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Abstract- Distributed power generation plants with combined photovoltaic (PV) systems and integrated energy storage for grid-
connected applications have seen an increase in research interest in recent years. However, the combination of multiple energy
sources requires numerous DC-DC converters and thus becomes more complex. To address this issue, a multiport bidirectional
DC-DC LLC resonant converter for grid connected applications is presented in this research. In order to minimize the control
complexity of the proposed system, a zone based controller approach with an integrated modified maximum power point tracking
(MMPPT) method, which is based on the incremental conductance method, is also developed. This proposed controller is able
to regulate the converter voltage and power flow while either delivering or taking power from the utility grid. The converter
presented in this study contains a bidirectional buck-boost converter and an LLC resonant converter in addition to a voltage
source grid-tied inverter. These all interface with the PV, the battery and the utility. Extensive simulation analyses through

MATLAB/Simulink have proved the operations of the proposed topology.

Keywords: Multiport converter, PV-battery hybrid system, Bidirectional LLC resonant converter, MPPT.

1. Introduction

Power electronic converters and control methodologies
have seen tremendous growth in power distribution systems in
order to achieve sustainable transmission networks.
Therefore, some key design elements have arisen, such as
compactness, high power capability and higher efficiency.
Managing multiple energy sources, such as wind, PV, battery
and fuel cell, through a single power electronic converter
becomes the new research and industry applications trend.
Numerous converter topologies have been presented in the
literature and they can be classified into two main categories:
unidirectional and bidirectional converters. The unidirectional
converter has been extensively studied. Despite presenting
many good features, in the standalone applications it is not
well suited for achieving compactness, especially when
isolation is a part of the system requirements. Utilizing the
unidirectional converter in highly integrated energy sources
may increase the number of converters, leading to an increase
in size and cost of the system. Additionally, control for power
sharing between the converters can be complex and introduce
instability into the system, potentially decreasing the
efficiency [1]. Therefore, bidirectional converters are a more
suitable configuration for multi-energy integration systems.
This type of configuration is mainly found in battery storage,
uninterruptible power supplies (UPS), motor drives and
vehicle to grid (V2G) applications. They also function well in
high frequency operations with the use of a high frequency
solid state transformer. While this configuration presents
many advantages, such as high voltage connection, power

density and efficiency [2], [3], further improvements and
modifications have been done to increase the number of
connected devices through a single converter. This has led to
the rise of multiport converter topologies. A half-bridge three-
port converter was presented in [4] for connecting renewable
energy sources (RES), a battery storage unit and loads. The
power flow among the ports of this converter was presented to
support the study. To achieve soft-switching, operate at steady
state and manage power flow, a three-port DC-DC
bidirectional converter with zero voltage switching was
studied in [5]. In [6], another three-port configuration was
examined for the integration of fuel cell and battery storage
systems. Despite the advantages presented by these
converters, there are some drawbacks. The usage of the three-
winding transformer with three separate converters results in
an increase in the complexity, the footprint and the cost of the
system.

In order to address these drawbacks, researchers have
introduced multiport converters which are configured through
two winding transformers. In [7], a new multiport isolated
bidirectional DC-DC converter was introduced for hybrid
battery storage and super-capacitor system applications. In
[8], an altered design of the isolated half-bridge converter
structure was presented for interfacing the utility grid, the
battery storage and the load port. The three modes of operation
were analyzed in order to establish the control parameters for
the converter. Another modified representation of the half-
bridge converter was introduced in [9] to interface two
different sources, a bidirectional battery storage and the
isolated output port. The full-bridge converter was then altered
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in [10] in order to obtain a three port converter. In that study
the derivation methodology and the configuration of the
proposed converter were presented.

Increased demand for higher efficiency, power density
and frequency operation in more sustainable energy source
applications has driven researchers to look for an alternate
power converter design to meet these challenges, while
keeping the loss at a minimum. Apart from the hard-switching
converters, soft-switching topologies, such as LLC resonant
converters and optimized advanced control techniques, have
been adopted to achieve these design criteria. The LLC
resonant converters have become an enticing choice for their
capability of operating at high frequency, while achieving
high power density under a wide input voltage range in
renewable energy system applications [11]-[13]. Due to their
ability of zero voltage switching, they achieve lower switching
losses.

