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Abstract—Due to the unpredictable and fluctuating nature of
solar photovoltaic (PV), energy storage systems (ESS), such as
batteries, are always integrated with PV systems to smooth the
power supply. In this paper, a multi-port dc-ac converter (MPC)
with differential power processing dc-dc converter (DPPC) is
proposed for battery ESS integrated PV systems. The MPC is
capable of regulating most of active power among PV, battery and
ac grid, and only the differential power (partial power) needs to be
handled by the dc-dc converter. Hence, the major merits of higher
integration, higher efficiency, and lower cost can be achieved by
the proposed configuration. A new cooperative control scheme for
the MPC and DPPC is investigated, aiming at realizing flexible
active power flow. Besides, a modified space vector pulse-width
modulation (SVPWM) is developed for the MPC, taking into the
consideration of the voltage variation of both PV and battery. The
active power controllability of the MPC and the power rating of
the DPPC are quantitatively analyzed. The effectiveness of the
proposed configuration, control and modulation schemes is
validated by experimental results.

Index Terms—Photovoltaic (PV), energy storage system
(ESS), multi-port converter, differential power processing
converter, SVPWM strategy.

I. INTRODUCTION

Due to continually increasing demand for energy and
growing concerns over environment, distributed
generation (DG) based on renewable energy sources are
playing a significant role in modern power systems [1]. Being
non-polluting renewable and abundant in most sites, solar
photovoltaic (PV) is considered to be one of the most effective
alternative energy options [2],[3]. However, the PV output
power suffers from intermittence and fluctuation because of
high dependence on the natural environment, such as solar
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Fig. 1. Dc-coupled battery ESS integrated PV systems: (a) with two
independent dc-dc converters [8]-[10], (b) with one independent dc-dc
converter [11]-[13], (c) with the multi-port dc-dc converter [14]-[16], (d)
with the partial-power dc-dc converter [20].

irradiance, surrounding temperature and weather, etc. [4].
Therefore, in order to sustain the continuous power supply to
the loads, energy storage systems (ESS), such as batteries, are
usually integrated with PV systems [5].

For an ESS integrated PV system, the power converters are
the key to realize flexible active power control among PV, ESS
and ac grid. Generally, the architecture of battery ESS
integrated PV systems can be classified into two categories:
ac-coupled type and dc-coupled type. The most popular
ac-coupled integration method is connecting the battery to the
common ac bus of PV systems through the individual front-end
dc-dc and grid-tied dc-ac converters [6]-[8]. This method
features independent flexible power control, but suffers from
low efficiency and high cost due to the requirements of too
many power converters. Dc-coupled integration methods have
gained major interest in recent years since the dc-ac stage is
shared by PV and battery [9]-[13]. Two typical dc-coupled
integration methods are illustrated in Fig. 1(a) and (b), where
PV and battery are connecting to the common dc bus through
two [9],[10] or one [11]-[13] independent dc-dc converter, and
a centralized dc-ac converter is interfaced with the dc bus and
ac grid. The front-end dc-dc converters in this configuration
can manage power flow as well as realize voltage match
between PV and battery, yet the independent power converters
will increase the system cost and size, and decrease the overall
efficiency.

Multi-port dc-dc converters, which interface with PV,
battery and dc bus simultaneously, are good candidates for the
dc-dc stage, as shown in Fig. 1(c). Thanks to the favorable
merits of higher power density and higher efficiency compared
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with independent power converters, the multi-port dc-dc
converters have been widely investigated in various dc-dc
conversion applications [14]-[16]. Partial-power dc-dc
converters shown in Fig. 1(d) are another attractive solution to
optimize the dc-dc stage, because only the portion of active
power needs to be handled by the dc-dc converter, which,
inherently, leads to lower power losses compared to the
full-power converter [17]. However, in order to create an
independently controlled dc voltage and a direct power flow
path, isolated dc-dc topologies should be always employed,

resulting in higher circuit complexity and more losses [18], [19].

