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Abstract: Balance solar radiation between photovoltaic panels or between groups of photovoltaic panels will help to
improve the efficiency of electricity generation of the entire solar power system, making the most of the solar energy converted
into electricity power. In order to achieve this, it is necessary to reconfigure the connection of photovoltaic panels or groups of
photovoltaic panels in the solar power system. In this paper, the general mathematical model for implementing resconfiguring
of photovoltaic panels or groups of photovoltaic panels is presented in 2 parts: calculating to find out the optimal configuration
connecting photovoltaic panels or groups of photovoltaic panels to achieve the highest performance of the solar system; and
find out the best way to switch from the initial connection configuration state to the optimal configuration. The author focuses
on analyzing and proposing mathematical models for two main problems in previous studies, developing objective functions
and clear constraints, which are the rationale for evaluation of the quality and accuracy of the proposed algorithms, thereby
developing more optimal algorithms than previous algorithms. Several experimental studies have been applied on a system of
4 solar panels. The archived results demonstrated the correctness and efficiency of the proposed mathematical model and
optimal algorithm.
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Series-Parallel (SP) and TCT. In [11-14], the author has
proposed a method to improve the performance of the solar
energy system for TCT connection circuit.

The current grid based solar energy system include the
basic components such as: photovoltaic panels, energy
converter, charged, load and grid. When photovoltaic panels
receive solar radiation, generate DC current, through
Inverter, have the function of charging into the charged unit,
converting DC/AC to serve the load in the home or grid.

Reconfiguration system is a device that increases the
performance of the solar energy system in inhomogeneous
radiation conditions, installed in front of the power adapter.

In this article, the author presents a restructuring strategy
for the solar energy system based on TCT connection
configuration, thereby proposing a general mathematical
model for two optimal problems in the restructuring strategy.

1. Introduction

Capacity generated by Photovoltaic panels in actual
condition is often lower than standard working conditions [1-
6]. The main reasons for reducing the performance of
Photovoltaic panels are solar radiation, temperature or the
aging of photovoltaic panels [7-10].

The effects of solar radiation on the working process of the
solar energy system (solar energy) and restructuring strategy
to increase the working efficiency for the solar energy system
in inhomogeneous radiation conditions has been researched
and published at [11-14]. In essence, system restructuring is
to change the connection of photovoltaic panels to achieve
the optimal connection configuration, giving the system the
maximum capacity. Currently, the restructure problem is
applied to 2 main connection models of photovoltaic panels,
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2. Strategy for Restructuring TCT
Connection Circuit

Figure 1. TCT connection circuit.

The strategy of restructuring the connection of
Photovoltaic panels for TCT connection circuit was presented
by the author in the research projects [11-14], summarizing
the restructuring strategy as follows.

The TCT connection circuit consists of parallel connection
profiles, parallel circuits connected in series and features

Figure 1:
a. The maximum voltage of the parallel connection
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circuits (in the TCT circuit) is not affected by the
received lighting level of each photovoltaic panels.

b. The current generated by the series of parallel
connected circuits will be proportional to the level of
illumination received by each photovoltaic panel.

During the work, Photovoltaic panels are affected by

partial coverage problems, possibly due to the shadow of
buildings, cloud cover, snow, shadows of nearby objects,
resulting in solar radiation received by each different
photovoltaic panel. The method of radiation balance for TCT
connection circuit is to rearrange the location of connection
of photovoltaic panels in order to balance the total level of
solar radiation at parallel connections in the TCT circuit as
the example in Figure 3 [11]. In Figure 2, before the radiation
balance, TCT circuits with total radiation at the rows are
respectively 2300W/m?, 1800W/m*, 1300W/m* (Figure 2a).
After changing the position of the photovoltaic panels as
shown in the picture (photovoltaic panel 1 moves from row 1
to row 3), the total illumination level is 1800W/m” at rows
(Figure 2b). The maximum power before equilibrium is
811.9W with misleading phenomenon (Figure 2c), after
balancing, the system's maximum power increases to 1041W
(28.2% efficiency increase) with only one maximum point,
avoid misleading phenomenon (Figure 2d).
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Figure 2. Example of radiation balance: (a) before balancing, (b) after balancing. Capacity chart: (c) before balancing with the misleading phenomenon, (d)

after the balance is no longer misleading.
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The restructuring strategy, improving the working
efficiency of the solar energy system may be generalized
according to the flowchart at Figure 3.
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Figure 3. Flowchart of restructuring strategy.

