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Bidirectional Power Flow Control and Hybrid
Charging Strategies for Three-Phase PV Power and
Energy Storage Systems

Cheng-Yu Tang

Abstract—The objective of this article is to propose a photo-
voltaic (PV) power and energy storage system with bidirectional
power flow control and hybrid charging strategies. In order to
optimize the battery charging performance, five charging strate-
gies, including the constant-current charging, the pulse-ripple-
current charging, the sinusoidal-ripple-current charging, the bidi-
rectional pulse-ripple-current, and the bidirectional sinusoidal-
ripple-current charging, are adopted. Traditionally, in order to
realize these charging strategies, the PV charger should abandon
the maximum power point tracking function to maintain the power
flow balance. As a result, the output power of the PV array will be
decreased. Therefore, bidirectional power flow control strategies
are proposed to achieve the maximum PV power utilization as well
as to realize the hybrid charging methods. In addition, with the
proposed strategies, the bidirectional charging/discharging capa-
bility of the battery is able to achieve the maximum PV power
utilization. All the proposed strategies can be realized by the digital
signal processor without adding any additional circuit, component,
and communication mechanism. Theoretical analysis and control
principles will also be revealed. Finally, a 5-kW prototype circuit
with both simulation and experimental results demonstrate the
performance and feasibility of the proposed strategies.

Index Terms—Bidirectional power flow control, hybrid charging
strategies, PV power system.

I. INTRODUCTION

VER the past few decades, renewable energy generation
O systems, electric vehicles, advanced consumer electron-
ics, and novel energy-saving technologies have been rapidly
developed to deal with the fossil fuel usage and carbon dioxide
emission issues [1]—[3]. Because of the clean, sustainable, and
low-pollution features, the photovoltaic (PV) energy has been
paid high attention [4]-[6]. In order to achieve the maximum PV
power utilization, the maximum power point tracking (MPPT)
is an essential function for the PV power system. Several MPPT
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algorithms, such as the perturbation and observation (P&O)
method and the incremental conductance (INC) method, have
been widely adopted [7]-[9]. Besides, a dc—dc converter with
the pulsewidth modulation technique should be connected to
the PV array to realize the MPPT.

In addition, the battery module is a necessary component for
the energy storage in PV power systems. In order to charge
the battery from the PV array, the dc—dc converter should act
as a PV charger. In the meantime, to ensure the maximum
PV power harvesting, the MPPT is also an essential function
for the PV charger. Besides, the battery charging performance
can be improved to extend the battery life. Therefore, various
kinds of charging technologies have been developed [10]-[13].
Traditionally, the constant-current constant-voltage (CC-CV)
charging method is adopted for the battery charger. Because
of the simple control and the fast charging features, the CC-CV
has become one of the most commonly used charging methods.
Unfortunately, the continuous charging current might cause the
overheat phenomenon. As a result, the electrode plates might be
damaged, whereas the battery life will be shortened [14]-[17].

In order to overcome this issue, the pulse-ripple-current charg-
ing (PRC) and the sinusoidal-ripple-current charging (SRC)
technologies were developed [18]. For the PRC charging, there
will be only positive charging current and zero charging in
one pulse charging cycle. The charging current is discontinu-
ous while the period of the positive and zero current charging
can be adjusted according to different scenarios. In addition,
for the SRC charging, the charging current will be continuous
and it is regulated as sinusoidal waveform. With the PRC and
SRC, electron ions in the battery are able to be homogeneously
distributed by the zero charging current period. In other words,
the charging performance can be improved.

Moreover, the Reflex™ concept was developed [19]. The
Reflex™ method introduces the negative charging period. The
negative charging period can stable the chemical reaction of the
battery as well as enhance the uniform distribution of electrolyte
concentration [20]. The similar bidirectional charging concept
can also be adopted for the SRC charging [21]. In [22] and
[23], it has been proved that the aged cells can be revived by
adopting the discharging (negative charging current) period. The
activation energies of migration through the solid electrolyte
interface and intercalation of graphite can be provided by the
negative charging period. In other words, the inverse reaction
of electrolyte can be realized to prevent impedance formation.
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Fig. 1. PV system diagram and control blocks.