Another drawback is that this topology is not easy to be
modular owing to the complicated circuit connection, resulting
in limitations to be extended to high-power applications [20].
The differential power processing converter (DPPC) is another
interesting concept, which is used to balance the power of PV
elements in PV systems. The basic idea is that the DPPC
processes only the difference in power between a PV element
and adjacent elements. Since only partial power is processed,
the converter power rating can be a fraction of the PV panel’s
rating, which reduces the converter cost. Till now, the concept
of the DPPC is also mainly focused on the dc- dc conversion
stage in PV systems [21],[22]. Based on the above, although the
multi-port, partial-power and differential power processing
dc-dc converters are effective to optimize the dc-dc stage, the
back-end dc-ac converter is inevitably needed for ac grid
connection, and the multi-stage power conversion still
deteriorates the overall efficiency.

To be more integrated and efficient, efforts have been
continuously made by researches to further reduce the power
conversion stages. An alternative solution is using a cascaded
H-bridge based modular bidirectional dc-ac converter to
interface with both PV and battery [23]. Nevertheless, this
topology faces the major problems of increased H-bridge
modules and much complicated control when applied for
three-phase systems [24]. Another possible integration method
is employing the Z-source/qZ-source bidirectional converter,
where PV and battery are connected to the two dc capacitors,
respectively [25],[26]. However, several drawbacks, e.g.,
higher voltage/current stresses, more power losses of switching
devices and complicated control, limit the practical applications
of these topologies. An interesting solution using only one
three-level converter to integrate both PV and battery is
investigated in [27], which features simple configuration and
high efficiency. Yet, the system cannot work properly with just
one battery when PV does not produce any power [27],[28]. To
solve this problem, two battery banks and two relays are
introduced in this topology, which, in reverse, increases the
system complexity and reduces the reliability.

Based on the aforementioned literature review, the
multi-port and partial-power conversion techniques have been
individually investigated and applied for battery ESS integrated
PV systems. Inspired by the state-of-the-art solutions, the
primary purpose of our work is aiming at developing a
high-integration, high-efficiency and low-cost configuration,
by combining both these two techniques. The major
contributions of this paper are as follows.

1) The configuration, which consists of a multi-port dc-ac
converter (MPC) together with a differential power processing
dc-dc converter (DPPC), is proposed for battery ESS integrated
PV systems. The MPC is capable of regulating most of active
power among PV, battery and ac grid, and only the differential
power (partial power) needs to be handled by the DPPC. Hence,
the proposed solution features higher efficiency and lower cost.
It is worth mentioning that, this work is focused on both the
dc-dc and dc-ac stages in battery ESS integrated PV systems,
which is different from the traditional DPP configuration
focused on only the dc-dc stage in PV systems.

2) Modified control and modulation schemes are proposed
for the MPC and DPPC. A new cooperative control scheme,
aiming at realizing flexible power flow among PV, battery and
ac grid, is studied. A modified space vector pulse-width
modulation (SVPWM) strategy is developed for the MPC, with
fully considering the voltage variation of both PV and battery.

3) The power controllability of the MPC is quantitatively
analyzed. Then the requirements for the power rating of the
DPPC can also be derived.

The rest of this paper is organized as follows. In Section I,
the basic idea of the MPC with DPPC is introduced, and the
related topologies are presented. Modified control and
modulation schemes are derived in detail in Section I1l. Next,
the quantitative analysis for the active power controllability of
the MPC is provided, and the power rating of the DPPC is
obtained in Section IV. Experimental results and discussions
are presented in Section V. Finally, key conclusions are drawn
in Section V1.

Il. CONFIGURATION OF THE MPC wiTH DPPC

A. Derivation of the Configuration

The typical configuration as shown in Fig. 1(b), where PV is
directly connected to the dc link, is chosen as the traditional
solution for comparison in this paper. Although the voltage of
the PV string has certain limitations, this configuration features
high efficiency and low cost, and has its own practical
applications. The dc-dc converter in Fig. 1(b) is used to regulate
the active power and realize voltage match between PV and
battery. It is obvious that the dc-dc converter needs to handle all
the active power flowing through the battery, and called as
full-power dc-dc converter (FPC). Based on this traditional
solution, the two-step derivation of the proposed configuration
is as follows.

1) In order to reduce power conversion stages and improve
the efficiency, the front-end dc-dc converter is reduced, and a
new dc port, which is directly connected to the battery, is
created in the dc-ac stage. As a result, the configuration of the
MPC is derived to interface with PV, battery and ac grid, as
shown in Fig. 2(a). The dc-ac converter is called as the MPC
because it has three ports (two dc ports and one ac port), which
are interfaced with PV, battery and ac grid simultaneously.