In prior art, numerous configurations of resonant
converters with integrated PV systems and battery storage as
multiport structures have been proposed. A half-bridge LLC
resonant converter was presented in [14]. This topology
includes two inputs that are connected to one PV and one
battery storage system. A non-isolated resonant multiport
switched capacitor was proposed in [15] for renewable sources
and battery storage. A combined PWM and fixed frequency
modulation strategy was used to regulate the output power and
the voltages of the system. Contrary to the converter in [15],
an isolated three-port LCL resonant converter was introduced
in [16] for power sharing between the PV and the battery
storage to the load. In [17], another LLC topology was
proposed in which the LLC tank is shared between the two
energy sources. While these configurations enable
simultaneous power sharing between the input ports and may
use fewer switches, they use a high number of passive
components which increases the cost and size of the system.
Due to the inability to transfer power from the load port back
to the input ports in these multiport structures, the
bidirectional system becomes more favorable for multi-source
applications.

A multiport LLC resonant converter was presented in
[18]-[20] for transferring power among all the ports. However,
the three-winding transformer and the increased number of
semiconductor devices, inductors and capacitors augment the
cost and increase the footprint of the converter. A symmetric
resonant tanks bidirectional LLC converter with equal
operating frequency on both sides was presented in [21]. The
main goal of this structure was to increase the power density
with minimal resonant components volume. An ancillary
clamping switch with additional flying capacitors three-level
resonant converter topology was presented in [22] for
bidirectional power flow. The use of supplementary capacitors
and switches contributes to the augmentation of the cost and
the complexity of the system [23]. A bidirectional power
sharing converter with automatic transition from output to
input and an additional inductor was presented in [24].
However, the voltage gain ratio posed limitations on the
variable switching frequency and the efficiency of the
converter. To compensate for the problem of limited voltage-
gain range of traditional LLC converters, a new topology for

high efficiency under wide voltage gain was constructed in
[25]. In [26] and [27], a buck-boost type LLC converter was
presented to achieve soft-switching and to operate as a step up
structure in forward power flow and a step down structure in
reverse operation mode.

While these studies proposed converters that improve
upon precursory research work, they are all focused
exclusively on two-port applications. In the case of integrated
hybrid systems, such as PV, battery storage and grid, the
converter topology has at least three-ports and, as a
requirement, the battery converter has to be bidirectional. This
type of converter is typically developed by employing two
LLC resonant converters or utilizing a three-winding
transformer. In a very few number of researches, different
construction of LLC resonant converter topologies has been
presented to boost power density and efficiency while
eliminating the three-winding transformer and /or the second
converter [28], [29].

In this research, a bidirectional multiport LLC resonant
converter for grid-connected systems is investigated as an
extension of work done in [30] and [35]. Additionally, a zone
based power management scheme and an MMPPT control
technique are analyzed for the integration of the battery and
PV system. The uniqueness of this research lies within the
utilization of three unequal sources that are connected through
the LLC resonant converter. The proposed unified converter
topology and the control technique remove the requirement for
either two transformers or a three-winding transformer and the
DC-DC boost converter of the PV system. As a result, the
footprint and efficiency of the converter and the transformer
are significantly improved. The proposed design configuration
and control methodologies were investigated in
MATLAB/Simulink and the obtained results are presented.

2. Topology Description

The proposed converter configuration is shown Fig. 1.
The system contains three main components: the PV system,
the battery energy storage and the utility grid. The PV and the
battery energy storage share a common DC bus V- which is
considered either as an input or an output of the resonant
converter based on its operation mode. The battery energy
storage is configured through a bidirectional buck-boost
converter and connected parallel to the PV to form the two
ports of the bidirectional converter at node A. The utility grid
forms the other port of the converter through the voltage
source inverter. The power flows between node A and node B
via the high frequency transformer. As seen in Fig. 1, the
renewable energy source is denoted as V), which is the
voltage of the PV system. Cp is the input capacitor, Vea
represents the voltage of the battery storage and L is the
inductance of the bidirectional buck-boost converter, which is
configured through the switches O; and Q.. At node A and
node B respectively, Csc and C, form the DC bus capacitor and
Vacand V, can be taken as either the input or output DC voltage
of the LLC resonant converter, depending on the operation
mode. The switches Pi, P2, Ps, P4, S1, S2, S5 and Sy form the
full bridges of the resonant converter. L, is the resonant
inductor, C is the resonant capacitor and L is the magnetizing
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inductance of the high frequency transformer. The three-phase
voltage source inverter is composed of the switches G
through Gs. Multiport isolated bidirectional DC-DC converter
topology is obtained by connecting all the ports together.

