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Abstract: This paper presents a systematic topological study to derive all possible basic and non-
isolated three-port converters (TPCs) using power flow diagrams. Unlike most reported TPCs
with one bidirectional port, this paper considers up to two bidirectional ports and provides a
comprehensive analytical tool. This tool acts as a framework for all power flow combinations,
selection, and design. Some viable converter configurations have been identified and selected for
further analysis.

Keywords: bidirectional ports; power flow graph; three-port converters

1. Introduction

Power electronic converter is an interface which allows the integration of different
energy sources to perform efficient power conversion, fast control, and effective power
conditioning [1-5]. Using multiple separate single-input single-output (SISO) converters
may produce an inefficient, costly, and bulky design [6]. Therefore, multiple-port power
converters have been presented to cover the requirements of different applications, such as
photovoltaic battery hybrid system [7] and fuel-cell supercapacitor hybrid power system [8].
Renewable energy sources (RESs), such as solar energy, become an important complement
or even replacements of conventional energy sources due to their sustainable supply of
energy for long term. To get continuous and more stable power from RESs, there is a need
to integrate the energy storage elements, such as batteries, supercapacitors, and flywheeels,
etc. This will not only provide stable power supply for the loads but also improve the
overall system reliability.

Consequently, different topologies of possible three-port converters should be avail-
able to cater for various types of input sources and load ports [9-12]. These ports could be
a unidirectional port, such as a PV energy source, or a bidirectional port, such as battery
or DC bus [13,14]. Therefore, the arrangement of converters and controlling the power
flow distribution of the TPCs plays a vital role on the overall performance and efficiency.
Nevertheless, a number of research studies have been presented for TPCs along with differ-
ent topologies. However, to the best knowledge of the authors, few papers have provided
a systematic topological study and a comprehensive comparison among these different
configurations [6]. In [15], a systematic analytical technique for different configurations
is constructed. The extension of this work with different buck, boost, and buck-boost
converters is presented [16,17]. In [18], a comprehensive topological study and comparison
of five different structures of three-port DC/DC converters are presented. However, some
TPCs cannot be derived based on these five structures as in [19,20], where some ports
share components. Furthermore, these five structures provide a general structure but does
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not show exactly how the power flow through these ports is and if it is fully or partially
controlled. However, for some applications, such as electric vehicles, a bidirectional output
port is needed to handle regenerative braking [21,22]. Therefore, in paper [23], all possible
power flow combinations had been studied for two bidirectional ports. This paper extends
the work in [23] through a systematic topological study of all power flow combinations
with particular focus on practical design and implementation of a selected topology for a
practical application.

This paper focuses on providing a systematic topological study to derive all possible
configurations of TPC with two bidirectional ports in contrast to [15] where the output port
was unidirectional. The significance of this work is to investigate and demonstrate which
configuration has less power conversion stages between any two ports. Furthermore, it
shows if all ports are fully or partially controlled, as well as presenting the appropriate
configuration for specific applications. The paper is organised as follows: in Section 2, a
brief review of a systematic topological derivation of three-port converters with one bidirec-
tional port. In Section 3, a brief review of power flow graphs is discussed. Followed by the
power flow graph derivation for two bidirectional ports is proposed. In Section 4, circuit
realisation based on proposed power flow graphs are proposed. In Section 5, principles of
operation of Type I-III-IC is explained briefly, followed by conclusion in Section 7.

2. A Review of Three-Port Configurations

There are many ways of deriving the TPCs’ configuration, as explained previously
in [15-18,24]. In [15], a systematic analytical technique for different configurations is
constructed based on the power flow graph tool. The extension of this work with different
buck, boost, and buck-boost converters is presented in [16]. This work was specifically
designed for some specific configurations. Similarly, power flow graphs have been used to
construct different configurations for IoT applications, as in [17]. A computer program was
used to drive different topologies of three-port converters [25]. As compared to the manual
derivation method, this programmable method is faster and covers more viable topologies.
However, the main structure is limited to one inductor and three switches. Therefore, any
changes in the three-port converter, such as the bidirectional port, leads to a repeat of the
whole derivation process. In [18], five TPC structures were constructed limited to a single
bidirectional port. Therefore, this paper focuses on analyzing two bidirectional ports where
all these structures are modified, as shown in Figure 1. These structures are evaluated
comprehensively based on three dimensions: efficiency, the complexity of the topology,
and control simplicity. A comparison of these five structures is outlined in Table 1.