Eventually, the battery degradation can be mitigated whereas the
state of health of the battery will be improved. Therefore, in our
work, the BPRC and BSRC charging are developed according
to the advantages of adopting the discharging period.

On the other hand, if the PRC or SRC charging is adopted
for the PV charger, the PV power will be regulated as a pulse
or sinusoidal waveform, whereas the MPPT function should be
abandoned [24]. As a result, the utilization of the PV energy
will be reduced. Besides, the bidirectional charging concept is
unable to be included for a single-stage PV charger due to the
fact that the PV array cannot absorb energy.

Therefore, a three-phase grid-tied inverter integrated with the
bidirectional power control capability is proposed in this article.
In order to enhance the battery charging performance, hybrid
charging strategies are considered and developed. Aims of this
article can be summarized as follows: 1) achieve the maximum
PV power utilization under different charging methods; 2) re-
alize hybrid charging methods for the battery; and 3) propose
bidirectional power flow control strategies for the three-phase
grid-tied inverter. Detailed circuit operations, theoretical anal-
ysis, and mathematical derivations of the proposed strategies
will be presented. Finally, experimental results obtained from a
5-kW prototype circuit verify the performance of the proposed
control strategy.

II. PV SYSTEM CONFIGURATIONS AND BASIC
CHARGING CONCEPTS

Fig. 1 shows the circuit diagram of the PV power system
and control blocks. The two-stage topology is utilized for the
PV power system and it is composed of an interleaved boost
dc—dc converter, a battery module, and a three-phase grid-tied
inverter. The front-end dc—dc converter will be acted as a PV

charger. A battery module is included as the dc bus. The rear-
end inverter is connected between the battery and the grid to
realize the proposed bidirectional charging control. In addition,
the digital signal processor (DSP) TMS320F28335 is utilized as
the system controller.

Under normal operation, the PV charger should act as an
MPPT to harvest the maximum PV power as well as to charge
the battery. However, if the required battery charging current is
lower than the maximum PV current, the MPPT function will
be abandoned, whereas the output PV power and current should
be reduced to maintain the power flow balance. As a result,
the PV utilization will be decreased, as shown in Fig. 2(a).
On the other hand, according to the PV charger proposed in
[24], if the PRC or SRC charging method is adopted for the
PV charger, the output PV power will be fluctuated between
the MPP and the zero power point. Consequently, the system
cannot achieve the maximum PV power harvesting due to the
power loss area, as shown in Fig. 2(b) and (c), respectively. In
addition, because of the single power direction characteristic,
the PV panel cannot absorb energy. Therefore, the bidirectional
charging and discharging concept mentioned in [25] and [26] is
impossible to be realized with a single-stage PV charger.

In view of this, a three-phase grid tie inverter integrated with
proposed bidirectional charging control strategies is developed.
Detailed operational concepts and theoretical derivations will be
revealed in the next section.

III. PROPOSED BIDIRECTIONAL POWER FLOW CONTROL AND
HYBRID CHARGING STRATEGIES

In this section, detailed analysis of proposed bidirectional
power flow control and hybrid charging strategies will be pre-
sented. It is worth mentioning that basic analysis of the three-
phase inverter integrated with the CC and PRC charging had
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Fig. 2. Conceptual diagram of the power loss area with (a) conventional CC
charging, (b) conventional PRC charging, and (c) conventional SRC charging.

been presented in [25] and [26]. However, in [25] and [26],
only the single-stage three-phase inverter is adopted, whereas
the SRC, BPRC, and BSRC are not proposed. Besides, the
detailed charging power analysis of the PV module, the battery,
and the grid has not been revealed. In this article, the two-stage
PV power system is developed with five different charging
strategies. Moreover, comprehensive mathematical derivations
of the charging power analysis will be revealed in this section.
In the following, three different scenarios will be distinguished
for each charging methods.

