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Abstract: To satisfy the grid-connected voltage level, both photovoltaic modules and energy storage
modules are connected in series. However, the multiple photovoltaic modules often fall into local
maximum power point under partial shading conditions during practical operation, and the multiple
energy storage modules may suffer from a reduction in the effective capacity caused by characteristic
differences among modules. To solve this problem, a novel cascaded modular photovoltaic-energy
storage system is proposed in this paper. In the proposed topology, the energy storage modules
achieve maximum power point tracking of the corresponding distributed photovoltaic module, and
the proposed energy optimization strategy based on particle swarm optimization can ensure the
efficient constant active power transmission from a photovoltaic energy storage (PV/ES) system to the
grid in a certain time period under capacity constraints. Compared with conventional photovoltaic
systems, the proposed scheme can avoid hot spots or the hot strings phenomena for PV modules
and the large current and voltage stresses for DC/DC converters. Furthermore, the proposed
energy optimization strategy for the coordination of all ES modules can realize the independent
MPPT of each PV module and the constant active power between the PV /ES system and the grid
under inconsistency of the light intensity under partial shading conditions. A hardware-in-loop
photovoltaic-energy platform is established to verify the feasibility and effectiveness of the proposed
topology and control strategy, and the proposed system achieves efficiency of about 97% under partial
shading conditions, thus providing an effective and practical solution for power generation system.

Keywords: photovoltaic system; energy storage module; maximum power point tracking; particle
swarm optimization; partial shading conditions

1. Introduction

With the worsening global fossil resources shortage and the increasing concern over
environmental pollution, renewable energy, such as solar photovoltaic (PV) power gen-
eration, which directly converts solar energy into electricity, has been developed and
expanded globally [1]. To satisfy the voltage and power levels, the grid-connected PV
power generation system often supplied by PV arrays is composed of multiple PV modules
connected in series or parallel [2]. Generally, the current/voltage characteristics of PV
arrays are nonlinear and have a unique operating point to generate maximum power. To
extract the maximum power from PV power generation system, a maximum power point
tracking (MPPT) algorithm is necessary [3-5]. However, PV modules including full-cells
and half-cells inevitably operate under partial shading conditions caused by cloud move-
ment, tree or building coverage, dust particles, etc. When shaded regions and illuminated
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regions both work at revers bias, the brighter regions are treated as loads, which are heated
up as a result of consuming the power generated by minor revers current. This hot spot
phenomenon may cause irreversible cell destruction and accelerate the rate of thermal
degradation, leading to considerable energy loss, reduced efficiency, and potential harm
for PV power generation systems [6,7].

To address the partial shading effect on PV power generation systems, two types of
methods, namely software and hardware methods, are proposed in the existing literature.
To avoid the hot spot phenomenon, some PV modules connect bypass diodes to pass
through a larger current, as shown in Figure 1a. In this string structure, the output
characteristic curve of PV array presents a global maximum power point (GMPP) and few
local maximum power points (LMPP), in which the software method are widely used [8,9].
These methods are mainly based on modified MPPT strategy referred to GMPP algorithms,
which can be further classified into two groups including natural inspired optimization
algorithms and two-stage scanning-based algorithms. Furthermore, the various intelligent
algorithms, such as particle swarm optimization (PSO), simulated annealing algorithm,
fuzzy algorithm, and firefly algorithm, are studied and implemented to track the GMPP
for PV power generation system under partially shading conditions [10-13]. However, the
software method contains some drawbacks, such as the difficulty in initial point selection,
lack of flexibility and adaptability, and the complexity in implementation.
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Figure 1. Conventional configurations of a photovoltaic (PV) power generation system dealing with partially shading

conditions. (a) String structure configuration; (b) distributed circuit configuration; (c) the hybrid structure.