The restructuring strategy includes the following steps:

Step 1: Measuring current and voltage for each
photovoltaic panel.

Step 2: Based on currents, the estimated voltage of solar
radiation received by each Photovoltaic panel.

Step 3: Applying the radiation balance algorithm, find the
optimal connection configuration of the photovoltaic panels.

Step 4: Checking the new connection configuration
compared to the original connection configuration. If it is the
initial connection configuration, go back to step 1. If it is a
new connection configuration compared to the original
configuration, go to step 5.

Step 5: Applying algorithm to find optimal switching
method. The optimal switching method is the one that uses
the least number of locking and unlocking times, helping to
extend the life of the switching matrix.

Step 6: Controlling switch matrix to lock and unlock
according to the method searched in step 5, having the new
connection configuration for the system performance that is
best.

Thus, in the strategy of restructuring the connection of
photovoltaic panels, including two main problems: Radiation
balance problem and problem Select optimal switching
method. In the following section, the author will present in
detail and then propose a mathematical model for the above
two optimal problems.

3. Proposed Mathematical Model
3.1. Model of Mathematical Problem of Radiation Balance

Considering the structure of the solar energy system of
general TCT circuits including m serial connection rows,
each row is a circuit of parallel connected photovoltaic
panels, the i"™ tow consists of n;, parallel connected

photovoltaic panels as shown in Figure 4.
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Figure 4. General TCT connection circuit.

If we consider G;; as radiation value of photovoltaic panel
in row i and column j in TCT circuit. Total radiation level of
row i is Gi is determined by the formula:

G =20, (1)
Jj=1
Equilibrium index (£I) [15] for each connection

configuration is calculated by the formula:

El =max(G) - mm(G) 2

i=l,m

Which configuration has the smallest £/ index is the
optimal configuration to be selected.
General objective function of the method:

El =max(G,)-min(G,) - 0 (3)
i=l,m i=l,m

Binding conditions:

ntn,tn+..+tn =n
G +G +G . +.+G =G,
il i2 i3 in; i
i
i
i=lmj=1n

Where:

EI: Equilibrium index

n. Total number of photovoltaic panels

m: Number of rows in TCT circuit

n;: Number of photovoltaic panels at i row

Gj;: Radiation value at photovoltaic panels in rows i and ;.
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G;. Total radiation at row i

Configuration satisfies the objective function of the
method Radiated equilibrium is the configuration for the
performance of the solar energy system is the largest. Calling
G the radiation matrix with the initial connection
configuration, G_OP is the radiation matrix with the optimal
connection configuration. In the next section, the author will
present the problem of selecting the switching method from
the initial configuration (G matrix) to the optimal
configuration (G_OP matrix).

3.2. Mathematical Model Problem to Select the Optimal
Switching Method

During the study process, the author found that there were
very few researches on the selection of the optimal switching
method, in order to increase the life of the switching matrix, the
problem of selecting the optimal switching configuration was
working. Proposals proposed at, are described and constructed in
the following section of the mathematical model [11].

3.2.1. Switching Matrix Dynamic Electrical Scheme (DES)

In fact, in the current solar energy systems, photovoltaic
panels are fixedly connected, that is, the photovoltaic panels
are physically connected to each other with the number of
fixed or parallel fixed designs according to the design, in the
process. The working cannot change the connection, ie, it
does not change the connection position of photovoltaic
panels in the connection circuit automatically. So that the
photovoltaic panels to change the connection structure
automatically, DES switching matrix is required.