A. CC Charging

1) Ipv(D) = IpaT,cc: First, Fig. 3(a) shows the case of the
CC charging when the PV current Ipy (D) is equal to the battery
current Igat,cc. The inverter current I1Nvy,cc is set as zero as

Ivv,cc = 0. (1)

Ipv(D) > IgaT,cc or Ipyv(D) < Igat,cc
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The current mismatch scenarios of the CC charging are shown
in Fig. 3(b) and (c). If the maximum PV current Iypp(D) is
larger/lower than Igar.cc, the extra/inadequate current Alcc
can be regulated by Iinv,cc as

Iinv.cc = Ivpp (D) — Ipar,cc = Alcc. (2)

It should be noticed that if Iyipp(D) is greater than IgaT,cc,
Alcc will be a positive value while the inverter is operated with
the inverter mode. On the other hand, if Iyypp(D) is lower than
Isar.cc, Alcc will be a negative value, whereas the inverter is
operated with power factor corrector (PFC) mode.

Eventually, the power difference AP ¢ will be equal to the
inverter power Pinv,cc as the following equation shows:

APcc = Ppv — Pear,cc = Pinv,cc (3)

where Ppy is the PV power and Ppat cc is the battery power
under the CC charging. With the expression of the battery voltage
Vear, (3) can be modified as

APcc = Vear X [Ivmpp(D) — Ipar.cc] = Vear X Iinv,cc.

“

B. PRC Charging
Scenarios of the PRC charging are shown in Fig. 4. The battery

charging power PeaT prc can be written as

At
Psar prc = VBAT X (IBAT,PRC X ) (5)

T
where IpaT,pre is the peak battery current, At is the positive
charging period, and T is the total charging period.
The inverter power Pinv prc should be the same as the power
difference APprc as

APprc = Ppv — Pear,prc = Pinv,PRC- (6)

1) Ipv(D)=Isar prc: Fig.4(a) shows the case of Iyipp(D)
equal to IgaT,prc- From Fig. 4 (a), it can be confirmed that
the battery current waveform Igar and the inverter current
waveform Iiny are complementary.

The inverter current under the PRC charging /inv prc and
the power difference APpgrc can be expressed as follows:

At
Inv,prc = IBAT,PRC (1 - T) (7
At
APprc = Vear X IpaT,prC | 1 — - ) (8)

2) Ipv(D) > Ipat,prc or Ipv(D) < IpaT,prc: Fig. 4(b)
shows the case of Iypp(D) greater than IpaT prc, Whereas
Fig. 4(c) shows the case of Iyrpp (D) lower than IpaT prc. The
current difference Alprc can be written as

Alpgrc = Iupp(D) — Igat,pRC- )

Different from (7), Alprc should be included in /inv, prc to
maintain the maximum PV power harvesting as

At

Inv prc = IBAT,PRC (1 - ) + Alprc.

T (10)
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Eventually, APpgrc can be obtained as

At
APprc = VBar X |:IBAT7PRC (1 — ) + AIPRC:| .

T
(1)
It should be noticed that in Fig. 4(c), the rear-end inverter will
switch between inverter mode and PFC mode.

C. SRC Charging

Scenarios of the SRC charging are shown in Fig. 5. First, the
battery charging power PpaT src(?) can be defined as

[IBAT,sRC sin(wt) + IaT,SRC]

(12)
where IgaT src is the peak battery current under the SRC
charging.

1
= Vear X 5

Pgat,sre(t) 2

1) Ipy(D) = Igar,sre: First, if Iypp(D) is equal to
IsaT,src, as shown in Fig. 5(a), the average battery power
PpaT,src can be obtained as

1
Ppar sre = g(VBAT x IgaT,SRC)- (13)

Besides, the charging power difference APggrc between Ppy
and PpaT,src can be calculated as

APsrc

1
= Ppyv — PpaT,src = PINv,sRC = §(VBAT X IpAT SRC)-
(14)

In order to achieve the maximum PV power output, the peak
current command of the inverter /inv,src should be equal to
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IsaT,sRC as

Iinv,sre = IBAT,SRC- (15)

Besides, there should be a 180° out of phase shift between
the battery current and inverter current. As a result, the inverter
current command /1Nv, src(?) can be derived as

2

where w is the angular frequency of the charging current.