2) Considering that the power regulation range of the battery
in a stage-stage MPC is always limited by its control and
modulation schemes, a DPPC is introduced between two dc
ports, to extend the power regulation range, as shown in Fig.
2(b). Assuming that the total active power transferred through
the battery is P, and the active power of the battery directly
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Fig. 2. Derivation of the proposed configuration for battery ESS
integrated PV systems: (a) the configuration of the MPC, (b) the
configuration of the MPC with DPPC.
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Fig. 4. Basic operation and active power flow of the proposed
configuration: (a) Case I, (b) Case Il, (c) Case IlI.

exchanged by the MPC is Py, the dc-dc converter processes
only the difference in power between P and P;. Hence, the
dc-dc converter is denoted as the DPPC.

The core idea of the proposed configuration is that, the MPC
is capable of regulating most of active power among PV,
battery and ac grid, and only partial active power needs to be
processed by the DPPC. A typical PV power fluctuation curve
within one day is given in Fig. 3. The basic operation and active
power flow of the proposed configuration is shown in Fig. 4. It
is seen that, when PV power varies within a certain range, only
the MPC operates to realize active power regulation of PV and
battery, without using the DPPC, as shown in Fig. 4(a). In this
case (Case 1), all the active power is transferred within single
power conversion stage, featuring high efficiency. When PV
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Fig. 5. Topologies of the MPC and DPPC.

power fluctuation exceeds the certain range, the DPPC starts to
work and handles the differential power that cannot be
regulated by the MPC. Since only partial power is processed by
the DPPC, it features low power rating and low cost. In the case
that the PV power is very high (Case Il), the sufficient PV
power will charge the battery through the DPPC, as shown in
Fig. 4(b), while in the case that the PV power is very low and
even to zero (Case Il1), partial power of the battery will transfer
to the ac grid through the DPPC, as shown in Fig. 4(c).

B. Topologies

The MPC topology can be derived from the traditional
three-level converter, as shown in Fig. 5. It is seen that one of
the voltage-dividing capacitors of the traditional three-level
converter is separated as a new dc port, and interfaced with the
battery, while the original dc link is used as the other dc port,
and interfaced with PV. The neutral-point-clamped (NPC)
three-level converter is chosen in this paper to derive one MPC
topology, and the same method is also suitable to derive other
MPCs based on different three-level topologies. It is worth
mentioning that, the MPC can also be derived from traditional
topologies which have two potential dc ports, such as the
Z-source/qZ-source topology and split-source topology.
Among these topologies, the three-level topologies are chosen
in this paper because they are simpler and more widely-used in
practical applications. In Fig. 5, by properly controlling the
switches Sy, Sax, Ssx and Su (X=a, b, c), the power flow control
among PV, battery and ac grid can be achieved. It is inherent
for the MPC that the middle point voltage is not always
balanced (i.e., the battery voltage is not always equal to the half
of the PV voltage) when the voltages of PV and battery vary.
This would lead to the major differences of the control and
modulation schemes for the MPC.

As for the DPPC topology, bidirectional dc-dc converters are
required due to the bidirectional power flow of batteries. In this
paper, a simple buck/boost bidirectional dc-dc converter is
employed as an example to illustrate the system operation.

In Fig. 5, the grounds of the PV and battery sources are
connected to the same point, which means the proposed
configuration is non-isolated. The proposed configuration is
also compared with the state-of-the-art non-isolated solutions.

IIl. PROPOSED CONTROL AND MODULATION SCHEMES

A. Proposed Control Scheme
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Fig. 6. Block diagram of the proposed power control scheme.

For the proposed configuration, the target is to realize
high-efficiency power delivery of PV and battery. To achieve
this target, the control logic should be as follows: (1) Within the
power control capability of the MPC, it is preferred to use the
single-stage MPC to regulate the active power of PV and
battery; (2) Only beyond the power control capability of the
MPC, the DPPC is introduced to participate in power
regulation.