2.1- Principle of operation of the proposed converter

In order to best utilize the PV system when it is generating
power, the maximum power point tracking (MPPT) is
enabled. The MPPT is obtained through the regulation of the
battery energy storage system current. The grid-connected
three-phase voltage source inverter can transport the power
supplied by the PV and the battery storage to the grid or can
provide power to the battery storage from the grid. The power
can be a mixture of the PV system, the battery storage and/or
the grid source. Thus, this converter configuration has the
capability of operating in two modes, the forward and reverse
modes. For both modes, four instances can be analyzed, as
seen in Fig. 2.

A- Forward Mode

When the converter is operating in forward mode, where
the power flow is from node A to node B, the power sharing
can be categorized into three zones, as seen in Fig. 2 (a), (b)
and (c).

In Zone-I, the power consumed by both the grid and the
battery storage is directly supported by the PV system. In this
zone, the switches Q; of the bidirectional buck-boost and S;
through S4 of the bidirectional LLC converter remain inactive,
as seen in Fig. 3. Therefore, it can be seen that the battery
storage is constantly being charged by the supplied power of
the PV system and it can be considered as a load. The voltage
source inverter also exports the power generated by the PV
system to the grid and follows its power reference.

In Zone-II, the grid is simultaneously receiving power
from both the PV system and the battery storage. In this zone,
the switches Q: of the bidirectional buck-boost and S: through
Sy of the bidirectional LLC converter are kept off, as seen in
Fig. 4. Thus, the battery storage also becomes a supplier for
the grid.

In Zone-III, the switches Q: of the bidirectional buck-
boost and S; through S+ of the bidirectional LLC converter
remain off, as seen in Fig. 5. Therefore, the battery storage is
the sole power provider of the grid. This scenario most often
occurs at night when the PV system is not able to provide any
power.

B — Reverse Mode

The converter is operating in reverse mode when the
power flows from node B to node A. In this operation mode
the power sharing can only be possible between the grid and
the battery energy storage system, as seen in Fig. 2 (d). In the
reverse mode of operation, the battery storage system becomes
a consumer, as it is always being charged by the grid. The
switches P, through P, and Q> are turned off while S; through
S4 become active, as demonstrated in Fig. 6.
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Fig. 1: The proposed multi-port resonant converter topology.
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Fig. 2. Power flow characterization of the PV system (PVs), the battery

system (BS) and the grid source (Gs): (a) Forward operation Zone-I (b)

Forward operation Zone-II (c¢) Forward operation Zone-III (d) Reverse
mode.
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Fig. 4. Forward mode operation for Zone-II.
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Fig. 5. Forward mode operation for Zone-III.
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Fig. 6. Reverse mode operation.
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3. DC Voltage Gain Characteristics of the Proposed
Converter

An LLC resonant converter contains two resonant
frequencies. The first resonance frequency is determined by the
resonant inductor L., and the resonant capacitor C;. The second
resonant frequency is obtained using the two inductances of the
transformers, the magnetizing inductance L» and the resonant
inductor L, and the resonant capacitor C.. In these equations,
fr1 and fi2 are the first and second resonance frequencies,
respectively [31], [32] and [33]:

1

I = mie 1
1
fra = 2Lt L) Cr &

From the equivalent circuit models shown in Fig. 7, the DC
gain of the LLC resonant converter can be obtained, as in
equations (3) and (4) below, based on the theory of the
Fundamental Harmonic Approximation (FHA) [27]:
avy _ SLy /R

€)

K = = ——
Forward Vg %_'_ SLy+ SLm //Ro
T

Kpackwara = 6:/& =R, + — + sLy + sLp “)
b sCr
To formulate simplified DC gain values for equations (3) and
(4), the quality factor Q (the ratio of the square root of the
resonance inductor and the capacitor to the effective
resistance), m (the quotient of the sum of the primary
inductance to the resonant inductance), the normalized
frequency Fix (the fraction of the switching frequency to the
first resonant frequency), the reflected load resistance value
Rae, and a (the turn ratio of the transformer) are calculated as

follows:
E
Cr

Q=7 )
Rac = (3)(@-Ry) (©)

