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ABSTRACT Photovoltaic (PV)/battery hybrid power units have attracted vast research interests in recent
years. For the conventional distributed power generation systems with PV/battery hybrid power units, two
independent power converters, including a unidirectional dc—dc converter and a bidirectional converter, are
normally required. This paper proposes an energy management and control strategy for the PV/battery hybrid
distributed power generation systems with only one integrated three-port power converter. As the integrated
bidirectional converter shares power switches with the full-bridge dc—dc converter, the power density and
the reliability of the system is enhanced. The corresponding energy management and control strategy are
proposed to realize the power balance among three ports in different operating scenarios, which comprehen-
sively takes both the maximum power point tracking (MPPT) benefit and the battery charging/discharging
management into consideration. The simulations are conducted using the Matlab/Simulink software to
verify the operation performance of the proposed PV/battery hybrid distributed power generation system
with the corresponding control algorithms, where the MPPT control loop, the battery charging/discharging
management loop are enabled accordingly in different operating scenarios.

INDEX TERMS Energy management, maximum power point tracking, bidirectional power converter,

photovoltaic/battery hybrid power unit.

I. INTRODUCTION

With the development of the power electronic technology,
a larger amount of PV panels are integrated as power sources
into the distributed power generation systems [1], [2]. For
example, renewable energy consumption (excluding hydro)
of the world grew by 17% in 2017, and the solar energy
contributed more than a third of the total renewables growth
despite accounting for just 21% of the total renewables power
generation [3]. The energy storage system (ESS) technology
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is undoubtedly the key solution to the intermittent nature of
the renewable energy sources [4]-[6].

A PV/battery hybrid power unit forms the most basic
topology among various distributed power generation sys-
tems. Normally the conventional PV/battery hybrid power
unit based on the DC/AC microgrids includes at least
two independent power converters with a unidirectional
DC-DC conversion stage and a bidirectional conversion stage
[7]1-[12], which is shown in Fig. 1 (a) (the DC microgrid
based system for example). The unidirectional DC-DC con-
verter interfaces the PV with the DC bus, and the bidi-
rectional converter interfaces the ESS such as the battery
with the DC bus. Literatures focus on the improvement of
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FIGURE 1. (a) Conventional topology for the PV/battery hybrid power unit
with two independent power converters; (b) Proposed topology for the
PV/battery hybrid power unit with an integrated three-port power
converter.

the control and power management scheme based on the
DC/AC hybrid microgrids, AC microgrid and DC microgrid,
either in the grid-connected or the islanded operating mode
[7]-[10]. Some literatures focus on the application of the
PV/battery hybrid power system based on the DC microgrid
alone [11]. Normally, a comprehensive control strategy for
the PV/battery hybrid power system incorporates the PV
array controller for MPPT purpose, the battery controller for
charging/discharging management and state of charge (SOC)
control purpose, the inverter controller (for the system based
on the AC microgrid) [7]. In addition, the application of
the battery/supercapacitor hybrid energy storage unit in the
PV based distributed power generation system has been dis-
cussed in [11] and [12].

Compared with the conventional topology, an integrated
three-port power converter as the interface for the PV/battery
hybrid power generation system is shown in Fig. 1 (b). The
two independent converters of the conventional topology
in Fig. 1 (a) are combined and therefore the power den-
sity of the system can be enhanced. The concept, modeling
and design of the multiport power converters for interfacing
renewable power sources and energy storage units are intro-
duced in [13]. Authors pointed out that the reliability and
dynamic response of the conventional multi-converter topol-
ogy can be compromised since such discrete system requires
coordinated control on the power flow and load regulation
through the communication channel. The multiport converter
interfacing the power source, battery and load can be derived
by using the multi-winding transformer [14], [15], either
based on the full-bridge module or the half-bridge module.
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However, this kind of multi-winding transformer based mul-
tiport converter may require a large number of power switches
which reduces the power density and meanwhile increases
the cost and the complexity of driving and control. A hybrid
PV-wind-battery-load four-port distributed power generation
system is proposed in [16]. The proposed four-port topology
is derived by simply adding two power switches based on
the conventional half-bridge converter, and therefore high
power density of the system is achieved. The concept of the
boost-integrated phase shift full-bridge three-port converter
is proposed in [17]. Two boost-integrated three-port converter
topologies, namely the symmetric and asymmetric topologies
are presented for potential applications of the PV/fuel cells
based distributed power generation systems. By regulating
the duty cycle of power switches, bidirectional power flow
can be achieved between the two ports at the primary side
of the high-frequency (HF) transformer. Compared with the
equivalent conventional system, the utilization of the inte-
grated topologies benefits the system in terms of higher effi-
ciency, higher power density and decreased cost.