Another solution to eliminate the partial shading effect on PV power generation
systems is hardware methods, mainly used for the reconfiguration of connection schemes
of PV modules. This method requires extra switches and involves a corresponding control
algorithm [14,15]. One of the hardware solutions is string structure configuration, as
presented in Figure 1a. The PV modules are connected in series to increase the output
voltage and are connected to a DC bus through a DC/DC converter, and the MPPT of PV
system is realized by the operation and control of the converter. Furthermore, to avoid
the hot spots and potential damage to PV modules under a partial shadow condition,
each PV module is connected paralleled with a diode so as to provide a bypass current
path. However, this scheme cannot solve the problem of the MPPT control falling into
the local optimum point, resulting in an efficiency reduction in PV power generation,
and its efficiency is always lower than 90%. Moreover, this scheme needs a complex
control method and increases the difficulty in application [16-19]. The distributed circuit
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configuration combined scheme provides another solution, as shown in Figure 1b. One
DC/DC converter is set for each PV module, and the cascading multiple structures satisfies
the voltage level requirement and can achieve a high efficiency of about 97%. However, the
output power of each PV module flows entirely through the respective converter, leading
to large current stress, power loss, and construction cost [20-23]. Combining these two
solutions, the dual MPPT inverters with string modules are also widely applied, and the
problems, including the output characteristic curve of the PV array with multiple peaks and
an excessive loss of converter need to be considered simultaneously. For these solutions,
many products have emerged on the market, such as module integrated converters and
smart DC modules. The power optimizer P860/P960, produced by SolarEdge, is applied
in PV systems in different structures with a superior efficiency, and the excessive loss of
converters becomes the key factor that affects the efficiency of PV systems [24,25].

Moreover, a hybrid connect structure is also proposed. PV modules are connected
in series to increase the voltage level, and each PV module is connected with a DC/DC
converter connected in parallel to a DC bus, as shown in Figure 1c. In this scheme, the
MPPT of each PV module is realized independently with the DC/DC converter, the same
as for the smart DC module. However, the output current of the PV module does not only
flow through converters, thus decreasing the power losses compared with the structure
in Figure 1b. The DC/DC converter only needs to control the compensation current,
and a high DC voltage level and efficiency of about 97% are achieved. However, the
DC/DC converters are directly connected to the DC bus, causing high voltage stress
[26-30]. Furthermore, the random variations in the partially shaded conditions may cause
the fluctuation in output power of grid-connected PV power generation systems, reducing
the reliability and power quality. Nowadays, the power fluctuations are stabilized mainly
by energy storage (ES) systems, which are generally composed of several battery modules
in series in order to meet the grid-connected voltage level. However, the central ES system
with fixed series configuration suffers from the “barrel effect”, due to the characteristic
differences among the battery modules, resulting in a reduction of the effective capacity,
thus the additional active equalization or reconfigurable circuits are necessary [31-33].

To solve the above problems in the existing schemes, a novel cascaded modular PV/ES
system is proposed for partial shading conditions. The circuit topology and control strategy
of the PV/ES module are proposed to realize the MPPT control for an individual PV
module, and an energy optimized strategy is designed to realize the constant active power
from the PV/ES system to a grid in a certain time period, improving power conversion and
transmission efficiency. Compared with the conventional PV power generation systems,
the advantages of the proposed scheme are as follows: (1) Under the distributed structure
of PV modules and ES modules, the current and voltage stresses of DC/DC converters
can be significantly reduced; (2) each PV module is regulated by an ES module through
the DC/DC converter, and the hot spots and hot strings phenomena can be avoided; and
(3) the proposed energy optimization strategy for the coordination of all ES modules with
their own capacity constraint, realizing the independent MPPT of each PV module and the
constant active power between the PV /ES system and grid under the inconsistency of light
intensity in partial shading conditions.

2. Topology, Operation Principle and Optimization Strategy of Proposed
PV/ES System

2.1. Topology Configuration

The topology of the proposed cascaded modular PV/ES system is presented in
Figure 2. Each PV/ES module consists of a PV module and a bidirectional DC/DC con-
verter supplied by an ES module. The PV/ES modules are connected in series to satisfy
the voltage level of DC bus, and the DC bus is connected to a power grid via a DC/AC
converter. The control scheme of the proposed system is divided into two layers, including
a converter control in the bottom layer and an energy management system (EMS) in the
top layer. In the converter control layer, the bidirectional DC/DC converter is controlled in
order to achieve the MPPT for an individual PV module and to compensate the current
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difference between the PV module and DC bus. As each PV module is regulated by an
ES module through a DC/DC converter, the hot spots and hot strings phenomena can
be avoided. The DC/AC converter controls the grid-connected power according to the
reference value obtained by the EMS. In the EMS layer, the power reference is generated by
the proposed energy optimization strategy according to the voltages and currents of the
PV modules and the voltages and states of charge (SOC) of the ES modules.
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Figure 2. The topology of proposed cascaded modular PV/energy storage (ES) system.