= 7)
Fo=2 ®)

The load resistance is considered to be a variable load, due
to the fact the converter is not connected to a particular load.
The typical values of the load resistance for both the forward
and reverse operation modes can be formulated, as in (9) for
power flow from node A to node B and (10) for the opposite
direction, respectively:

_v
Ry =12 ©)
Vbzus
Ry = 22us (10)
bat

Based on the considered convention in this paper, when the
power is transferring from node A to node B, it is denoted as
forward power transfer. When it flows from node B to node A,
it is denoted as reverse power transfer. Therefore, two gain
values were calculated from the previous equations and can be

formulated into the following equations. Equation (11) is
formulated for the forward operation and equation (12) for the
reverse power transfer.

K@Q,m, F) = - (11)
j 14 P+ () 02
K(Q,mF,) = \/1 + (- Fi)2 .Q? (12)

As obtained from (11) and (12), the gains of the LLC resonant
converter can be controlled by regulating the switching
frequency of the converter [27]. The gain path of the proposed
converter design for several resistance values is demonstrated
in Fig. 8 for both power operation modes.
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Fig.7. Equivalent circuit models of a bidirectional LLC resonant converter.
(a) Forward mode operation. (b) Reverse mode operation
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Fig. 8. DC gain of the bidirectional LLC converter for distinct Q values, a)
Forward mode, b) Reverse Mode.
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4. Control Technique for the Proposed System

The control strategy employed for the proposed structure
has an objective of regulating the converter in both forward
and reverse modes of operation. The derivation of the control
method is based on Fig. 2 above and Fig. 9 below. In this work,
1Soltech 1STH-350-WH Monocrystalline PW Modules are
used. The PV system is composed of 4 strings connected in
parallel. Each string contains 19 PV modules that are
connected in series. The MPPT curve for this PV connection
is shown in Fig. 9. As it is presented in Fig.2, the description
of the control method is as follows:

A- Zone-I and -II

In Zone-I and -II, when power is being transferred from
node A to node B, it is imperative to extract the maximum
power from the PV. To accomplish this, the MMPPT was
derived from the well-known Incremental Conductance (IC)
[34] theory to track the Maximum Power Point (MPP) of the
PV in order to obtain the reference current for the battery.

At the instant when the solar irradiation intensity
surpasses the preset lower irradiation boundary, the MMPPT
is triggered and starts to regulate the reference current of the
battery. Therefore, both the charging and the discharging
current estimation are obtained from the PV system operating
condition. When the operating point is on the right hand side
of the MPP, the reference current of the battery is decreased.
To achieve a reduced reference current of the battery, the
power supplied by the battery can either be reduced or
increased as dictated by the operation mode of the battery
storage. Equation (15) depicts this condition.

Contrary to the right side, if the system operating point is
on the left hand side of the MPP, the reference current of the
battery is increased by the MMPPT. Therefore, the charging
capacity can be increased or decreased. This method is
presented in equation (14). When the operating point is at the
MPP, the reference current of the battery is maintained
constant by the MMPPT. This operation point is shown in
equation (13).

At the MPP % = —é = Ibat*(k) = Ibat*(k — 1) (13)
The left side % > —é = Ibat*(k) = Ibat*(k—1)— Al (14)

The right side % < —é = Ibat*(k) = Ibat*(k —1) + Al (15)

The flowchart describing the proposed MMPPT algorithm is
given in Fig. 10. In Fig. 11, the performance of this control
algorithm is shown. The solar irradiation trajectory and
proportional reference current of the battery obtained by the
MMPPT algorithm can be also seen. As previously explained,
the MMPPT determines the battery current and state (charging
or discharging) to maintain the operation of the PV at its MPP.

B- Zone-III

In Zone-II1, the PV power is unavailable or is below the
operating set point. The mode detector algorithm, as
presented in Fig. 13, deactivates the MPPT technique and the
battery storage is controlled in voltage regulation method.
This can be seen in Fig. 13(a). During this period, a PI
regulator is acquired to maintain the DC bus voltage at the

desired level. The reference current of the battery is set by the
PI regulator for maintaining a constant DC bus voltage.