Since the MPC topology is derived from the traditional
three-level converter, the idea to realize active power control of
the MPC can refer to the voltage balance process of three-level
converters. As is known, the voltage balance of three-level
converters is always realized by regulating the ratio of positive
and negative small vectors in the SVPWM algorithm. Actually,
the process to realize voltage balance is physically the process
to realize active power regulation of the two capacitors. This
drops us a hint that, the power regulation of PV and battery for
the MPC can also be achieved by regulating the ratio of positive
and negative small vectors in the modulation strategy.

The block diagram of the proposed power control scheme is
given in Fig. 6. As shown, the commonly-used P/Q control is
employed to regulate the injected ac grid current. On the dc side,
the active power of PV can be regulated by MPPT or other PV
power control algorithm, like constant power generation
method [4]. Since the PV power and the ac-grid power are both
controlled, the active power of the battery can be naturally
determined. Based on the above algorithm, the key parts to
realize the proposed control logic are highlighted in Fig. 6. The
parameter k is the output of the PV power control loop, and k.
(0<kc<1) is the control parameter used to regulate the ratio of
positive and negative small vectors. The driving signal of the
switch S; is generated by comparing k with the triangular
carrier varying from -1 to 0, and the driving signal of the switch
S, is generated by comparing k with the triangular carrier
varying from 1 to 2, respectively. With different values of k, the
system operates in different cases corresponding to Fig. 4.

(1) Case I: When 0<k<1, k.=k, the switches S; and S, both
turn off. In this case, only the MPC regulates the active power
of PV and battery, by regulating the control parameter k., and
the DPPC is idle.

(2) Case I1: when k<0, the control parameter k. is limited to 0.
That means, the power control capability of the MPC reaches
one of its limit, and it is still not enough to realize the power
control of PV and battery. Then the switch S; starts to turn on,
and the DPPC works as a buck converter.

Sector Il

(0,h,0)

Sector 111

Sector IV

(0,0, (h,0.h)

(1,0,h)

Sector V

Fig. 7. Voltage space vector diagram of the MPC.

(3) Case I11I: when k>1, the control parameter k. is limited to
1, indicating that the power control capability of the MPC
reaches the other limit. Then the switch S, starts to turn on, and
the DPPC works as a boost converter.

Based on the above cooperative control scheme for the MPC
and DPPC, the target of high-efficiency active power control
for the proposed configuration can be achieved. Besides, the
SVPWM strategy, and the related power control capability, is
another key part, and will be explained in detail in the following
sections.

B. Modified SVPWM Strategy

The modified SVPWM strategy is employed for the MPC to
realize active power regulation of PV and battery. The
switching variable S, (x=a, b, c¢), which represents for the
midpoint voltage of each switching-leg vy, is defined according
to different switching operation. When Sy, and Sy, turn on, and
Sax and Sy, turn off, v,,=Vp,, and S, is defined as h. When S, and
Sax turn on, and Sy, and Say turn off, v,,=Vya, and S, is defined as
I. When S3, and S, turn on, and Sy, and S,, turn off, v,,=0, and S,
is defined as 0. Combined the switching variable of three
phases, the switching states can be defined as (S, Sp.Se).
According to the definition, the voltage space vector diagram of
the MPC is shown in Fig. 7. Since the voltages of PV and
battery are both variable, all the voltage vectors change with the
variation of h and I. Particularly, the positive small vectors
(marked with the red solid line) and negative small vectors
(marked with the blue solid line) are no longer overlapping with
each other, except when I=h/2. As a result, the whole space
vector diagram is asymmetrically distributed.
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As mentioned above, the active power control of the MPC
can be realized by regulating the ratio of positive and negative
small vectors. As seen in Fig. 7, there are two pairs of positive
and negative small vectors in each sector. Taking Sector | as an
instance, the positive small vector V,(1,0,0) and the negative
small vector Vi (h,I,1) constitutes one pair of small vectors,
while Vy,(1,1,0) and Vy,(h,h,I) forms the other pair of small
vectors. Since the positive and negative small vectors are
generally not overlapping with each other in Fig. 7, one major
challenge of the modified SVPWM scheme for the MPC is the
sub-sector division, which is very different from the traditional
four or six sub-sector division method used in three-level
converters. To deal with this problem, two virtual voltage
vectors, i.e., Viin and Vi, Which can be expressed as the
following equations, are introduced.