Many factors can affect the efficiency of a TPC. One factor is the number of power
processing stages between any two ports. The TPC structure in Figure 1a is the best in
terms of efficiency as a single power processing between any two ports. The TPC structures
in Figure 1c,d come after the TPC structure in Figure 1a as two paths have single power
processing. After that, the TPC structure in Figure 1b has two paths of single power
processing. However, it has two power processing in the primary path (PV source to
DC bus). Finally, the TPC structure in Figure le has two power processing between any
two ports. Based on the topology complexity, the TPC structures in Figure 1b,c are the
best, as only two converters are needed. The next best is the TPC structure in Figure 1d,
where two converters are bidirectional, then the TPC structure in Figure 1a, which has
two unidirectional converters and one bidirectional converter. Finally, the TPC structure
in Figure le has two bidirectional converters and one unidirectional converter. This
feature could be advantageous based on the control simplicity as fewer control parameters
(controller) are used. However, the system will have less control objective as well. Therefore,
the TPC structures in Figure 1b,d are the simplest as every converter achieves one control
objective for all different modes of operation. The TPC structure in Figure 1c has two control
objectives. However, these objectives will change in different modes, which increase the
complexity of this structure. Finally, the TPC structure in Figure 1a,e has three control
objectives which are the most complex to control.
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Figure 1. A modified TPC structures with two bidirectional ports based on [18].

Table 1. A comparison between different TPC structures [18].

Efficiency = The Complexity of the Topology Control Simplicity

P1S2 structure Highest High Lowest

P2S2 structure Low Lowest Highest
P1S3-I structure High Lowest High
P1S3-II structure High Low Highest

P2S54 structure Lowest Highest Lowest

3. Power Flow of Three-Port Converters

Power flow graphs technique was first presented in [26,27] for power factor correction
PFC converters. The technique is extended in [15] to derive all possible three-port DC/DC
converters with unidirectional output power. Similar technique is used here to drive all
possible TPCs with two bidirectional ports.

3.1. Power Flow Subgraphs

There are three types of power flow subgraphs: (1) In Type I, the power is transferred
separately from one port to another, as shown in Figure 2a; (2) Type 1II, the power is
transferred simultaneously from two ports to one, as shown in Figure 2b; (3) In Type III,
the power is transferred simultaneously from one port to two ports, as shown in Figure 2c.
If all ports are unidirectional, only Type I and Type II are used.

(a) Typel (b) Type II (c) Type III

Figure 2. Power flow subgraph of DISO converters [15].

3.2. Power Flow Graphs for One Bidirectional Port

Power flow graph configuration consists of a mixture of power flow subgraphs that
ensure all ports are connected together and describe the paths of power transfer. Based on
that, all possible combinations are studied, such as two of Type I, two of Type II, two of
Type III, Type I 4 Type II, Type I + Type III, and so on. After the derivation, all impractical
configurations are eliminated. One example of input ports being bidirectional (for battery
application, for example) and one unidirectional output port had been studied in [15].
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Based on the power flow subgraphs, as shown in Figure 2, complete power flow graphs for
all double-input single-output (DISO) converters are constructed in Figure 3. All possible
converter connections are explained in four different power flow graphs, namely, Type I-I,
Type I-11, Type I-111, and Type II-IIL. Type I-I graph which integrates two of Type I subgraphs
and so on. Type II-II and Type III-III are not acceptable because Type II-II makes output port
bidirectional which is unnecessary and Type III-IIl makes a redundant power flow graph.

Battery lT Battery lT Battery lT

(b) Type I-1I (c) Type I-II (d) Type II-1II

Figure 3. Power flow graphs of TPC with one of input ports being connected to battery as the bidirectional port [15].