An integrated three-port DC-DC converter combining an
interleaved bidirectional buck—boost converter and a phase-
shift full-bridge converter for the PV/battery hybrid power
generation system is proposed based on the concept of the
symmetric boost-integrated three-port topology [18]. The
proposed PWM plus phase angle shift control scheme is ver-
ified as a suitable candidate for the PV/battery hybrid three-
port power generation system. In addition, the possibility of
the topology extension to derive converters with four or more
ports is discussed.

Compared with the symmetric boost-integrated three-port
topology, a DC blocking capacitor in the HF link is indis-
pensable for the asymmetric topology as the average volt-
age difference between midpoints of the two switching legs
appears in this case. Based on the concept of the asymmet-
ric topology for the boost-integrated full-bridge converter,
this paper investigates its potential application performance
in the DC microgrid based PV/battery hybrid power unit
with an integrated three-port power converter. In addition,
a corresponding energy management and control strategy is
proposed to achieve the automatic energy management and
optimal system performance. Potential operating scenarios
of the system under various power conditions are presented
in detail. Simulations are conducted to verify the feasibility
of the PV/battery hybrid power generation system with the
proposed energy management and control strategy.

Il. BASIC ANALYSIS

The proposed PV/battery hybrid distributed power generation
system is shown in Fig. 2. This is a three-port system inter-
facing a PV, an ESS unit (a battery for example) and a DC
load. The battery serves as an energy buffer, which means
it can be charged or discharged to balance the power flow
in the PV/battery hybrid power system. As shown in Fig. 2,
the phase-shift full-bridge DC-DC converter interfacing the
PV and the load shares power switches with the integrated
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FIGURE 2. The proposed PV/battery hybrid distributed power generation system.
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FIGURE 3. Modulation strategy of the full bridge with the phase shift
angle ¢ and the duty cycle D.

bidirectional buck/boost converter interfacing the battery,
based on which the power density of the system is enhanced
compared with the conventional topology consisting of the
independent phase-shift full-bridge DC-DC converter and
bidirectional converter.

A modified phase-shift modulation scheme is adopted for
the primary full bridge as shown in Fig. 3. Two switching legs
of the primary full bridge are phase shifted by the angle ¢.
In addition, the duty cycle of switches Sp; and Sp; on leg
A can be regulated, while the duty cycle of the other two
switches is fixed at 50%.

The integrated bidirectional buck/boost converter interfac-
ing the battery at the primary side of the HF transformer is
highlighted in Fig. 2. The battery, capacitor Cy, inductor Ly,
two power switches of the leg A and the PV side bus form
a bidirectional buck/boost topology inherently. When the
battery is charged with i, > 0, the topology operates in the
buck mode. When the battery is discharged with i, < 0,
then the topology operates in the boost mode. Therefore,
the bidirectional power flow can be achieved for the battery
with the charging/discharging management requirement.

According to the buck/boost operating principle, since the
battery voltage V4, can be considered as almost constant dur-
ing the normal SOC period, the PV output voltage Vpy can
be regulated to achieve MPPT by control of the duty cycle D.
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Assuming that the inductor Ly, is large enough, Vpy is derived
as

Vpy = W/D (D

where D represents the duty cycle of the switch Sy of leg
A as shown in Fig. 3. In addition, the phase shift angle ¢ is
adopted as another control variable to obtain the required DC
bus voltage Vy,s. Due to the asymmetric modulation with two
legs of the full bridge, vap contains a DC component, which
can compromise the normal operation of the HF transformer.
In this paper, a DC blocking capacitor C}, is incorporated
to prevent the HF transformer from saturation. According to
the volt-second balance principle for the inductor L, and the
HF transformer, the DC blocking capacitor C,, voltage Vcp is
derived as

1
Vep = Vev <D - 5) 2)

Based on the volt-second balance principle for the inductor
L, and assuming L, is large enough, the DC bus voltage Viys
can be expressed as

@ 1 9
Vous =N {E (VPV_VCP)+<§+E - D) (Vev+Vep)

1 ¢ @
+|:1—(§+E—D+E)i||VCp‘} (3)

where the turns ratio of the transformer is defined as 1:N.
Then the DC bus voltage Vs can be derived as

o (3 1
NVpy— |z —-D], D> —
Vi — T \2 2
bus = @ 1 1 ) 1
NVpy ; §+D +§_2D , D<5.