DES switching matrix (Figure 6) has been proposed in
[16] in order to change the connection customization of the
solar energy system, from the initial connection
configuration, through the locking and unlocking operations,
there will be a new connection circuit with any structure.

Wini e i i A A R R '7 v
1 LRI DT DT O] D
7T 17 T 17T 7 T e
2 IRl Pl nt ol ol
T
3 ‘ ) y ) v J} ) y/ ) ¥
T T VT T VT VT >
4 \| ) )’ \ ) ) VI 1Y ) :
5 [ [4 f{ ,’[ f‘ fJ f’ [f. 7 7
WA LA DTL DL P P ]
T T T T T
6 WL DL mla 1T 01 1 .
[ 4 7 f. Il f' 7 'f’ f’ 7
TN DI DI DI DL
1 a0 1 G
; WL DL 0T D1 ] [ ! 1 DL
9 M T T VT T Iy T
WP T 1 [P 1) I; )11 4
R A
|
CONTROL

Figure 5. Dynamic Electrical Scheme (DES) Switching matrix [16].

Example of DES switching matrix in Figure 6:

a. To get the connection circuit as Figure 6a: Switching
matrix Figure 6b lock of photovoltaic panel No. 1 and
No. 2 is closed in row 1, lock photovoltaic panel No. 3
and No. 4 close in row 2, other locks are opened.

b. To get connection circuit like Figure 6c¢: Switching
matrix Figure 6d lock photovoltaic panel No. 1, No. 2
and No. 3 are closed in row 1, lock photovoltaic panel
No. 4 closed in row 2, other locks are opened.
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Figure 6. The Dynamic Electrical Scheme (b-d) switching matrix
corresponds to the connection configuration (a-c).
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Thus, through the DES switching matrix, from any TCT
connection circuit can initially change the connection to the
general TCT circuit as Figure 4.

Consider the general DES switching matrix for n
photovoltaic panels as Figure 7.
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Figure 7. Matrix switch DES general for n photovoltaic panels, m serial
circuits.

DES switching matrix is designed with circuit locking and

unlocking, including 2 main parts:

a. The first part consists of the leftmost single key which
acts to separate each row in the TCT circuit. Calling the
array of O values with m elements corresponding to the
number of locking and unlocking times of these single
keys, the single key that opens and closes in every row
with double-closed lock, the single left-open lock, all
open-double lock then the left single lock is closed.

b. The second part consists of m x n double key located in
the middle of the DES switching matrix, which acts to
change the position of connecting photovoltaic panels in
parallel circuits. Calling the value matrix S consists of
m rows and n columns corresponding to the number of
locking and unlocking times of these double keys.

General number of unlocking times of switching matrix

shown in. Table 1.

Table 1. Q array and S matrix represent the number of locking and
unlocking of the switching matrix.

Column index

Row index 1 2 "

1 Q Sui Si2 Sin
2 Q: So1 S Son
m Qm Sml sz S"ﬂ

During the operation of the solar energy system and the
restructure, after each restructuring, the number of locking
and unlocking times of the switching matrix changes. In this
study, the authors are interested in minimizing the number of
locking and unlocking times of the double keys.

Convention on the number of times to close and unlock:

a. At the beginning:

S,=0 Oi=lLmj=1n (4)

b. During the operation, when changing the position of a
photovoltaic panel p from row i to row j, number of
locking and unlocking times of the S matrix changes as
follows:

S =85 +1
ip ip

S =5 +1
/2

P

)

Thus, calling the photovoltaic panel number to change
position is z, the number of locking and unlocking times of
switching matrix is 2 X z.

c. During operation, when detecting new connection
configuration better than the old connection
configuration, the system automatically changes the
connection configuration.

3.2.2. Problem of Optimal Switching Configuration
Selection Method

(1 switching)

(3 switching)

()

Figure 8. Example of radiation balance configuration but with different
switching times.