Vvirl = I(chl + (1_ kc )an
Vvirz = kcvpz + (1_ kc )Vnz (1)

where k. is the control parameter used to regulate the ratio of
positive and negative small vectors, as given in Fig. 6.

Based on the virtual voltage vectors, a six sub-sector division
scheme is shown in Fig. 8. Since the span of k; is 0<k <1, V1 is
located between Vp, and Vy;, and V., is located between V,
and Vy,,. The whole Sector | is divided into six sub-sectors, i.e.,
S1~S6, and these sub-sectors are mainly classified into two
groups by the green boundary, which is formed by the zero
vector (I,1,I) and the middle vector (h,1,0). Below the blue
boundary, it satisfies that

V, <43V v, [(2,) )
where v,=I/h, and V, and V; are coordinates of the reference
voltage vector Vg in af frame. In this region, the virtual
voltage vector V. is used for sub-sector division of S1~S3,
which is judged by

ifV, < (2K, +3v, —4v,k, —2)-V, /3y,
+2(2v,k, +1—k, —v,)/3
else if V, > (2k, +v, —4v,k.) -V, /<3y,
+2(2v,k, +1—k, —v,)/3
S3  otherwise (3)

In the sub-sectors S1~S3, V. is always used for the reference
vector synthesis and k. can regulate the active power flow.
Above the blue boundary, it satisfies that

V/Z > \/§Vr 'Va /(Z_Vr) (4)
In this region, the virtual voltage vector V., is used for

Sub-sector =

TABLE |
SWITCHING SEQUENCE IN EACH SUB-SECTOR

Sub- Switching sequences

SeCtor | oskT, | 05T, | 05T, | k)T, | 05T, | 05T, | 05kT
st 1000 | @10 | @1 (h1h) () (1,10) | (1,0,0)
s2 1000 | (h00) | (h10) | (LD (10 | (h00) | (10,0
s3 100 | @10 | (h10) | (hlD h10) | L0 | (100
sS4 o) | aLh | () | D (h1h () (1,1,0)
S5 110 | (o) | (hhoy | thl | (ho) | (10) | (10
6 @10 | (o | (i) | thD (LY | (Lo | (110

sub-sector division of S4~S6 and its vector synthesis. The
judgment for these sub-sectors is
vk, +v, -k -1 )

vk +1-k -v,) 7 B
V3(-2v)(k -1,

1+k, —2vk,
+ 2(1-v,)A+2v,k, —k, —V,)

1+k, —2vk,

Sub-sector = |S6  otherwise (5)

Combined Equs. (2) with (3), and (4) with (5), the sub-sectors
S1~S6 can be uniquely determined. After sub-sector division,
the reference vector V. can be synthesized by three nearest
vectors, i.e., Vo, Vi and V,, in each sub-sector, and the dwell
time can be derived by solving the following function.

VT, =V, To +V, T, +V,, T,

VT =V, T +V,, T+, T, 6)

T, =T, +T,+T,
where Vi, and Vs (i=0,1,2) are coordinates of the voltage vector
Vi in ap frame, T; is the action time and T is the switching
period. After solving the function (6), the virtual voltage vector
V.ir1 Can be realized by the real small vectors V; with the action
time k.T; and V,,; with the action time (1-k.)T;, and V,;;» can be
implemented by V. and V,, in a similar way. With the above
step-by-step process of virtual voltage vector definition,
sub-sector division, voltage vector selection, dwell time
calculation, and switching sequence arrangement listed in
Table I, the modified SVPWM strategy can be finally realized.

s4 ifv, <

else if V, >
S5

IV. REQUIREMENTS FOR THE POWER RATING OF THE
DPPC

In the battery ESS integrated PV system, the battery is used
to smooth the PV power, and the power supply of the loads can
keep continuous and constant. For the proposed configuration,
the active power of the battery Py, is made up of two parts,
expressed as

Pbat = Pbat,dir + PDPPC (7

where Py gir i the active power directly transferred through the
MPC, and Ppppc is the active power processed by the DPPC.