4)

According to Fig. 3, the following constraints need to be
applied for the modulation scheme as

D > 2£
1 (p” D0 ©)
5 + E —_ >
which can be further derived as
@ o 1
— <D< —+ - 6
2w P T2 ©)
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FIGURE 4. Control algorithm of the proposed PV/battery hybrid distributed power generation system.

¢ and D serve as the only two control variables for the
proposed PV/battery hybrid distributed power generation sys-
tem, based on which a corresponding energy management
and control strategy is proposed in the following section.

IIl. CONTROL ALGORITHM

The control algorithm of the proposed PV/battery hybrid
distributed power generation system is shown in Fig. 4. Var-
ious MPPT techniques have been introduced in [19]. In this
paper, only the conventional incremental conductance MPPT
technique is adopted since the improvement of the MPPT
algorism is not the focus of this paper.

As shown in Fig. 4, the phase shift angle ¢ of the full bridge
is used to control the load side DC bus voltage Vs through a
PI controller. The PV reference voltage Vir is obtained by the
basic incremental conductance MPPT algorithm. In addition,
alow SOC detecting part is incorporated in the control system
to temporarily halt the operation of the system (such as setting
the phase shift angle ¢ as zero) when the battery voltage V4
drops to a low value V..

The duty cycle D serves as the key control variable to
achieve the power balance and automatic control in different
operation scenarios of the whole power generation system.
There are three control loops competing to take charge of
the duty cycle D, namely the constant voltage (CV) charging
loop, charging current loop and MPPT loop. The priority con-
troller determines which control loop to enable. The overall
objective is to achieve the power balance of the whole power
system and automatic battery charging/discharging manage-
ment, while have the PV to operate at the maximum power
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point if possible. In this paper, the priority controller is to
obtain the minimum value among three control loop outputs.

For example, when the load power Pp, is larger than the
PV maximum output power Pypp but within the most power
that the PV and battery can supply in combination, the battery
would operate in the discharging mode, and therefore the
battery charging current i, would turn negative, which results
in the saturation for the output of the charging current loop.
Then in this case the MPPT control loop would be enabled
(assuming the battery voltage V4, is lower than the CV charg-
ing voltage Vyy and the CV charging loop is disabled), and
the duty cycle D would be regulated until the PV operates
near the maximum power point. It is noted that the battery
serves as a power balance port in this case.

When the load power is relatively small, there can be much
surplus power from the PV supposing the MPPT control loop
is enabled, which can cause high battery charging power
beyond the specific battery charging requirements. In this
case the input error signal of the charging current control
loop would turn negative, which means the corresponding
loop would take charge over the duty cycle D (assuming the
battery voltage V4, is lower than the CV charging voltage Vyu
and the CV charging loop is disabled). Therefore the battery
would operate in the constant current (CC) charging mode at
a preset level of i;. It is noted that the PV serves as a power
balance port in this case and the operating point of the PV
would be regulated accordingly to achieve the power balance
of the system.

For the CV charging loop, when the battery voltage V4,
reaches the preset CV charging voltage Vppg, the CV charging
loop is enabled and the battery would operate in the CV
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charging mode. Since the charging power is unstable and
uncontrollable for the CV charging mode, the operating point
of the PV would change through the CV charging process to
achieve the power balance.

Potential operation scenarios of the proposed PV/battery
hybrid distributed power generation system under various
power conditions among three ports are illustrated below as

scenario 1 to scenario 7.
1) Scenario 1: The load power is larger than the most

power that the PV and battery can supply in combina-
tion. In this case either the whole system needs to be
halted, or measures such as the load shedding needs to
be taken.

2) Scenario 2: The load power is larger than the PV max-
imum output power Pypp, but within the most power
that the PV and battery can supply in combination.
In this case the MPPT control loop would be enabled
to utilize the most of the solar energy under the specific
irradiance and temperature conditions. In the mean-
time, the battery would operate in the discharging mode
and supply a part of the load power, which achieves the
power balance for the system.

3) Scenario 3: The PV maximum power Pypp just equals
to the load power. In this case the battery would not
be charged or discharged and the PV supplies the load
power solely at the maximum power point.

4) Scenario 4: The PV maximum power Pppp is larger
than the load power, and the surplus power from the PV
is within the maximum charging power of the battery.
In this case, the MPPT control loop would be enabled
and the PV would supply the load and charge the bat-
tery in the meantime. The battery serves as the power
balance port of the system in this case.