2) Ipv(D) > Ipat,src or Ipv(D) < Ipat,src: Fig. 5(b) and
(c) shows cases of the PV current larger or lower than Iga1,sRC-
The current difference Alsgrc can be written as

Ivv sre(t) [Ipar.sresin(wt — ) + Igar,sre] (16)

Alsrc = Inpp(D) — IaT,SRC- (17)

Therefore, Alsrc should be included in Iinv sre, as

Ivv,sre = IpaT,src+Alsre (18)
whereas APsrc can be modified as
1
APsrc = VBat X (2IBAT,SRC + AISRC) . (19)

It is worth mentioning that with the case of Ipy(D) <
IpaT sre, inverter will be operated in both inverter mode and
PFC mode.

D. BPRC Charging

Fig. 6 shows scenarios of the BPRC charging strategy. Differ-
ent from the PRC charging method, there will be both positive
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and negative charging periods. However, due to the fact that the
PV array cannot absorb energy, the discharging power should
be transferred to the grid via the inverter, as the slanted line area
shown in Fig. 6. In other words, the inverter current will be larger
than the PV current during the battery discharging period. Then,
the battery charging power PpaT Bprc can be defined as

PsaT BPRC

At At
= VBar X [(IBAT BPRC T X T1> (IBAT BPRC X TQ

(20)

whereas IBAT’BPRCﬂL and IgaT,prc” are the peak positive
charging current and peak negative charging current, respec-
tively. A7; and At, represent the positive charging period and
negative charging period, respectively.

The charging power difference APpprc between Ppy and
PpaT,BPRC can be calculated as

APgprc = Ppv — Peat,Brrc = PiNv,BPRC 21
where Pinv Bprc is the inverter power under the BPRC charg-
ing.

1) Ipy(D) = Iparrrec: Fig. 6(a) shows the case of
Ivpp(D) equal to Iy AT,BPRC*, as the following equation in-
dicates:

Iupp(D) = Igarprrct. (22)

The inverter current under the PRC charging Iinv prc and
the power difference A Pgprc can be expressed by the following
equations:

Iinv,spre = IpaTBPRCT

Atl _ AtQ
1— — I —
( T )+ BAT,BPRC X ( T )

APgprc = VBar

At B At
|:IBAT BPRCT X <1 — T1> + IsaT,BPRC X (2” .

T
(24)

(23)

2) Ipv(D) > Ipat,BPRC 07 Ipv(D) < IpaT,BPRC: The cur-
rent mismatch scenarios of the BPRC charging are shown in
Fig. 6(b) and (c). The current difference Algprc can be written
as

Algprc = Inpp(D) — IpaT,BPRC - (25)

With the combination of (23) and (25), Iinv,BprC can be
modified as

ﬂ APgprc = VBat X { [IBAT BPRCT X <1 — T)
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At
IINnv,BPRC = [IBAT BPRCT X <1 — Tl>

At
+IpaT,BPRC X ( T2>] + Algprc. (26)

Consequently, APgpgrc under the current mismatch scenario
can be obtained as

Aty

At
+IBAT,BPRC X (2)] + ATBPRC}~

T
27)

E. BSRC Charging

The BSRC charging scenarios are shown in Fig. 7. First, the
battery charging power PpaT Bsrc can be expressed as

Ppat,BSrRCc = VBAT X IBAT,BSRC,avg (28)

where IpaT BSRC,ave 1 the average battery current. According
to Fig. 7, IBAT,BSRC,avg €an be derived as (29) shown at the bot-
tom of this page, IpaT Bsrc ™ and Ipa gsre™ are the maximum
positive and negative charging currents, respectively. x; and xo
represent the starting and stopping angles of the discharging
period, respectively. It should be noticed that x; should be within
the range of 7 and 37/2. x should be within the range of 37/2

and 27 as
m <y <37 593y <y < 2, (30)

The charging power difference APsprc between Ppy and

PpaT,sprc can be defined as
APgsrc = Ppv — Peat,Bsrc = Pinv,Bske (31)

where Pinv Bsre 18 the inverter power under the BSRC charg-

ing.
1) Ipy(D) = Iparpsrc: Fig. 7(a) shows the case of
Ivpp(D) equal to Ipar ssrc™ as

Ivpp(D) = Ipar,Bsrc ™ (32)

According to Fig. 7(a), the inverter current command
Iinv,sre and Iinv Bsre should be satisfied with the following
equations to maintain the MPP operation of the PV array:

(33)
(34)

Iinv.sre = Ipar psre ™

v Bsre = Ipar sre” + IBAT,BSRC_| .