3.3. Proposed Power Flow Graphs Derivation for Two Bidirectional Port

In addition to the battery, a bidirectional output port is useful in applications, such as
electric vehicles (regenerative /braking mode) and DC microgrids. Power flow subgraphs
of three-port converter with a bidirectional output port are the same as the unidirectional
output port as in Figure 2. In this paper, PV is considered one of the renewable energy
sources for the input port, and a DC bus is the bidirectional output port.

All possible combinations of power flow subgraphs are studied to ensure that all
ports are connected together with minimum power flow paths. Starting from Type I, a
minimum of three of Type I is required to connect all ports. Therefore, two power flow
graphs illustrating three Type-I configurations are shown in Figure 4a, and Figure 4b using
all ports. However, one power flow path is not considered, such as in Type I-I-IA, PV to
the battery or in Type I-I-IB, PV to the DC bus. Therefore, four of Type I is constructed in
Figure 4c. Additionally, these configurations are separated and require three individual
converters, which results in less efficient and costly system. As a result, power flow graphs
of Type I and Type II are mixed, the resultant configurations are shown in Figure 4d, and
Figure 4e. However, no direct connection between PV to battery as shown in Figure 4d, and
no direct connection between PV to DC bus, as shown in Figure 4e exists. To overcome this
issue, Type I-II-IA and Type I-II-IB are presented, as in Figure 4f and Figure 4g, respectively.
However, the last two configurations increase the number of switches. Another possible
combination is one power flow graph of two of Type I, as shown in Figure 4h. The last
possible combination is two of Type I with Type IlI, as shown in Figure 4i. The advantage
of this configuration is in using the Type III configuration, which has one input (PV) and
two outputs (battery and DC bus), with a bidirectional converter connected between the
battery and DC bus. It is worth noting that there are no possible configurations of Type
II-1IT and Type III-1II as one direction of the bidirectional port will not be connected in this
power flow configuration. As clearly displayed in Figure 4, there are significant changes in
the power flow graphs in comparison to a one bidirectional port in [15] and is presented
in Figure 3.

According to the circuit theory [26], to construct two subgraphs together, a minimum
of two separate and basic converters are required. Therefore, two converters are placed
on the power flow graphs in proper paths to build all possible three-port converters, as
in Figure 5. In Figure 5a, one unidirectional converter connects the PV to DC bus, and a
bidirectional converter is connected between the battery and the DC bus. The difference
between Figure 5a,b is the connection of the PV source with the battery instead of the DC
bus. In Figure 5c, two unidirectional converters and one bidirectional converter have been
used. Figure 5d,e have a central converter with a bidirectional port from the DC bus and
the battery. The only difference is the connection of the unidirectional converter.
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Figure 4. All possible power flow graphs of three-port configurations. (a) Battery to DC bus, DC bus to battery and PV to
DC bus. (b) Battery to DC bus, DC bus to battery and PV to battery. (c) Battery to DC bus, DC bus to battery, PV to DC bus
and PV to battery. (d) PV and battery to DC bus + DC bus to battery. (e) PV and DC bus to battery + battery to DC bus.
(f) PV to battery path added to (d). (g) PV to DC bus path added to (e). (h) Mixture of 2 of Type I and Type III configurations.
(i) Mixture of 2 of Type II configurations.

For Type II-1I, two converters are placed on the power flow graphs in their proper
paths to build all possible three-port converters using only unidirectional SISO converters,
as in Figure 6. Upon further inspection of each configuration, one of the ports is connected
directly without a converter, leaving it out of control. Therefore, there is a trade-off between
controllability and the number of converters. As the direction of this work is towards
full control, only three configurations, where all ports are controlled, are useful, as in
Figure 7. It is worth noting that Type II-IIA and Type II-1IB are equivalent to P153-I and
P1S3-1I structures, respectively. In addition, an example of each of these configurations are
presented in [23,28].

