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Abstract—This paper presents a multilevel topology of
photovoltaic (PV) system with integrated energy storage system
(ESS). In this proposed topology, half of the cells are connected to
PV panels, the rest are connected to batteries. The sum of the cells
are connected in series to form a dc-link, which is then connected
to an H-bridge to convert the dc voltage to an ac one. The
advantage of the proposed topology compared to the modular
multilevel converter (MMC) as well as compared to the cascaded
H-bridge converter is that less active switches are needed here.
More switches are saved as the level of the output voltage
increases, which results to a cheaper and less sizable converter. A
local maximum power point tracking (MPPT) algorithm is
proposed for this converter, which requires the voltage and
current of each sub-module. Hence, there are no losses related to
partial shading effect here. The excess of power in case of high
irradiation levels is stored in the batteries, and is recovered when
needed. A detailed simulation program has been built to test the
effectiveness of the proposed converter; the obtained results are
shown in the paper.

Keywords— Battery, grid connected, High power, H-bridge,
MMC, MPPT, Multilevel converter, Partial shading, PV, P&O.

I. INTRODUCTION

The conventional centralized PV grid tie inverter has a lower
efficiency, requires a high filter size, and suffers from limited
depth of operation for remaining connected to the grid
particularly under lower irradiance/partial shading condition
[1]. Consequently, multilevel converters are becoming the most
suitable choice for power processing in medium and high power
applications, due to their superior efficiency and modularity [2].
In PV application specifically, the solar power harvesting
increases by installing PV arrays in parallel with each
submodule, and operating each one at its maximum power [3].
As found in the literature, several types of multi-level
converters have been proposed for PV applications, such as,
modular multilevel converters (MMC) [4], cascaded H-bridge
converter [5], cascaded Z-source converter [6], cascaded Quasi
Z-source converter [7], [8], and multilevel dc-link converter [9].

In fact, in multilevel converters, the submodules that operate
during the positive sequence do not operate during the negative
one. On the contrary, the multilevel dc-link converter is able to
use the same submodules during both positive and negative
sequence by adding just an H-bridge. Hence, the multilevel dc-
link uses almost 50% less submodules in high output voltage
levels [9].

The solar photovoltaic systems are contributing as a major
part of renewable energy resources in micro-grid applications,
as well as, in large power system networks in recent years [9].
However, as the power generated by the PV resources is
continually changing in an unpredictable manner, the
integration of energy storage systems became indispensable for
an interruptible service [10]. In addition, the PV systems with
energy storage can provide ancillary services to the grid such
as, voltage and frequency support [11]. In [12], MMC for PV
systems with energy storage has been proposed, where each
submodule has a PV panel in parallel and the batteries are
installed on the dc side of the MMC. However, the state of
charge control of the batteries is not discussed. In [13], cascaded
H-bridge for PV systems with energy storage is presented; the
state of charge control is not discussed here as well. In [14], the
dc-link capacitor of each submodule in a cascaded H-bridge is
paralleled with a boost converter and buck-boost converter, the
boost converter is fed by a PV panels, whereas the buck-boost
is connected to a battery. The configuration is flexible and
offers full control of both MPPT and the state of charge of the
batteries, but a high number of half bridges is used. A small
battery in cascaded H-bridge configuration has been added in
[15]; the objective of this design is to mitigate high order
harmonics in case of partial shading. The previously developed
quasi z-source inverter with energy storage in [16], has been
used in cascaded configuration in [17]. A thorough analysis of
a state of charge balancing in cascaded quasi z-source has been
presented in [18]. This paper proposes PV system with storage
integration using a modified multilevel dc-link converter. The
dc-link is formed with series connection of PV and battery sub-
modules. The PV panels are connected in parallel with the
capacitor of each PV sub-module. Local maximum power point
tracking (MPPT) algorithm is used to track the maximum power
point (MPP) of each submodule independently, which
guarantees that the global MPP is tracked even under partial
shadowing. A battery is connected in parallel with the capacitor
of each battery submodule through a buck-boost converter. The
proposed converter saves submodules compared to the cascaded
H-bridge as shown in Table 1, which reduces the price and size
of the converter.

II. CONVERTER CONFIGURATION

The proposed PV multilevel grid connected converter with
integrated energy storage is shown in Fig 1. During high



TABLE L.
COMPARISON OF MULTLEVEL CONVERTERS FOR PV APPLICATIONS WITH
INTEGRATED ENERGY STORAGE IN TERMS OF USED ACTIVE SWITCHES

Cascaded H-bridge Proposed Topology

3 PV submodules 24 17
5 PV submodules 40 23
20 PV submodules 160 68
80 PV submodules 640 248

irradiance levels, when the power generated by the PV panels is
larger than the power required by the grid, the three PV sub-
modules inject power into the grid, and the surplus of power
will be used to charge the batteries. If the power generated by
the PV modules is equal to the power required by the grid, then
the batteries will be bypassed. During low insolation levels,
when the power generated by the PV panels is less than the
power required by the grid, all the submodules of both the PV
panels and batteries will contribute to inject the required power
to the grid. In all the aforementioned cases, all the submodules
are connected in series to form the dc-link. The submodules of
the PV panels are half-bridge type, whereas the submodules of
the batteries are a full-bridge one. The submodules operate with
phase shifted PWM (PSPWM) at 2.5kHz switching frequency.

