated. In low battery voltage application, the LLC is a
better topology which is selected in the system and its effi-
ciency can achieve 98.39% and 97.80% under charging mode
and discharging mode separately. The optimized system can
improve the efficiency significantly and economic benefits
can be increased.
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