Similarly, Type I-1II-I configurations are proposed in Figure 8. All of these configura-
tions have a bidirectional converter between the battery and the DC bus. In Figure 8a, the
PV source is connected directly to the DC bus and to the battery through a unidirectional
converter. In Figure 8b, the PV is connected directly to the battery. In Figure 8c, the PV
source is connected to the DC bus and the battery through a converter. In Figure 8d, the PV
source is connected to the battery and DC bus through a central converter. In Figures 5-8,
converters 1 and 2 could be transformer-based, bridge-based, Cuk, ZETA, SEPIC, or basic
converters, such as buck, boost, or buck-boost converters. Therefore, for simplicity, only
basic converters will be considered, as shown in Table 2. Type I-III-IA and Type I-1II-IB
are identical due to spatial symmetry between the two bidirectional ports. Therefore, both
of them have the same combinations. This paper studies all possible power flow graphs
more specifically those converters having three power flow sub graphs. Each of these
configurations has been studied, and and circuit realisation undertaken.
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Figure 5. Some possible power flow graphs configurations based on Figure 4.
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Figure 8. All possible arrangements of Type I-III-I configurations.

Table 2. Possible combinations of proposed converter structures based on non-isolated basic

DC/DC converters.
Configuration Converter 1 Converter 2 Condition
Type I-I-IA Any Any —
Type I-I-IB Any Any —
Boost Boost VBar<Vpy<Vpc
Buck VPV<VB11t & VPV<VDC
Type II-1IA Buck Boost VBar<Vpy & Vpc<Vpy
Buck Vpc<va<VBgt
Buck-boost Boost Viar<Vpy
Buck VPV < VB at
Boost Boost VBat<Vpce & Vpy<Vpc
Buck VPV<VDC<VBut
Type II-1IB Buck Boost VBat<Vpc<Vpy
Buck VDC <VBat & VD(j<VpV
Buck-boost Buck-boost
Boost Boost Vpy<VBat<Vpc
Buck VPV<VBat & VDC<VBat
Type II-IIC
Buck Boost Vear<Vpy & VBat<VDC

Buck VDC<VBut<VPV
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Table 2. Cont.

Configuration Converter 1 Converter 2 Condition

mperma G e e
Type I-II-IC i?ﬁ: gﬁﬁfﬁﬁﬁiﬁ Vear<Vpy & Vpe<Vpy
Type LD Buck Buckcboont Von<Vin & VoV

4. Circuit Realisation Based on Proposed Power Flow Graphs

This section includes the circuit realisation based on the proposed power flow graphs,
which was initially proposed in the previous section. A Type I-II-IA circuit is based on
the power flow graph shown in Figure 9. This structure has a central converter and a
unidirectional converter between the PV source to the battery. The central converter can
achieve the PV source to the battery and the DC bus through a single inductor by using two
paths. These two sources have the time-sharing between them to ensure the switches are
working in an alternate pattern [29,30]. In addition, a bidirectional path can be constructed
between the DC bus and battery using the same central converter. Finally, a separate
converter is used to connect the PV source to the battery. Compared with other topologies,
this topology can achieve single power processing for all seven modes at the cost of adding
only one additional switch.

Ly
| e —
1yl
S (- m o +
jﬁ Vs QA= oV
Sasn sl

L,

Bat

Figure 9. Type I-II-IA circuit realisation.

The first circuit of Type I-III-IA, in Figure 10a is based on the proposed power flow
graph as depicted in Figure 8a. This configuration has a direct connection between the PV
source and the DC bus. The first converter is connected between the PV source and the
battery. The second converter is a bidirectional converter between the battery and the DC
bus. This converter will have high efficiency in the PV source to the battery and the DC bus
mode as it involves single power processing among the ports. Similarly, the battery to the
DC bus and the DC bus to the battery mode also involves single power processing. On the
other hand, to achieve the PV source to the DC bus and the PV source to the battery modes,
all switches are required to complete the path and achieve these modes. This results in
double power processing, which will degrade the efficiency but ensure that the system will
work even if the battery or the DC bus are disconnected.