The directly transferred active power Py gir IS determined by
the modified SVPWM scheme of the MPC, which can be
derived by

2,
Pbat,dir =Viout 'IO boat, dir (H)d 9/2” (8)
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Fig. 9. The normalized directly transferred active power of the battery.

where ipq gir(6) is the average value of the directly transferred
battery current during one switching period T, and it can be
calculated by

ibat,dir (0) = Z { Z [Bxi Ix(g)]}-rl (6)/1—5 (9)
i=0,1,2 { x=a,b,c
where B,; satisfies that if S,=I, B,=1, while if S,=h or 0, B,;=0,
and ix(0) is the phase current. Substituting Equ. (9) into Equ. (8),
Ppatgir Can be obtained.
On the other hand, the ac-grid active power, i.e., the ac-side
load power, can be expressed as
Pac = 3\/)( I X (10)
where V, and I, is the RMS value of the ac-grid phase voltage
and current, respectively.
Due to power balance of the whole system, it satisfies that
va + Pbat = Pac (11)

where Py, represents the fluctuant PV power. Substituting Equ.
(7) into Equ. (11), the power processed by the DPPC, Ppppc, is
PDPPC = Pa -Py—R (12)

pv bat,dir
To analyze the requirements for the power rating of the
DPPC, the following two assumptions are made: (1) The
required ac-side load power P is constant, which is defined as
P.c(pu)=1.0 p.u., and all the active power is normalized by P,c.
(2) The fluctuant PV power varies from 0 to 2.0 p.u. Based on
the assumptions, the normalized directly transferred active
power of the battery P qir(pu), in terms of the voltage ratio v,
(vi=l/n=Vpad V) is illustrated in Fig. 9. It can be seen that, the
power regulation range of the MPC is surrounded by two
boundary lines under the condition that k.=0 and k.=1,
respectively. Taking a specific case that v,=0.45 as an example,
Ppatair(pu) varies from -0.5 p.u. to 0.42 p.u. with k changing
from 0 to 1, and Equ. (12) can be further derived as
0.58 p.u.— P, (pu) if0<P,(pu)<0.58 p.u.
Poeec (PU) =40 if 0.58 p.u.<P,,(pu) <15 pu. (13)
15pu.—P, (pu) ifl5pu.<P,(pu)<2.0pu.

According to Equ. (13), Pppec(pu)=0 when P,,(pu) varies
from 0.58 p.u. to 1.5 p.u. This is because that, within this range,
the PV power can be regulated by the battery only using the
MPC, via regulating a proper parameter k. When P,,(pu) is
lower than 0.58 p.u., the MPC operates under one limiting
condition that k.=1, Pyaqir(pu)=0.42 p.u., and the DPPC starts
to operate in the boost mode. When Pp,(pu) is larger than 1.5
p.u., the MPC operates under the other limiting condition that

—— Porrc(pu) in the proposed solution
Prre(pu) in the traditional solution

0.5 DPPC
Reduced operates
active power in buck
Ppppc (pu) d
— mode
Prpe (pu)
DPPC
—0.5 operates Only MPC
in boost operates
mode
0 02 04 06 08 10 12 14 16 18 2.0

B, (pu)
Fig. 10. Active power processed by the DPPC in the proposed solution
compared with that processed by the FPC in the traditional solution
shown in Fig. 1(b).
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Fig. 11. Experimental prototype.
k=0, Ppat.qir(pu)=-0.5 p.u., and the DPPC starts to operate in the
buck mode. The traditional solution shown in Fig. 1(b) is used
for comparison, where the normalized power processed by the
FPC, Pepc(pu), can be easily derived as

PFPC (pu) =10 p.U.— va (pu) (14)
When P, (pu) varies from 0 to 2.0 p.u., the curves of
Poppc(pu) and Pepc(pu) are both illustrated in Fig. 10, where it
is seen that the active power processed by the DPPC is much
lower than that processed by the FPC in the whole PV power
variation range. It can be further derived from Equ. (13) and Fig.
10 that, the maximum active power processed by the DPPC is
0.58 p.u. With other values of v,, the maximum active power
processed by the DPPC can be obtained in a similar manner,
and the worst case can be used for designing the power rating of
the DPPC.