The problem of selecting the optimal switching
configuration is applied after the results of the radiation
equilibrium problem, i.e the initial solar radiation matrix G
and the solar radiation matrix G_OP after radiation balance.
The purpose is to control the switching matrix from the
original configuration G to the G_OP radiation equilibrium
configuration so that the number of locking and unlocking
times of the switching matrix S is least.

In studies by Quesada [17], Romano [16] proposed
radiation balance algorithms, but have not yet mentioned
finding the optimal switching method that switching methods
are used entirely based on the system. The results of the
problem find the optimal connection structure, leading to a
large number of switches, not interested in the lifespan of the
switching matrix.

Table 2. Matrix G (a) and matrix G_OP (b).

100 100 1000

800 1000 100 100 800

(@) ()

Figure 8 is an example of the optimal switching
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configuration search method. Figue 8a is the initial
connection structure of the system (matrix G corresponds to
Table 2a). Figure 8b and Figure 8c are two different
structures of the same matrix G_OP (Table 2b) - the result of
the problem of finding the radiation balance structure.

It is easy to realize that switching from the initial structure
a to the radiation balance structure b takes only 1 time of
relocating photovoltaic panel (transferring the photovoltaic
panel 3 from row 2 to row 1), number of lock locking and
unlocking times is 2.

On the other hand, from the original structure to the
radiation balance structure Figure 8c, it takes 3 times to
change the position of the locked photovoltaic panel (transfer
the photovoltaic panels 1, 2 from row 1 to row 2; transfer pin
4 from row 2 to row 1), in this case, the number of locking
and unlocking times is equal to 6.

Notice that the number of unlocking times depends on the
order of the rows in the G_OP matrix, so which G_OP
configuration with the least number of locking and unlocking
times will be selected.

Calling Ml is the number of unlocking times of the K"
restructuring, (Sij) step k is the total number of unlocking
sessions of the key with the index i and column j in the
switching matrix, up to the end of the reconstruction. kth
structure. Ml is calculated according to the formula:

i=m i=m
J=n J=n
i=1

M[stepk = Z} (Sy )stepk - Z (Sy )stepk—l (6)
j=l

J=1

Where:

m: Number of rows in TCT circuit

n.: Number of photovoltaic panels

M. Number of unlocking times for the K" restructuring.

During operation, maybe the photovoltaic panels are often
most covered that will be switched most, leading to an
imbalance in the number of full-matrix switches, at this time
the matrix life will depend on the switch lock the most. So
the problem arises: In many cases, the configuration with the
number of locking and unlocking times is not necessarily
selected, the other connection configuration must be selected,
so as to minimize the number of locking and unlocking times
of the lock with the highest switching frequency.

(Ml,in)siepic 18 the minimum number of locking and
unlocking times of the k” restructuring. We have the
objective function of the problem of selecting the optimal
switching method:

IE%(S[/')xtepk - I’_Izlf_;((sij)stepk—l - 0
Jj=Ln J=Ln
™
Mlxtepk = ; (Slj )stepk - Z(Slj )stepk—l - (Mlmin )xtepk
p= e
Bind to:

S =20

J

i
A

m
n

(Sij )StepO = 0

i=1
=1

~

Where:

(M1,n)siepr: The number of unlocking times is the least for
the " restructuring.

After selecting the connection configuration and the
optimal switching method according to the two problems that
have built the mathematical model above, the controller is
designed to control the keys in the closed switch matrix
properly, switch from the initial connection configuration to
the optimal connection configuration.

4. Conclusion

In this article, the author focuses on analyzing and
proposing mathematical models for two main problems in
previous studies, developing objective functions and clear
constraints, which are the rationale for evaluation of the
quality and accuracy of the proposed algorithms, thereby
developing more optimal algorithms than previous
algorithms. Next step of the research, the authors will focus
on the configuration of SP type and the problem of
reconfiguration models for large solar power farms.
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