The second circuit of Type I-III-IB, in Figure 10b is based on proposed the power flow
graph as depicted in Figure 8b. This configuration has a direct connection between the
PV source and the battery. The first converter is connected between the PV source and the
DC bus. The second converter is a bidirectional converter between the battery and the DC
bus. This converter will have high efficiency in the PV source to the battery and the DC
bus mode as it involves single power processing among the ports. Similarly, the battery
to the DC bus and the DC bus to the battery mode involves single power processing. On
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the other hand, in order to achieve the PV source to the DC bus and the PV source to the
battery modes, all switches are required to complete the path and achieve these modes. As
above, this results in double power processing, which will degrade the efficiency but will
ensure that the system will work even if the battery or the DC bus are disconnected.

The third circuit of Type I-III-IC configuration is realised based on the proposed power
flow graph in Figure 10c. This configuration has a direct connection between the battery
and the DC bus. The first converter is connected between the PV source to the battery and
the DC bus. The second converter is a bidirectional converter between the battery and the
DC bus. This converter can have high efficiency in the PV source to the battery and the DC
bus mode as it involves single power processing among the ports. Similarly, the battery
to the DC bus and the DC bus to the battery mode also involves single power processing.
This converter works similar to the converter mentioned above in the PV source to the DC
bus and the PV source to the battery modes.

The fourth circuit of Type I-III-ID is based on the power flow graph shown in
Figure 10d. This structure has a central converter and a bidirectional converter between
the battery and the DC bus. The central converter can couple the PV source to the battery
and the DC bus through a single inductor using a different path but increases the number
of switches.

Ll l

R e I i

Bl ! + S|

I-PIT ’-PIT :: C] ]iDz C_*,’\ \;()

V.:\E]PV \’:\E]PV T L <I—'
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(c) (d)

Figure 10. Circuit realisations of Type I-III-I configuration. (a) Type I-III-IA circuit realisation. (b) Type I-III-IB circuit
realisation. (c) Type I-III-IC circuit realisation. (d) Type I-III-ID circuit realisation [31].

3
kil

°Y

However, the PV source to the DC bus and the PV source to the battery mode is
achievable through single power processing without using all the switches to complete
the path.

5. Principles of Type I-III-IC Operation

This section discusses principles of operations and simulation results of Type I-11I-IC,
which has been chosen for the purpose of illustration. The converter connected with the
PV source to the battery and the DC bus is a boost converter. The battery is connected to
the DC bus using a bidirectional buck-boost converter. The circuit realisation is shown
in Figure 10c. These simulations results include Mode 5, 6, and 7, as the first four modes
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are SISO which are easy to implement. According to design requirement, the converter
operates in continuous conduction mode (CCM) [32]. The circuit has seven modes of
operation. These modes are discussed as below:

1.

N T 0N e

mPV ﬂE

PV to DC bus: In this mode, the PV source supplies the power only to the DC bus as
the battery is at maximum SoC;

PV to battery: In this mode, the PV source supplies the power to the battery at no
load condition;

Battery to DC bus: In this mode, the battery supplies the power to the DC bus as the
PV source cannot supply power during nighttime;

DC bus to Battery: In this mode, the DC bus supplies the power to the battery as the
PV source cannot supply power during nighttime;

PV to battery and DC bus: In this mode, the PV source has sufficient power to supply
the battery and the DC bus. Figure 11 shows two switching states and explained
as follows:

State I [fp < t < t1]: 51 is turned ON. The PV source starts to charge the inductor
where I}, = Ipy, as shown in Figure 11a. When S; turns OFF at t = ty, this state ends;
State II [; < t < tp]: S7 is turned OFF. L; starts to discharge to the battery and the
DC bus, as shown in Figure 11b. When S; turns ON at ¢t = 5, this state ends. The
simulation waveforms are shown in Figure 11c.

L, L,

\
n

] S—E—

(a) State I (b) State IT
PV voltage
L, current

PV power

TN T N T

Battery power

Output power

T T T T T T T T T 1

(c) PV to battery and DC bus waveforms.

Figure 11. Type I-III-IC circuit Mode 5 SIDO.

6.