5) Scenario 5: The PV maximum power Pypp is larger
than the total of the load power and the maximum
charging power of the battery under the specific irra-
diance and temperature conditions. In this conditions.
In this case the battery charging current i, control loop
would be enabled and the MPPT control loop would
be disabled. The battery would operate in the constant
current charging mode at a preset level of if. In the
meantime, the operating point of the PV would be
regulated accordingly until the power balance of the
system can be achieved.

6) Scenario 6: The PV output power is near zero (for
example in the evening) and the load power is larger
than the maximum discharging power of the battery.
In this case either the whole system needs to be halted,
or measures such as the load shedding needs to be
taken.

7) Scenario 7: The PV output power is near zero and the
load power is within the maximum discharging power
of the battery. In this case the battery would operate in
the discharging mode as the only power source.

A brief illustration about different potential operation scenar-
ios mentioned above is shown in Table 1. PII‘)/[CZ"I‘_IG represents
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FIGURE 5. Flow diagram of the proposed control algorithm.

TABLE 1. Operation scenarios of the system.

Scenarios Power Conditions MPPT
1 Pr>Pyppt Pl _
2 Pripp<Pr<PnprtPiciic Enabled
3 Pr=Pyipp Enabled
4 Prpp-Peiig<PL<Pypp Enabled
5 Pr<Pypp-Pric -
6 Ppy=0, Pi>Pp -
7 Ppy=0, PL<Ppi -

the maximum discharging power of the battery and Plglf’l"G

represents the maximum charging power of the battery, and
both are determined by the specific application requirements
of the battery. In addition, a flow diagram of the proposed
control algorithm is presented in Fig. 5.

IV. SIMULATION RESULTS

The simulations of the proposed PV/battery hybrid dis-
tributed power generation system are conducted using the
Matlab/Simulink software. The PV array model is built
of strings of PV modules connected in parallel and each
string consists of modules connected in series. The PV mod-
ule model used in this paper is based on the PV module
1STH-215-P of the 1Soltech company according to the
National Renewable Energy Laboratory (NREL) System
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TABLE 2. Parameters of the matlab/simulink model.

Parameters Values
PV Maximum Power Pypp (1000 W/m?) 9.6 kW
Maximum Power Point Voltage Ve (1000 W/m?) 435V

Maximum Power Point Current Jypp (1000 W/m?) 22 A

PV Maximum Power Pypp (500 W/m?) 49 kW
Maximum Power Point Voltage Vypp (500 W/m?) 440 V
Maximum Power Point Current Iypp (500 W/m?) 11A

Nominal DC Bus Voltage Vi, 500 V
Battery Nominal Voltage V3, 200 V

Battery Maximum Charged Voltage Vin 208 V

Battery Maximum Charge/Discharge Current 30A
Switching Frequency fo 20 kHz

Inductor L, 45 pH

Capacitor C, 2 uF
Inductor L, 1.5 mH

Transformer Turns Ratio 1:N 2:3

Advisory Model database. PV characteristic curves with Irra-
diance = 1 kW/m? and 0.5 kW/m? (Temperature = 25 °C)
are shown in Fig. 6. The ideal values of the maximum power
point for the PV characteristic curve under standard test con-
ditions (STC) (Irradiance = 1 kW/m?, Temperature = 25 °C)
are as follows: Viypp = 435V, Impp = 22 A, Pmpp = 9.6 kKW.
The main simulation parameters are shown in Table 2. Both
the steady state and dynamic response simulation results are
presented below.

A. STEADY STATE SIMULATION RESULTS

1) SCENARIO 2

The steady state simulation results of the operation scenario
2 are shown in Fig. 7. The simulation conditions are as
follows: Irradiance = 1000 W/m?, Temperature = 25 °C),
the load power P, = 10 kW. By regulating the phase shift
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FIGURE 7. Steady state simulation results of operation scenario 2. (a) DC
bus voltage Vp,,s; (b) PV voltage Vpy; () PV current Ipy; (d) PV reference
voltage V,¢¢: (€) Battery charging current iy,

angle ¢ through a PI controller, the DC bus voltage Vi, is
controlled at the preset value V¥ - = 500 V, which is shown
in Fig. 7 (a). From Fig. 7 (b), Fig. 7 (c) and Fig. 7 (d), since
the MPPT loop is enabled in this scenario, the PV operates at
the maximum power point with Vpy controlled near the ideal
value Vppp = 435 V and Ipy controlled near the ideal value
Ivpp = 22 A. According to Fig. 7 (e), the battery operates in
the discharging mode and supplies a part of the load power in
this scenario.
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FIGURE 8. Steady state simulation results of operation scenario 4. (a) DC
bus voltage V},,s: (b) PV voltage Vpy; (c) PV current Ipy; (d) PV reference
voltage V,¢¢: (e) Battery charging current ip,.