Compared with the conventional topology shown in Figure 1a, the multi-peak char-
acteristic of the PV power curve in the proposed PV /ES system under partial shading
conditions is eliminated, and all PV modules can operate at respective maximum power
points. Compared with the conventional topology shown in Figure 1b, only a part of power
from the PV module flows through the DC/DC converter in the proposed PV /ES system,
reducing the power loss and construction costs. Compared with the conventional topology
shown in Figure 1c, the DC/DC converters in the proposed PV /ES system are not directly
connected to the DC bus, thus the voltage stresses of the power switches and devices can
be greatly reduced.

2.2. Control Strategy of PV/ES Module

The topology and control strategy of an individual PV/ES module is presented in
Figure 3. Each PV/ES module contains a PV module, an ES module, and a bidirectional
DC/DC converter. As the PV/ES modules are connected in series, as shown in Figure 2, all
the currents of the PV /ES modules are equal to the current of the DC bus. However, the
currents of the PV modules, which depend on the respective light intensities, are different
under partial shading conditions. The current differences between the PV modules and the
DC bus can be compensated by the corresponding DC/DC converters as follows:

Ibus = ipv it icom]’
{jzl,z,...,] M

where i, ipv, and icom are the currents of DC bus, PV module, and converter, respectively;
J is the number of modules; and the subscript j represents the j-th of the PV module.
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Figure 3. Topology and control strategy of a PV/ES module.

As all of the PV/ES modules are connected in series, the voltage of the DC bus can be
obtained as follows:

J
Upus = Z Upy j ()
=1

where uy,,s and upy are the voltages of DC bus and PV module, respectively.

According to Figure 3, the terminal voltage of the PV module is the same as the voltage
of its parallel capacitor controlled by the DC/DC converter. The independent MPPT of
each PV module can be achieved by controlling the output voltage of the corresponding
DC/DC converter according to the respective light intensity. Therefore, in the proposed
cascaded modular PV /ES system, all of the PV modules can operate at their own maximum
power point, ensuring that the entire PV/ES system can obtain the maximum solar energy
under partial shading conditions.

To realize the MPPT of an individual PV module, the control strategy of the bidirec-
tional DC/DC converter is also designed, as shown in Figure 3, and the process of the
MPPT algorithm based on the incremental conductance method is shown in Figure 4. The
MPPT algorithm is adopted to generate the voltage reference value for the PV module
according to its voltage and current. A double closed-loop control strategy is designed to
control the voltage of the PV module so as to follow its reference value. The PI regulator of
the outer loop generates the reference current of the inductance according to the deviation
between the reference voltage and the actual voltage of the PV module. Furthermore, the
PI regulator of the inner loop generates the duty ratio of the DC/DC converter according
to the deviation between the reference current and the actual current of inductance.

iy = iy (K) =iy (k1)
duty, =ty (k) 1y (k1)

U (KH1)= Up k1) = | [up(kr1)= U (k)=
Uy (k) tAT,, y, (k)-AUy, | | up(k)+AU,, (k) - AUy,
' v Y v ] \4
End

Figure 4. Control process of the maximum power point tracking (MPPT) in the proposed PV /ES system.
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2.3. Energy Optimization Strategy

From Figure 2, to realize the MPPT of the PV module, the ES module should provide
energy to the PV module via a DC/DC converter, compensating the current difference
between the PV module and the DC bus. However, because of the inconsistency of the
light intensity under partial shading conditions, the currents of the PV modules are usually
different, causing SOC differences among the ES modules. In addition, to realize the
constant active power from the PV /ES system to the grid in a certain time period, the ES
modules should be further used to compensate the power fluctuations caused by random
variations of light intensity. Hence, an energy optimization strategy should be designed for
the coordination of all of the ES modules under their own capacity constraints, realizing
the independent MPPT of the PV modules and the constant grid-connected active power
for the PV/ES system.