V. EXPERIMENTAL VERIFICATION

A. Prototype Description

An experimental platform is constructed and tested to verify
the effectiveness of the proposed configuration, control and
modulation schemes. The experimental prototype is shown in
Fig. 11. The proposed control and modulation schemes are
implemented with a dSPACE MicroLabBox DS1202. A
programmable ac source from California Instruments is used
for emulating the grid, and the rated grid voltage/frequency is
55 V/60 Hz. The rated grid-side active power is 500 W. Two
programmable dc sources from REGATRON are used for
emulating PV and battery. Taking the lithium iron phosphate
(LFP) battery, whose operation voltage varies from 2.5 V to
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Fig. 13. Steady-state waveforms when the proposed configuration operates in Case I: (a) P,,=350 W, (b) P,,=500 W, (c) P,,=700 W.

3.65 V [29], as instances, the battery voltage range is 100 V to
146 V with the serial numbers of LFP cells chosen as 40. In this
paper, a relatively larger voltage range, i.e., 100-150 V, is
chosen for the batteries. The fluctuant PV power varies from 0
to 1 kW, and the PV voltage range is chosen as 180-210 V,
which is always larger than the peak value of ac line voltage
and the batteries. The MPC is implemented with three insulated
gate bipolar transistors (IGBTs) power modules (Infineon
F3L75R07W2E3), and the DPPC is implemented with two SiC
metal-oxide-semiconductor field-effect transistors (MOSFETS)
(ROHM SCT3080KR). The Yokogawa WT5000 Precision
Power Analyzer is used for efficiency measurement.

B. Steady-state Operation

To verify the modified SVPWM scheme for the MPC, the
experimental tests under the conditions that Vp,;=90 V, 100 V
and 150 V are conducted. The steady-state waveforms of the
switching sequence are given in Fig. 12. In the cases that
V=90 V and 100 V, the reference voltage vector V. rotates
anti-clockwise through S2, S3, S6 and S5, and in the case that
Vpat=150 V, V¢ rotates anti-clockwise through S1 and S6. It is
seen that the switching sequences of these sub-sectors fully
agree with the theoretical switching sequences listed in Table I.
For instance, when V4 rotates through S6, the switching
sequences are (1,1,0)—(h,1,0)—(h,1,)—(h,h,)—(h,1,))—(h,1,0)
—(1,1,0) as shown in Fig. 12, which is compatible with those in
Table I. Besides, it is also seen that the midpoint phase voltages

Vi, are symmetrical only when the battery voltage Vyq is equal
to half of the PV voltage Vy, (i.e., Vp=100 V), while it is
asymmetrically distributed in other cases. The total harmonic
distortion (THD) values of the injected grid current under the
conditions that V=90 V, 100 V and 150 V are 1.77%, 2.03%
and 2.69%, respectively, which are close to each other and
indicate that the influence of the asymmetrical multi-level
characteristics on THD performances is relatively small.

The experimental results in different cases are tested to
verify the operation of the proposed configuration. The
steady-state waveforms when the proposed configuration
operates in Case | are shown in Fig. 13. In this case, only the
MPC is used for power control while the DPPC is idle. As seen
in Fig. 13(a), the output PV power Py, is 350 W (less than the
grid-side power), and the battery is discharged to provide the
residual power required by the grid-side power. In Fig. 13(b),
when Py, is 500 W (equal to the grid-side power), it supplies
active power to the ac grid without charging/discharging the
battery. In Fig. 13(c), when Py, increases to 700 W (larger than
the grid-side power), part of the PV power is delivered to the ac
grid, while the remainder charges the battery. It is obvious from
Fig. 13 that, within a certain range of Py, e.g., 350-700 W, the
MPC is capable to realize active power control among PV,
battery and ac grid.

The steady-state waveform when the proposed configuration
operates in Case Il is shown in Fig. 14. It is seen that, when Py,
increases up to 1 kW, the switch S, of the DPPC turns on while
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the switch S, remains off, which means the DPPC starts to work
in the buck mode. In this case, part of the PV power charges the
battery through the MPC, while the other part is processed by
the DPPC. When P, decreases to 0, the steady-state waveform
is shown in Fig. 15, where the switch S; of the DPPC is off
while the switch S, turns on and the DPPC operates in the boost
mode. In this case, the active power of the battery is delivered
to the ac grid in part by the MPC and in part by the DPPC.