Eventually, the inverter current command under the BSRC,
i.e., Iinv, Bsrc(?), can be obtained as

Iinv Bsrc(t) = Ipv(D) — IpaT,Bsrc(l). (35)

™
2 (f lw IgaT BSRC sin wtdt — fxl IgaT,BSRC sin wtdt)

IBAT BSRC,ave =

(29)
Tcharge
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2) Ipv(D) > IpaT,Bsrc or Ipv(D) < Isat,Bsrc: Fig. 7(b)
and (c) shows cases of the PV current is larger or lower than
Isar,Bsrc. The current difference Alggrc can be written as

Algsrc = Ivpp(D) — (36)

Under the current mismatch scenario, Algsrc should be
included in IINV,BSRC(I) as

I AT BSRC-

Iivy Bsre(t) = Ipv(D) — Igar,Bsrco(t)+Alssre.  (37)
Finally, APggsrc can be calculated as
APgsrc = Vear X (IBAT,BSRC,ave + Alsrc). (38)

From (4), (8), (11), (14), (19), (24), (27), (31), and (38), it
can be confirmed that the adequate/inadequate energy will be
regulated by the three-phase grid-tied inverter, whereas the PV
current maintains a constant value. In other words, the maximum
PV power utilization can be achieved by the proposed circuit and
strategies.

It is worth mentioning that the timing signals of the converter
are set as the same as the switching frequency 50 kHz. In
addition, the front-end boost converter utilizes the traditional PI

method to achieve the control strategy. For the rear-end inverter,
the direct-quadrature (d-q) transformation is utilized [27] and
[28]. With the d-q control, the three-phase ac voltage and current
signals will be converted as dc components, as shown in Fig. 8.
Therefore, only the dc components will be considered in the
control loop, whereas the charging/discharging current can be
directly regulated by the inverter input current /iNv.

IV. EXPERIMENTAL VERIFICATION

In this section, experimental results obtained from a 5 kVA
PV power system and proposed charging strategies will be
presented. First, the prototype circuit figure and key circuit
parameters of the interleaved boost converter are shown in
Fig. 9(a) and Table I, respectively. In should be mentioned that
a PV simulator, Chroma 62150H, is adopted and connected to
the input port of the boost converter. The input voltage and the
input current are set as 250 V (V,¢), 200 V(Vaipp), 27.7 A (Ise),
and 25 A (Iypp), respectively. The MOSFET, SPW47N60C3, is
adopted as the main switches, whereas TLP350 is chosen as the
gate driver. Besides, APT15D60BG is selected as the rectifier
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diodes of the boost converter. The DSP, TMS320F28335, is
utilized as the circuit controller.

The prototype circuit figures of the three-phase grid-tied
inverter are shown in Fig. 9(b). The main power board, the
gate drive board, the voltage sensing board, the DSP control
board, and output inductors are included in the hardware circuit.
Main circuit specifications of the inverter are shown in Table II.
According to the specifications of the battery, the input voltage
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and current of the inverter are determined as 320-397 V and
12.6 A, respectively. The output of the inverter is connected to
the 220 Vs, 60 Hz three-phase power system. The rated output
current is set as 13A,,s. The silicon-carbide (SiC) MOSFETS,
HIMO65F020, are adopted in the main power stage, whereas
TLP350 is selected as the gate drivers. The input inductance L;,,
and the input capacitance Cj, are determined as 100 pH and
1.36 mF, respectively. The output inductance Ly and the output
capacitance Cy are designed as 2 mH and 2.2 uF, respectively.
The DSP, TMS320F28335 chip, is utilized as the system con-
troller.

On the other hand, Fig. 9(c) and Table III show the photo
and parameters of the battery module. The module consists of
lithium iron phosphate battery. The capacity is 15AH, whereas
the operational voltage is between 320 and 397 V. Besides, the
C-rate can be calculated via the ratio of rated charging current
and the battery capacity. According to the circuit specifications
of this article, C-rate will be 0.84 C.