2.3.1. Energy Optimization Model

Defining SOC;(k) as the SOC of the j-th ES module at the starting time of the k-th
optimization cycle [34] can be done as follows:

iy 1 6)—fous ()] ST
SOC;(k +1) = SOCj(k) + 3600 Co (©)]

i=12...]
where ¢ is the voltage of the ES module, T is the time of one optimization cycle, and Ces

is the capacity of ES module.

To increase the charging and discharging capacity margin of the ES module at the
beginning of the next optimization cycle, the objective function is designed to make the
SOCs of all ES modules converge to 50%. Hence, the target function is firstly designed

as follows: |

min: F =} [SOC;(k+1) — 0.5)° (4)
j=1
To prevent the ES module from deep charging and discharging, which will shorten
the working life of the ES module, the upper and lower limits of SOC are set as 80% and
20%, respectively. Hence, the penalty function can be defined as follows:

0, 0.2 < SOC;(k+1) < 0.8
PEN; = { SOC;(k+1) - 0.8, SOC;(k+1) > 0.8 ®)
02-S0Ci(k+1),  SOC;(k+1) < 0.2

Combining the target function (4) and penalty function (5), the final objective functions
of the energy optimization model can be obtained as follows:

J ]
min: F = ) [SOCj(k+1) —0.5]* +b- }_ PEN; (6)
j=1 j=1

where b is the penalty factor for deep charging and discharging. Assuming b is large
enough, in the process of searching for the minimum fitness value of the target function (6),
the optimization algorithm will automatically avoid deep charging and discharging the
ES modules.

To limit the current of the DC bus within the safety operating range, and to avoid
reverse current, the constraint can be defined as follows:

0< ibus (k) < Iratecl (7)
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2.3.2. Energy Optimization Strategy Based on PSO Algorithm

As one of the most common optimization algorithms, the PSO algorithm has the
advantages of easy implementation, fast convergence, and ideal robustness, and it has been
successfully applied to the cooperative planning of renewable power sources and energy
storage systems [35].

In terms of the above energy optimization model, an energy optimization strategy
based on the PSO algorithm is proposed in order to optimize the current of the DC bus in
the cascaded modular PV/ES system. The implementation steps of the proposed algorithm
are shown in Figure 5.

( Start )

\ 4
Set coefficients of the PSO algorithm, and randomly
initialize particles' position and velocity according to (7).

Measure real-time currents and voltages of all PV
modules, and voltages and SOC of all ES modules.

[ Calculate fitness value £, using (3), (5), and (6) |

Y es—p FﬁBCSl:EI
[)n Best — pu
No< |
PeBest = P Best

No <
@‘vew n=n+t H
No
v
| Update the velocity and position using (8) I

v

[ Limit position using (9) l

Yes—»| m=m+1 |—

¢

No
A 4
[ Send the optimal current of DC bus in terms of p, pesx  f——"

Figure 5. Implementation flowchart of the proposed energy optimization strategy.

(1) Definitions: The current of the DC bus is defined as the particle position, i.e., X = iy,
and the target function (6) is selected as the fitness value evaluation function.

(2) Initialization: Set the number of particles N, number of iterations M, the penalty factor
b, the weight coefficients w, c1, and c2. Randomly initialize the position and velocity
of each particle in a range, which is given as (7). Set the initial iterative algebra as
m=1.
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(3) Fitness value calculation: considering the position, measured real-time currents,
voltages of all PV modules, and voltages and SOC of all ES modules, the fitness value
of each particle is calculated using Equations (3), (5) and (6).

(4) The best fitness values and positions updating: the latest fitness value of the n-th
particle (n =1, 2, ..., N) is compared with its individual best fitness value, and the
smaller one and its corresponding position will be recorded as the new individual best
fitness value and best position, which are denoted as F,;est and pj,gest, respectively.
Then, all of the new individual best fitness values are compared with the previous
global best fitness value, and the minimum fitness value and its corresponding
position will be selected to update the global best fitness value and global best
position, which are denoted as Fgpest and pgpest, respectively.