Fig 1. The proposed multilevel topology for PV systems with built-in energy
storage.

Each PV submodule produces the voltages of either Vpy or 0 to
the dc-link. Each battery submodule produces either Vpa or —
Vpat or 0. The status of the battery’ submodules voltage changes
from Vpa to —Vpat by using the charging/discharging H-bridge.
The whole dc-link voltage will be inverted by using a low
frequency H-bridge that operates at the grid fundamental
frequency as shown in Fig 1. Local maximum power point
tracking algorithm is used for each PV submodule to prevent
the losses caused by the partial shading effect. The proposed
multilevel converter can be used in 3-phase application by
adding two similar converters for the remaining phases.

The i submodule is inserted when the switch Sj is ON. For
the case of PV, and when the submodule is inserted,

Avpvi:CLj(lpviqg)dt (1
pv

Where, Vpyiis the voltage at the terminals of the i PV panel, Iy

is the current going through the i PV panel, C,y is the capacitor

of the PV submodules, and lgis the current injected to the grid.
When the PV submodule is bypassed,

1
AV,, = C—j I, dt )
pv

For the case of both battery and capacitor Cp are in discharging
mode or both are in charging mode, and when the submodule is
inserted,

AV, = CL [(1g =14 )t 3)
bat

Where, Vcbhatj is the voltage at the terminals of the capacitor of

the i battery submodule, Ibati is the current going into the it"
battery, and Cpa is the capacitor of the battery submodules.
Whereas in case of either the battery or the capacitor are in
discharging mode, and when the submodule is inserted,

AVepa, = CL [ (1 =1, ) dt @
bat
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Fig. 2. PWMs used for the proposed converter.



In case the battery submodule is bypassed and the battery is
discharging,
AV, = Lj Ly Ot (5)

Cbat; C
bat

Whereas in case the battery submodule is bypassed and the
battery is charging,

AVg,,, = —Lj L, (6)

III. CONTROL STRATEGY OF THE PROPOSED TOPOLOGY

The overall control design of the proposed PV multilevel grid
connected converter with integrated energy storage is shown in
Fig 3. Since there are many scenarios of operating conditions of
the proposed topology, three Phase Shifted PWMs are used. The
first PWM (PSPWM,,) is used for the control of the PV
modules, the second (PSPWMyat.cn) is used to control the
batteries during charging mode, and the third one (PSPWMjy.
peh) 18 used to control the batteries in discharging mode as
shown in Fig. 2. A local MPPT algorithm is used for each PV
submodule to extract the maximum power from its PV panel at
any meteorological conditions. In this paper, the conventional
Perturb and Observe (P&O) is implemented [19]. However, any
MPPT can be used for the proposed converter.

The voltage in each PV submodule is regulated by using a PI
controller from the error between the reference obtained by the
MPPT voltage (V;V) and the submodule voltage (Vpii) as the
following,

Vi Sin(@)

Vpvl ‘L
MPPT

Ipvl ——

Vpv2 _L
MPPT

Ipvz ——»

Vpv3 —L
MPPT

Ipvd ——p

Fig 3. The overall control structure of the proposed multilevel converter
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where, KPpyy and Klpyy are the proportional and integral gains
of the voltage regulation loop in the PV submodules. The
reference of the grid current can be defined by using the
classical decoupled PQ control method. Due to the various
possible scenarios, an energy management algorithm has been
designed for the control of the proposed system.

1)During high insolation levels, the excess of power
generated by the PV panels is injected into the batteries, the
charging/discharging H-bridge is set to charging mode. As the
duty cycle of the PV submodules is larger than the duty cycle
required to inject the active power to the grid, a fraction from it
is exploited to charge the batteries as shown in Fig. 4. In this
case, the batteries are controlled by PSPWMya.ch, which implies
that the PV submodules are synchronized with the battery
submodules in order to charge them. The current injected to
each battery is determined as,

P,

|;‘ — at ®)
“ 3 'VCbat
where:
Pbat =P - Poy (9)

Such as, Ppat is the power exchanged by the batteries, P” is the
active power reference, and Pp, is the power generated by all
PV submodules. By using Kirchhoff voltage law, the dc-link
voltage can be found as follows:

Voc ik = ivpvi 'Si _ivbati 'Si (10)
i=1 i=n
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Fig. 4. (a) The voltages across the PV and battery submodules, and the total
voltage of the DC-link during charging the batteries, (b) a Zoom on the voltages
across the PV and battery submodules, and the total voltage of the DC-link
during charging the batteries.