PV and battery to DC bus: In this mode, the battery and the PV source provide the
power to the DC bus. The system now operates as a DISO converter. Figure 12 shows
four switching states and explained as follows:

State I [ty <t < t1]: S1 and S3 are turned ON while Sy, S4 are OFFE. PV starts to charge
L;. In addition, L, starts to charge from the battery via S3, as shown in Figure 12a.
The voltage across L is given by v;, = Vpy and that across the inductor L; is given
by vy, = Vp. This mode ends when S3 turns OFF at t = t1;

State Il [{; < t < fp]: S1 and S4 are turned ON while S;, S3 are OFF, PV source
continues to charge L. In addition, L, starts to discharge into the DC bus and C, as
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N T

mPV ﬂE

shown in Figure 12b. The voltage across L; is given by vy, = Vpy and across L, is
given by vy, = —Vpc. This mode ends when S; turns OFF at t = t,.

L, L,

——T

(a) State I

L, L,
‘ ; >

N

(c) State IIT (d) State IV

L, current

L, current

PV power

Battery power

Output power

\/\/\/\

(e) PV and battery to DC bus waveforms.

Figure 12. Type I-III-IC circuit Mode 6 DISO.

State III [, < t < t3]: Sp and Sy are turned ON while Sy, S3 are OFF, L; starts to
discharge to the battery via Sp. In addition, L, continues to discharge into the DC
bus and the capacitor Cy, as shown in Figure 12¢. The voltage across the inductor L;
is given by vy, = Vpy — Vpc — Vp and across L, is given by vy, = —Vpc. This mode
ends when S3 turns ON at f = t3;

State IV [t5 < t < t4]: Sp and S35 are turned ON while S, S4 are OFFE. L continues
to discharge into the battery. In addition, L, start to charge from the battery and
Cy, as shown in Figure 12d. The voltage across L1 is given by vy, = Vpy — Vpc — Vp
and across L, is given by v, = V. This mode ends when S; turns ON at t = 4. The
simulation waveforms are shown in Figure 12e;

PV and DC bus to battery: As the battery is low in SoC, as well as PV source is
generating less power, therefore DC bus and PV source together charge the battery at
the rated current. The TPC operates as a DISO converter. This mode consists of four
switching states, as shown in Figure 13 and as follows:

State I [{) < t < f1]: S1 and S4 are turned ON while S; and Sz are OFF. The PV source
starts to charge L where I}, = Ipy. In addition, L, starts to be charged from the DC
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bus via S4 where I}, = Ipc + Ic,, as shown in Figure 13a. When S4 turns OFF at ¢ =,
this state ends;

State Il [t] < t < ty]: S71 and S3 are turned ON while S, and S4 are OFF. L] continues
to be charged from the PV source and L; starts to discharge into the battery, as shown
in Figure 13b. When S; turns OFF at t = t,, this state ends;

State III [t; < t < t3]: Sp and S3 are turned ON while S; and S4 are OFF. L starts to
discharge into the battery via S and L, continues to discharge into the battery, as
shown in Figure 13c. When S, turns ON at = t3, this state ends.

L, L,
—L —

mPV ﬂE

PV ﬂE

L1
]

(a) State I (b) State IT
L, L,
> g 1yl

(c) State 11T (d) State IV

L, current

1.30A

1.00A=

0.70
L, current

2.04A

o “/\/\/\/
1.38A

17.4146W PV power

1".4m\\-\_/

17.4216W
29.1W

Battery power

28.6W=

28.0W

Output power

(e) PV and DC bus to battery waveforms.
Figure 13. Type I-III-IC circuit Mode 7 DISO.

State IV [t3 < t < t4]: Sp and Sy are turned ON while S; and S3 are OFF. L1 continues
to discharge into the battery and L, starts be charged from DC bus, as shown in
Figure 13d. When S; turns ON at t = 4, this state ends. The simulation waveforms
are shown in Figure 13e.