(5) Particles updating: The velocities and positions of all of the particles are updated
using the following [36]:

opth = woll + c1r1 (Pusest — Xit') + car2(PgBest — X7
AL it 8

n=12---,N

where n and m represent the n-th particle and m-th iteration, respectively; v and x
represent the velocity and position of particles, respectively; w, c1, and ¢, are weight
coefficients; and r; and r, are randomly generated in [0, 1].

(6) Constraint judgment: if the particle position exceeds the range given in (7), it should
be replaced by the following;:

m+l m+1

nbys (‘)7:14-1 n bu?mi10

Ly bus = Ln bus’ 0< Ly bus < Irated (9)
m+1 L -m+1 I

Ly bus = frateds L bus = Irated

n = 1’2’ e ,N

(7) End of the iteration: If the iterative algebra m is smaller than M, set m =m + 1 and
return to step 3. If m is equal to M, the iteration will be stopped, and the optimal
current of the DC bus is achieved according to the global best position, as follows:

lopt = P ¢Best (10)

Finally, the reference value of the active power from the PV/ES system to the grid is
calculated as follows: :
Py = ) py jiopt (11)

j=1

2.3.3. Control Scheme of Grid-Connected DC/AC Converted

Figure 6 shows the control scheme of the grid-connected DC/AC converter. From the
figure, a virtual synchronous generator (VSG) controller in [37] is introduced to control the
active and reactive power. The reference value of the active power for the VSG controller is
generated at the beginning of the optimization cycle, and remains constant throughout the
cycle, realizing the constant grid-connected active power of PV/ES system in a certain time
period. To ensure that all of the ES modules have a sufficient charging and discharging
margin in each cycle, the energy optimization strategy generates a reference value of the
active power according to the currents and voltages of all PV modules and the voltages
and SOC of all ES modules.
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Figure 6. Block diagram of the control scheme using the proposed energy optimization strategy.

3. Experimental Verification

The hardware-in-loop (HIL) experimental platform based on the OPAL-RT OP5600
developed to verify the effectiveness of the proposed topology and control strategy is pre-
sented in Figure 7. A KEYSIGHT DSO9104A oscilloscope is used to record the experimental
results. A PV/ES system composed of four PV/ES modules is established according to
the topology and control structure shown in Figure 6, and its parameters are presented in
Table 1. Furthermore, the light intensities of the four PV modules, which are different in
order to emulate the partial shading conditions caused by the slow movement of clouds,
are presented in Figure 8.

OPAL-RT PC KEYSIGHT  DSO9104A

TECHNOLOGIES

Figure 7. Hardware-in-loop (HIL) experimental platform.
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Table 1. Parameters of the PV /ES system and control strategy.

Parameters Value Parameters Value
Lf/ mH 8 N 10
Cf/mF 5 M 100
L;/mH 2 b 100

Liated /A 80 w 0.5

Ces/Ah 40 ] 1

Ugrms/ \% 380 02 1
@lE--- o] | [QN o 15 €5 Y |

Ho= ] =" JemT ) J@mT ) J@ 4
e (150W- m™2/div)
1050 A

A

2
3
4

"

900
= ;,__‘_,/I\; '

/ A

\ i N\

600

X
750 I8

I8
450

/

300

Solar irradiance / W- m’

150

ﬁ 480 960 1440 1920 2400 2880 3360 3840 4320 4800
Time /s

Figure 8. Light intensity of four PV modules.

Figure 9a-d shows the experimental powers of the PV modules, the compensation
currents of the DC/DC converters, and the SOCs of the ES modules in four PV /ES modules
in the proposed system, separately. Pyvpp1, Pmpr2, Pympps, and Pyppy are the theoretical
maximum powers of the individual PV modules at their own maximum power points,
depending on their light intensity, respectively. Ppy1, Ppv2, Ppya, and Ppyy4 are the actual
powers generated by the four PV modules, respectively. According to the figures, all of the
powers generated by the PV modules are very close to the theoretical maximum values.
Therefore, the topology and control strategy of the PV /ES module effectively realizes the
independent MPPT control for each PV module, ensuring the PV /ES system can obtain a
maximum solar energy under partial shading conditions.