2) SCENARIO 4

The steady state simulation results of the operation scenario
4 are shown in Fig. 8. The simulation conditions are as
follows: Irradiance = 1000 W/mz, Temperature = 25°C),
the load power P, = 8 kW. The DC bus voltage Vyys is con-
trolled at the preset value Vi - = 500 V as shown in Fig. 8(a).
From Fig. 8 (b), Fig. 8 (c) and Fig. 8 (d), the MPPT loop
is also enabled in this scenario and the PV operates at the
maximum power point with Vpy controlled near the ideal
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value Vipp = 435 V and Ipy controlled near the ideal value
Ihvpp = 22 A. According to Fig. 8 (e), the battery operates
in the charging mode in this scenario and the surplus power
from the PV can be stored in the battery.

3) SCENARIO 5

The steady state simulation results of the operation scenario
5 are shown in Fig. 9. The simulation conditions are as
follows: Irradiance = 1000 W/mZ2, Temperature = 25 °C,
the load power P, = 2.5 kW. The DC bus voltage Vs
is controlled at the preset value V,r = 500 V as shown
in Fig. 9 (a). In this scenario the maximum charging current
loop is enabled and the MPPT loop is disabled, and the battery
charging current is controlled as i = 30 A, which is shown
in Fig. 9 (d). From Fig. 9 (b) and Fig. 9 (c), the PV would not
operate at the maximum power point in this scenario, in order
to achieve the power balance of the system.
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B. DYNYMIC RESPONSE SIMULATION RESULTS

1) IRRADIANCE DROPPING INCIDENT

The dynamic performance of the system with the irradiance
dropping from 1000 W/m? to 500 W/m? at t = 2 s is pre-
sented in Fig. 10. Other simulation conditions are as follows:
Temperature = 25°C, the load power P, = 8 kW. The DC
bus voltage Vi, keeps stable during the transition as shown
in Fig. 10 (a). In this scenario the MPPT loop always takes
charge of the control of the duty cycle D. From Fig. 10 (d),
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there is a slight rise of the PV reference voltage Viet, due to the
variation of the PV characteristic curve during the transition.
From Fig. 10 (b) and Fig. 10 (c), MPPT is achieved with
the PV operating near the maximum power points of the
two characteristic curves. From Fig. 10 (e), the irradiance
dropping incident can be considered as a transition from
the scenario 4 to the scenario 2, as the battery operates in
the charging mode before the transition and operates in the
discharging mode after the transition.
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2) LOAD RISING INCIDENT

The dynamic performance of the system with the load power
Py, rising from 8 kW to 10 kW at r = 2 s is presented
in Fig. 11. Other simulation conditions are as follows: Irra-
diance = 1000 W/m?2, Temperature = 25°C. The DC bus
voltage Vi,s keeps stable during the transition as shown in
Fig. 11(a). In this scenario the MPPT loop is always enabled
as shown from Fig. 11(b) to Fig. 11(d). Similar with the
irradiance dropping incident discussed above, the load power
rising incident can be considered as a transition from the
operation scenario 4 to the scenario 2 as shown in Fig. 11(e).

V. CONCLUSION

An integrated three-port power converter as the interface for
the PV/battery hybrid distributed power generation system is
proposed. Compared with the conventional system topology
containing an independent DC-DC unidirectional conversion
stage and a bidirectional conversion stage, the proposed sys-
tem has advantages in terms of higher power density and
reliability. The phase shift angle of the full bridge and the
switch duty cycle are adopted as two control variables to
obtain the required DC bus voltage and realize the power
balance among three ports. Different operating scenarios of
the system under various power conditions are discussed in
detail and a comprehensive energy management and con-
trol strategy is proposed accordingly. The priority controller
can enable one of the control loops in different scenarios
to optimize the whole system performance, taking both the
MPPT benefit and the battery charging/discharging manage-
ment requirements into consideration. The simulation results
verify the performance of the proposed PV/battery hybrid
distributed power generation system and the feasibility of the
control algorithm.
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