In addition to the control techniques presented for Zone-I,
-IT and —III, the DC voltage, denoted V%, of the full bridge LLC
resonant converter is regulated by the variable switching
frequency method in order to transfer power from node A to
node B. In this mode of operation, the switches P;, P>, Ps and
P, are controlled and secondary side switches are disabled.
Fig.13 (b) depicts this method.

C- Reverse Mode

In the reverse mode of operation, the battery energy
storage system is supplied by the utility and the voltage source
inverter works in rectification mode. In this operating
condition, the mode detector method identifies the reference
current of the battery, which was generated by another PI
controller that regulates the voltage of battery. In contrast to
the forward mode, the full bridge LLC resonant converter is
controlled to keep the DC bus voltage (V) at node A constant
in the reverse mode. Upon activating the enable signal, the
switches S1, Sz, S; and Ss on the secondary side of the
transformer are switching and the switches P, P2, P; and P+
are turned off, as given in Fig. 13(b).
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Fig. 10. Flowchart of the MMPPT controller
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Finally, the cascaded controller, as seen in Fig.13 (b), is
employed to manage the LLC resonant converter operation in
both operating conditions. In the proposed control scenario,
the current reference for the inner current loop is generated by
the outer voltage control loop. The resonant current is filtered
by a low pass filter whose cut-off frequency is designed to be
equal to ;1. In this topology, when power is being transferred
from node A to node B, a higher level controller provides the
active power reference for the voltage source inverter control
system. The voltage source inverter is designed to operate at a
power factor equal to one. Therefore, the reactive power is
maintained constant for both operation modes. However,
when power is being transferred from node B to node A, the
active component of the current is obtained by a PI controller
that is developed to keep the DC voltage V5 at its desired level.
The synchronous reference frame current control method,
given in Fig. 13(c), is applied to control the three-phase
currents injected into the grid.
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Ibat,_, (A)

! ! | ! | | ! ! | .|
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time

Fig. 11. MMPPT controller performance
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Fig. 12. Mode detector algorithm
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5. Simulation Results

In this research work, a bidirectional multiport LLC
resonant converter structure and a control method including a
MMPPT technique for tracking the MPP of the PV system are
proposed for a grid-tied integrated battery-PV system.
MATLAB/Simulink simulation analyses were carried out to
examine the implementation of the proposed topology and
control design. The complete configuration employs a
bidirectional LLC resonant converter, a bidirectional buck-
boost converter and a grid-connected voltage source inverter.
The parameters of the proposed system are given in Table 1.

When power is being transferred from node A to node B,
the d-axis current, which defines the active power of the
voltage source inverter, is maintained constant at 20A, while
g-axis current defining the reactive power remains constant at
0A. In Zone-], it is observed that the power of the PV system
is greater than the power fed to the grid. Therefore, the
additional power supplied by the PV is stored in the energy
storage unit. In Zone-1I, the PV is not able to supply all the
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power required by the grid. In such a scenario, the energy
storage unit delivers the required power to stabilize the
system. In Zone-IIl, the power of the PV system is zero.
Therefore, the energy storage unit becomes the only power
source for the grid. When power is being transferred from
node B to node A, the grid supplies power to the energy
storage unit.

Fig. 14 shows the voltage, current and power waveforms
of the battery, the PV system and the grid for both operation
modes and the three discussed zones. The power of the grid is
designated by its mean value and the current of the grid by its
root-mean-square value. Consequently, a slope can be
observed during their variations.

Fig. 14 also demonstrates that after a small oscillation
around the MPP, the MMPPT dictates the reference current of
the battery for the current regulator of the bidirectional buck-
boost converter. Therefore, regulating the battery current
enables the PV system to operate at its MPP. Meanwhile, the
bidirectional LLC resonant converter maintains the DC
voltage of node B at the desired value and sets the DC bus for
the voltage source inverter. The inverter can then transfer
power to the three-phase AC utility grid.