The grid voltage was found similarly as:

i

—he T an
dt

Where Vj is the grid voltage, L; is the inductance of the output

filter, and R¢ is the internal resistance of the filter. By

substituting the dc-link voltage in (11), the grid voltage can be

found as follows:

= ivpvi .Si
i=1

2) During low insolation levels, the deficit of power
generated by the PV pannels is compenstated by the batteries.
Thus, the charging/discharging H-bridge is set to discharging
mode, and the batteries are controlled by PSPWMpya.nen. Here
the battery submodules are not inserted at the same time the PV
submodules are inserted. By applying Kirchhoff voltage law on
the proposed converter during discharging mode, the dc-link
voltage can be found as follows:

ZV S, Jrz“vbat S, (13)

The grid voltage will be then expressed as,

m dl,
S Ag-L =2 (14
z bat; i dt

Vg :VDC—Iink —R;- Ig

m dl
—vaati S, =Ry -1, - L, d—tg (12)

DC link

IV. SIMULATION RESULTS AND DISCUSSION

To demonstrate the features of the proposed converter topology,
a detailed simulation model has been built in
MATLAB/Simulink according to the schematic shown in Fig 1.
The chosen PV panels have the specifications shown in Table. I1
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Fig. 5. (a) The voltages across the PV and battery submodules, and the total
voltage of the DC-link during discharging the batteries, (b) a Zoom on the
voltages across the PV and battery submodules, and the total voltage of the DC-
link during discharging the batteries.

under the standard test conditions (STC). In each PV
submodule, three PV panels are connected in series. Table. I1I
shows the parameters of the converter, filter, and batteries.

Testl. High irradiance level, in this test, all PV panles are
subjected to 1000W/m? of solar irradiance, which genrates
2.49kW. The active power required by the grid is 2.1kW.
Hence, the surplus of 390W will be used to charge the batteries.
The voltages of PV submodules, the voltages of battery
submodules, the output voltage, and the injected current to the
grid are shown in Fig. 6(b), Fig. 6(c), Fig. 6(d), and Fig. 6(e),
respectively.

Test2. PV power less than the required one, all PV panels are
subjected to 500W/m? of solar irradiance in this test, which
produces 1.24kW. As 2.1kW is the active power required by the
grid, the batteries will be used to provide the deficit of power of
0.86kW. The voltage of PV submodules, the voltage of battery
submodules, the output voltage, and the current injected to the
grid are shown in Fig. 7(b), Fig. 7(c), Fig. 7(d), and Fig. 7(e),
respectively.

Test3. Gradually decreasing solar irradiance, all the PV sub
modules are subjected to gradually decreasing irradiance from
1000W/m? to 300W/m? in this test. Thus, the PV panels will
provide larger power than the needed at the beginning of the
test, and this power will gradually decrease until the PV

TABLE II.
DATA SHEET OF THE USED PV PANEL
Parameter Value
Voltage at maximum power, VMPP 35.6V
Current at maximum power, IMPP 7.77A
Open circuit voltage, VOC 39.9v
Short circuit current, ICC 8.56A
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Fig. 6. (a) The power of the PV submodules, (b) the voltage generated by the
PV submodules, (c) the sum of the voltage at the terminals of battery
submodules, (d) the output voltage, and (e) the current injected to the grid, when
the PV panels are subjected to 1000W/m? of solar irradiance.

TABLE III.
SYSTEM PARAMETERS

Parameter Value
Gird frequency, f 50Hz
Filter inductance, Lf 2mH
Internal filter resistor, Rf 0.10hm
Switching frequency 2.5KHz
PV submodule capacitor, Cp, 1000pF
Battery submodule capacitor, Ceap 600uF
Batteries nominal voltage, Vbat_nom 34V
Rated capacity of the batteries, Q 6Ah

panels reach to a point where they produce less power than the
needed one as shown in Fig. 8(a). On the batteries side, the
batteries will start by absorbing a gradually decreasing power
until they reach a point where they convert to discharging mode
to compensate the lack of power. The voltage of PV submodules,
the battery submodules voltage, the DC-link voltage, the output
voltage, and the current injected to the grid are shown in Fig. 8
(b), Fig. 8 (c), Fig. 8(d), Fig. 8 (e), Fig. 8(f) and Fig. 8(g),
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Fig. 7. (a) The power of the PV submodules, (b) the voltage generated by the
PV submodules, (c) the sum of the voltage at the terminals of battery
submodules, (d) the output voltage, and (e) the current injected to the grid, when
the PV panels are subjected to 500W/m?of solar irradiance.

respectively. Please note that the voltage of the battery is positive
in Fig. 6(c) and Fig. 8(c), but it is negative at the dc-link since
the charging/Discharging H-bridge is set to charging mode.

V. CONCLUSION

A multilevel converter for PV system with integrated energy
storage has been presented in this paper. The proposed multi-
level converter requires less active switches compared to the
cascaded H-bridge converter. The proposed multilevel
converter is able to provide a constant power whatever the
meteorological conditions are present. The surplus of power
during high irradiance levels is used to charge the batteries, and
is recovered later when the power generated by the PVs is less
than the required one due to low solar irradiance. The
simulation results show also that the proposed multilevel
converter presents a smoothness when changing from charging
mode to discharging mode.
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