Experimental results of the MPPT function are shown in
Fig. 10(a). It can be seen that Ipy and Ppy will be increased
and reach the MPP by the P&O algorithm. Fig. 10(b) shows
waveforms of the output voltage and currents of the inverter. The
voltage of the r-phase v,,, is in phase with the r-phase current i,.
Therefore, the inverter injects active power to the grid.

Experimental results of the CC charging are shown in Fig. 11.
First, Fig. 11(a) shows waveforms of Ipy (D), IpaT, and Iinv,
whereas Fig.11(b) shows IgaT,cc, Veat, and the three-phase
output currents i, i, and i; under the CC charging. Because of
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Fig. 12.  Experimental results of the PRC charging. (a) PV current, the battery
current, and the inverter current. (b) Battery current, voltage, and output ac
currents.

the constant current charging characteristic, the battery current
and voltage will be a constant value, whereas the three-phase
output currents are balance.

Fig. 13.

Fig. 14.

Waveforms of the PRC charging are shown in Fig. 12. Cor-
responding to the conceptual diagram shown in Fig. 4, the
battery charging current will be controlled as a pulse form.
IpaT and Ity will be complementary to remain the maximum
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TABLE I
SPECIFICATIONS OF THE INTERLEAVED BOOST CONVERTER INVERTER

Parameters Value

Rated power SkW

Input voltage 250V(Voe) 1 200V (V)
Input current 27.7A(Ie) | 25ALyp)
Output voltage (Battery voltage) | 320~397V

Rated output current 12.6A

Input inductance 760uH

Output capacitance 470uF/450V

Main switches SPW47N60C3
Switching frequency 50kHz

Gate driver IC for the switches TLP350

Output diodes APT15D60BG
System controller DSP TMS320F28335

PV current. Fig. 13 shows results of the SRC charging. Ac-
cording to the conceptual diagram shown in Fig. 5, the battery
charging current will be controlled as a sinusoidal form. /g1
and I1ny will be complementary to remain the maximum PV
current.

Experimental results of the BPRC and BSRC charging are
shown in Figs. 14 and 15, respectively. It can be seen that there
will be positive current charging, negative current charging, and
zero current charging period of the BPRC and BSRC charging.
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TABLE II
SPECIFICATIONS OF THE THREE-PHASE GRID-TIED INVERTER

Parameters Value

Rated power SkVA

Input voltage (Battery voltage) 320~397V

Input rated current 12.6A

Grid voltages (Line-to-Line) 3-phase, 220V s, 60HZ

Rated output current 13A00s

Main Switches HIMO065F020 (SiC MOSFET)

Switching frequency 50kHz

Gate driver IC for the switches TLP350

Input inductance, L;, 100xH

Input capacitance, Cj, 1.36mF

Output inductance, L, 2mH

Output capacitance, Cy 2.2uF

System controller DSP TMS320F28335
TABLE III

SPECIFICATIONS OF THE BATTERY MODULE

Parameters Value
Battery type Lithium iron phosphate battery
Battery Capacity 15AH
Rated voltage 397V
Cut-off voltage 320V
C-Rate 0.84C

In addition, the complementarity of IzaT and Iinv ensure the
maximum PV power harvesting.

V. CONCLUSION

This article proposes bidirectional power flow control and
hybrid charging strategies for the three-phase PV power and
energy storage systems. First, five charging methods, including
the CC, PRC, SRC, BPRC, and BSRC charging, are considered
and adopted for the battery. On the other hand, a three-phase
grid-tied inverter integrated with proposed bidirectional power
flow control strategies is adopted for the PV power system. With
these strategies, the power flow between the PV, the battery, and
the inverter can be dynamically regulated according to different
charging scenarios. As a result, there is no need to abandon the
MPPT function, whereas the maximum PV power utilization can
be achieved. The proposed strategies can be realized by DSPs
without including additional circuits and components. Detailed
analysis and mathematical derivations are also revealed. Finally,
experimental results obtained from a 5-kW prototype verify the
performance and feasibility of the proposed circuit and control
strategies.
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