At t=0.1s, it can be noticed that the irradiation intensity
and the PV power begin to reduce. The MMPPT then controls
the current reference of the battery to preserve the PV system
at MPP. At the time the PV power is lower than the preset
boundary, the MMPPT is deactivated and the battery current
is regulated to keep the Va constant. In this zone (Zone-III),
the battery storage becomes the sole power provider. The
bidirectional LLC resonant converter remains controlled to
maintain the voltage at node B (Vo) constant. In Zone-I, -II,
and -II1, the battery current is the principal varying parameter
that manages the system. When the system is operating under
power transfer from node B to node A in reverse mode, the
battery is being supplied by the grid. As presented in Fig. 14,
the proposed converter structure provides excellent
performance in all operating conditions and a smooth switch
between the operation modes.

The three-phase grid currents and voltages are presented
in Fig. 15. Before t=0.2s, the voltage source inverter transfers
power to the grid from the PV and/or battery system. From
t=0s to t=0.2s, a higher level controller is assumed for
providing a current reference of 20A to the voltage source
inverter. At t=0.2s, the inverter changes its operation mode
from supplying the grid to supplying the battery. In this
operating condition, the reference current value is set by a PI
regulator, which was designed to maintain the DC bus voltage
of the inverter, which is also V, at the desired level (800V).
Therefore, some variations can be observed in the grid current
after the transition.

In real application, the maximum current value is usually
set to a certain threshold to protect the hardware. In this study,
the peak current value is set to 30A. In a similar fashion, the
battery charge current is also limited to 20A. As demonstrated
in Fig. 15, the inverter exhibits fast transient behavior and
excellent steady state performance in both operating
conditions. Three-phase currents are all in sinusoidal
waveforms and the total harmonic distortion (THD) value is
1.35% and 1.27% for the inverter and rectifier modes of
operation, respectively.

The voltage, current and state of the charge (SOC%) of the
battery storage unit are presented in Fig. 16. The initial SOC
value is 30%. The battery is in charging mode in Zone-I and
reverse mode. It is in discharging mode in Zone-II and -III.
The operation of the proposed configuration can also be
identified in this figure for each operation zone. Fig. 17 shows
the primary and secondary voltages and the leakage currents
of the LLC resonant converter for both modes of operation.

Tablel. System Parameters

Parameters Value
Resonant inductor, L. 10pH
Magnetizing inductor, L 250uH
Resonant capacitor, Cr 4uF
Switching frequency (LLC resonant converter) 20-60kHz
Switching frequency (Buck-Boost Converter) 30 kHz
Switching frequency (VSI) 10 kHz
Output voltage, Vo 800V
Battery voltage, Viar 460-540V
Grid voltage (phase to neutral, rms) and frequency, Vs, f; 230V/50Hz
Inductance (Buck-Boost Converter), Lyar 0.7mH
VSI output filter, Liny 2mH

1400 v T T
o 1200 e de 4
5 1000 T : : :
- ! 0 )
L 800 = I : !
>’= 600 F—— i a Vit ! | 1
3 400+ — '. ] 4 i 1
> 200 &— Region [——>»! r&— Region [II——><—Reverse Mode -
200 s B ! ) .
0 | Regjion 11 | | |
0 0.05 0.1 0.15 0.2 0.25
40 T T T T T
o Pl
= Py
=% ol | ! | _
B ) i V__-
~
L 0 » o
{___c %
:) _2() - e 4 { -
Ln- Phu(
0 0.05 0.1 0.15 0.2 0.25
-60

0 0.05 0.1 0.15 0.2 0.25
t(s)

Fig. 14. Operation waveforms of the proposed system for all three regions
and reverse mode.
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Fig. 17. Primary and secondary voltages and leakage currents of the
converter (a) Forward mode (b) Reverse Mode

6. Conclusion

In this research work, a multiport bidirectional LLC
resonant converter is provided for grid-connected PV and
battery systems. The PV system is directly connected to the
LLC resonant converter port at node A, while the battery is
also connected to the same node via the bidirectional buck-
boost converter. Additionally, the three-phase voltage source
inverter is used to enable power transfer between node A and
B and the three-phase AC grid. A control technique is
implemented to manage the power flow between the ports and
to regulate the voltages and currents of the proposed system
for all operation modes. It is demonstrated that the proposed
structure works in both operation modes, including all three
zones, successfully. Additionally, the power flow between the
ports is stable and accurate and the main voltage values at
every port are maintained constant for any operation mode.
The proposed system can combine two sources with only one
transformer and provides galvanic isolation to the grid. Thus,
it improves the power density and efficiency.
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