From Figure 9a—d, icom1, icom2/ icom3, and icom4 are the compensation currents gener-
ated by the DC/DC converters in the four PV/ES modules, respectively, which compensate
for the current difference between the individual PV module and DC bus. As the current of
the DC bus is the same for all of the modules, there is an inverse relationship between the
light intensity and the compensation current, i.e., the PV module with a lower light inten-
sity should be compensated by a larger current than the ones with a higher light intensity.
For example, at 1440 s, the light intensity decreases one by one from the first PV module to
the fourth PV module, while the corresponding compensation current for each PV module
increases sequentially, which is approximately —20 A, —10 A, 0, and +6 A, respectively.
Considering the case at 3840 s as another example, the light intensity gradually increases
from the first PV module to the fourth PV module, while the compensation current in
the corresponding modules decreases from positive to negative. According to the current
direction defined in Figures 3 and 6, the positive compensation current represents that the
ES module is discharging, and the negative compensation current represents that the ES
module is charging.
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Figure 9. PV power, compensation current, and SOC in the PV/ES modules: (a) PV/ES module 1, (b) PV/ES module 2,
(c) PV/ES module 3, (d) PV/ES module 4.

The SOCs of the ES modules are also presented in Figure 9a—d, as SOCy, SOC,, SOC3,
and SOCy. According to Figure 9a, when the compensation current is negative, the SOC is
rising as the ES module is charging; when the compensation current is positive, the SOC
is declining and the ES module is discharging. Furthermore, this relationship between
the compensation current and SOC can also be found and verified in other ES modules,
as shown in Figure 9b—d. Therefore, it can be seen that the SOCs of all ES modules are
maintained within the range of 20% and 80%, which means that all of the ES modules
are prevented from deep charging and discharging. In addition, the SOCs of all of the
ES modules obtain convergence trends toward 50%, which is consistent with the control
purpose of the energy optimization strategy. Moreover, the proposed PV /ES system
achieves efficiency at about 97% under a partial shading condition, which is higher than
the conventional string structure PV system with an efficiency of 90% [19], and is similar to
the distributed and hybrid structure PV systems with an efficiency of about 97% [20,24],
providing an effective and practical solution for power generation system.

Figure 10 shows the current of the DC bus and the power of the PV/ES system. The
iopt is the optimal current of the DC bus searched out by the PSO algorithm, which is the
global best position given in (10), while the i, is the actual current of the DC bus. It can
be seen that the current of the DC bus follows its optimal values. In Figure 10, the Ppysum is
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the sum of the power generated by all of the PV modules in the PV/ES system, while Pgiq
is the active power of the grid-connected converter, i.e., the active power from the PV/ES
system to the grid. According to Figure 10, although Ppysum varies with the light intensity,
the active power from the PV /ES system to the grid is constant in the given time period.
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Figure 10. Current of the DC bus and the power of the PV /ES system.

4. Conclusions

This paper proposes a novel cascaded modular PV/ES system for MPPT and power
smoothing under partial shading conditions. In the proposed topology, the adverse effects
of the local shadow on the PV system can be eliminated, and all of the PV modules can
operate at their individual maximum power points. Moreover, the “barrel effect” reducing
the effective capacity of ES system is also alleviated, as the ES modules only need to meet
the voltage level of the PV modules, but not the grid-connected voltage level. Compared
with conventional photovoltaic systems, the proposed scheme can avoid hot spots and
hot strings phenomena for the PV module and the large current and voltage stresses
for DC/DC converters. Moreover, an energy optimization strategy based on the PSO
algorithm is proposed for the coordination of the distributed ES modules, avoiding deep
charging and discharging of all ES modules, with the convergence of their SOCs toward
50%. The proposed energy optimization strategy also realizes the constant active power
from the PV /ES system to the grid under inconsistency of light intensity in partial shading
conditions, improving the power conversion and transmission efficiency. Moreover, the
proposed system achieves efficiency at about 97% under partial shading conditions, which
is higher than the conventional string structure PV system with an efficiency of 90%, and is
similar to the distributed and hybrid structure PV systems with an efficiency of about 97%,
providing an effective and practical solution for power generation systems. In addition,
the high frequency and compact topology design scheme of the DC/DC converters and
the control scheme adapts to the randomness and volatility of the photovoltaic and energy
storage systems for the PV /ES system can be considered as directions for future research
and for the improvement of the PV /ES system.
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