In summary, it can be derived from Figs. 13~15 that, the
proposed configuration works well in different cases according
to the fluctuant PV power, and the experimental results agree
with the theoretical analysis pretty well.

C. Transient Operation

The transient performance during the load stepping up and
down is shown in Fig. 16. As shown, the output PV power
keeps constant. When the load steps up, the battery changes
from the charging mode to the discharging mode, while when
the load steps down, the battery returns to the charging mode.

The dynamic waveform during the large PV power variation
(taking the worst case that Py, changes between 0 and 1 kW as
an example) is given in Fig. 17. As shown, the load (grid-side
power) keeps constant. When the PV power Py, is 1kW, the
battery is charged and the DPPC works in the buck mode. As
P,y decreases to zero, the battery turns to be discharged and the
DPPC changes to work in the boost mode. As seen in Figs. 16
and 17, fast and smooth transient performance is achieved by
the proposed configuration.

D. Comparison with Traditional Solutions

In order to highlight the advantages of the proposed
configuration, the traditional solution shown in Fig. 1(b) is also
built and tested for comparison. To make a fair comparison, An
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Fig. 16. Dynamic waveform during the load stepping up and down.
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Fig. 18. Efficiency comparison in the whole PV power variation range.

FPC with the same topology as the DPPC, and an NPC
three-level dc-ac converter with the same devices and
parameters, are used for the traditional solution.

As for the power rating of the dc-dc converter, according to
the specification of the prototype and the analysis in Section 1V,
the maximum active power processed by the DPPC is 0.6 p.u.
Therefore, in comparison with the traditional solution, where
the maximum power processed by the FPC should be 1.0 p.u.,
the power rating of the dc-dc converter in the proposed solution
can be reduced by 40%.

As for the system efficiency, the efficiency comparison in
the whole PV power variation range is shown in Fig. 18. For the
proposed solution, the points a and b are near the limiting
conditions that k.=1 and k.=0, and the efficiency is relatively
higher due to the five-segment SVPWM rather than
seven-segment SVPWM. In the range between point a and b,
only MPC operates and the efficiency is almost constant, while
out of this range, the efficiency decreases with the increasing
power processed by the DPPC. For the traditional solution,
when operating in the point c, the PV power is equal to the
grid-side power, and the battery and FPC are idle. Hence, the
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efficiency in this point is almost the same as the proposed
solution. Expect for this point, the efficiency of the traditional
solution is lower than that of the proposed solution due to much
more power processed by the FPC. As seen, the maximum
efficiency improvement of the proposed solution is almost 2%.

E. Discussions for Practical Applications

Based on the theoretical analysis and experimental results,
the proposed configuration can interface with two dc ports and
one ac port, simultaneously, and realize flexible power control
among these ports. Besides, some attractive features, such as
much lower power rating of the dc-dc converter between two dc
ports, and much higher conversion efficiency, are achieved. It
has been verified in this paper that the battery ESS integrated
PV systems are good applications. Moreover, the same concept
of this paper can also be extended to hybrid energy systems
(e.g., the two dc ports interface with the super-capacitor and
battery), micro-grids and other practical applications.

VI. CONCLUSION

A multi-port dc-ac converter (MPC) with differential power
processing dc-dc converter (DPPC) is proposed in this paper for
battery ESS integrated PV systems. A cooperative control
scheme for the MPC and DPPC, aiming at realizing flexible
active power control and smoothing the full range of PV power
fluctuation, is developed. Moreover, a modified SVPWM
scheme is investigated for the MPC, with fully considering the
voltage variation of both PV and battery. Based on the proposed
control and modulation schemes, the MPC is capable of
regulating most of active power among PV, battery and ac grid,
and only the differential power (partial power) needs to be
processed by the DPPC. The power control capability of the
MPC and the requirements for the power rating of the DPPC is
analyzed in detail. With the specification of the prototype, the
power rating of the dc-dc converter can be reduced by 40%, and
the system efficiency improvement can reach up to 2%.
Therefore, the proposed configuration features some attractive
advantages, e.g., more integrated, more efficient and more
cost-effective, and it is a good candidate for practical
applications, such as battery ESS integrated PV systems, hybrid
energy systems, micro-grids, etc.
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