Controlling TPC at low-load could leads to a very low efficiency as it is only able to
operate in CCM when currents are low. Therefore, a new modulation strategy in [32], for
imposing DCM is presented to increase the efficiency. Control structure and mode selection
could apply to the proposed circuit is explained in [28].
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6. Proposed Circuits Simulation Results

This section discusses LTspice simulation results of the proposed circuits that were
presented in Section 4. The simulation results of Type I-II-IA circuit is depicted in Figure 14.
Followed by the simulation results of Type I-III-IA, and Type I-III-IB circuits, as shown in
Figures 15 and 16, respectively. Principles of operations and simulation results of Type
I-III-IC are thoroughly explained in Section 5.

L, current PV voltage

1.54. 30.86V
1.16A: \ / 30.78V \//\

0.77. 30.70V
L, current L, current

1.26A¢ 2.88A:
0. /\\ — //\\‘\,/ /\‘ 2.48A¢
0.49A¢ 2.08A¢

PV power 27 96% PV power

\
-27.250W -
-27. = \\ = \ 28.09W /\
N
~

\\/ :28.22“: \/

Battery power 1012 Battery power

——— e o~ S~

-10.32W

-27.305W-
11.68W-

11.56W /.

11.44W Output power Output power

o e e A

14.70W T T
Ops Sus 10ps 15ps 20ps 25ps 30ps 35ps 40us 45us Ops Sps 10ps 15ps 20ps 25ps 30ps 35ps 40ps 45ps
(a) PV to battery and DC bus Mode. (b) PV and battery to DC bus Mode.
s L, current
20.78 \//\\/
;:; L, current
2.10A¢ //\
1.80. \‘/
- PV power

-22.352W
™
-22.396 W+ +

-22.440W
29.76W Battery power

29.65W=1

29.54W
Output power

-8.72W
_8.80W \ / \_/ \ /
-8.87W T T T T T T T T

ops Sus  10us  15ps  20ps  25ps  30ps  35ps dOps  dSps

(c) PV and DC bus to battery Mode.
Figure 14. Simulation results of Type I-II-IA.

PV voltage L, current

41.028V 1.50.
41.008V \//\\/ 1.17A
0.84.

40.988V
2.31A: /\ L, current e L, current
1.93A -3.15A
1.54A -3.48A
PV power PV power

-40.820W -21.993W /\ /\ /\
-40.840W \/ 22.010W—4~ N — N~

-40.860W) -22.026W
733m Battery power 6.8W Battery power
271 7“_\/_\\/ -7.8W
27.00W -8.8W

Output power 27.6W Output power

13.35W /\
13.10W \/ 26.6W /\\//\ A
25.6W T T

12.85W T T T T T T T T T T T T T
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(a) PV to battery and DC bus Mode. (b) PV and battery to DC bus Mode.

Figure 15. Cont.
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e L, current
1.16.
U7 L, current
2.40 2
2.07 \-\/
1.74A:

PV power

,:3_*3"\\-1\/

23.802W
29.7W

Battery power

29.0W+

28.2W
Output power

(b) PV and DC bus to battery Mode.
Figure 15. Simulation results of Type I-III-IA.
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247 \-\/\/\/
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PV power -31.204W PV power

30.167W

30.174W+

-31.217W=
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N
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(a) PV to battery and DC bus Mode. (b) PV and battery to DC bus Mode.

L, current

1.44

1.14

0.84
231 L, current

o PV power

28.380W
zx,sus\\—/\ !—/\ /
Battery power

28.406W
36.4W
35.3\\-\/\
34.2W -
Output power
[

(c) PV and DC bus to battery Mode.
Figure 16. Simulation results of Type I-III-IB.

7. Conclusions

This paper has presented a topological study to derive all possible three-port convert-
ers by using power flow graphs. Based on three-port converters with one bidirectional port,
three-port converters with two bidirectional port are discussed in detail. Using power flow
graphs, the number of possible converter candidates are minimised to select best topologies
with desired performances. The impractical configurations due to their indirect connection,
violating the circuit rules and multiple conversion stages have been eliminated. Useful
converter configurations have been identified and corresponding circuit realisations are
demonstrated. Additionally, a comparison is carried out for all these useful configurations.
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