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Abstract: Due to the comprehensive influence of many factors such as performance difference of modules and weather
environment, the power prediction technology of DC side of photovoltaic (PV) power station has always been a difficult and
important research direction. In this paper, a four-level modelling method of photovoltaic matrix is proposed, which can study
the influence of the performance deviation of the PV modules on the output power of the array at any position. Compared with
the previous research, this work modelling an independent MPPT unit and numbering each battery in series and parallel
components, so as to study the influence of component performance deviation on the overall output power in different circuit
positions. At the same time, the function of electrical protection inside and outside the components is considered, which makes
the calculation results closer to the actual situation of the power plant. By using this method, the influence of different installation
direction of modules on the overall power generation of a S0KW photovoltaic matrix under the same occlusion condition is
studied. The results show that when the light intensity loss in the occluded area is less than 40%, there is little difference between
the two installation methods; with the increase of the light intensity loss, the power loss of the transverse installation method is
smaller.

Keywords: Photovoltaic Power Station, Power Generation Prediction, Theoretical Model, Simulation Calculation,
Light Shielding

package layer of modules and discoloration of EVA materials,
etc. [3]. Most of the impacts caused by these reasons will
gradually become significant with the increase of the power
plant scale.

At present, the simulation calculation of the power
generation of photovoltaic modules is basically based on the
equivalent circuit model of photovoltaic cells [4-6].
According to the model, we can get the relationship between
the voltage and current of the single photovoltaic cell in
different working conditions, and then through circuit
calculation, we can get the output characteristics of
photovoltaic modules or arrays. References [7] and [8]
provide a method to approximate the explicit expression of the
equivalent circuit. By using some special points in the IV
curve, the physical parameters that are inconvenient to be
measured in the model can be transformed into the electrical
parameters that are convenient to be measured, which greatly

1. Introduction

Photovoltaic power prediction technology is very important
for the safe and efficient grid connected operation of
photovoltaic power station. Among them, the inverter grid
side (AC side) can be relatively easy to achieve accurate
prediction according to the data provided by the equipment
manufacturer, while the power of the component bus side (DC
side) has been widely concerned in recent years due to many
factors affecting the prediction technology [1]. Although the
module manufacturers will provide the photoelectric data of
photovoltaic modules, there may be some differences in the
actual power generation performance between modules due to
different batches, aging and use environment [2]. In addition
to the factory performance deviation of photovoltaic modules,
the specific reasons for the difference may include: damage to
the battery, temperature change, local shadow, cracking of the
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reduces the difficulty of modelling and the amount of
calculation. References [9] expand the equivalent circuit
model, and consider the reverse breakdown curve of the
battery, so that the model In reference [10, 11], the output
characteristics of the series parallel hybrid circuit of
photovoltaic modules are studied by using this model, and the
influence of different light blocking modes on the simulation
output power is compared, which is close to the actual
operation of the power plant.

On the basis of previous work, this paper establishes a four
level structure model from cell to square array, which is used
to calculate the power of the module side of photovoltaic
power station. Compared with the previous research, its main
characteristics are as follows: (1) modelling an independent
MPPT unit and numbering each battery in series and parallel
components, so as to study the influence of component
performance deviation on the overall output power in different
circuit positions; (2) according to the hierarchical structure of
battery component group series array. The structure sequence
is modelled, and the electrical protection measures (bypass
protection, current anti reaction, etc.) at the level of
connection are considered, which makes the calculation
results closer to the actual situation of the power plant. Using
this modelling method, we also studied the influence of
different installation directions of components on the overall
power generation of a SO0KW photovoltaic matrix under the
same shielding conditions.

2. Four Level Model of Photovoltaic
Power Plant

2.1. Hierarchical Structure of Photovoltaic Power Plant

The photovoltaic matrix that can independently carry out
MPPT is the basic unit of generating power prediction on the
module side of photovoltaic power station, generally including
four hierarchies of battery module string array. The batteries are
connected in series to form components. At the same time, each
battery has a bypass diode to protect the hot spot effect; the
components are connected in series to form a string; the strings
are connected in parallel to form a square array, and at the same
time, the current counter protection is carried out in the
combiner box; finally, the square array is integrated into the
inverter for the overall MPPT. The following describes the
modelling methods of each level and between levels.

Figure 1 shows the characteristic IV curve of crystalline
silicon photovoltaic cells after expanding the range of voltage
and current, which occupies the first, second and fourth
quadrants: (1) the range of the first quadrant includes the range
of voltage from 0 to open circuit voltage (Uy¢), current from
short circuit current (Ig.) to 0, that is, the "photovoltaic IV
curve" in a general sense. (2) When the voltage continues to
rise above Uy, the current begins to turn negative and rapidly
decreases, entering the fourth quadrant [9]. When several
groups of batteries are connected in series and parallel, when
the open circuit voltage of one group or a few groups of
batteries is significantly lower than that of other groups of

batteries, the IV curve of batteries in these low-voltage groups
may enter the fourth quadrant. At this time, the current
direction of this string is opposite to other strings, and each
battery is in the charged power supply. This phenomenon can
be avoided if the series parallel connection passes through the
combiner box with anti-reverse diode. (3) When the voltage
drops to a negative value, the IV curve will enter the second
quadrant. At first, the current almost remains the same, but if
the voltage drops below a critical value (i.e. avalanche voltage
of PN junction of photovoltaic cell, U, ), the current will
increase rapidly and the photovoltaic cell will be reverse
broken down. When several batteries are connected in series,
if the short-circuit current of one or a few batteries is
significantly lower than that of other batteries, the IV curve of
these ISC smaller batteries may enter the second quadrant.
This can be avoided if there is a bypass diode on the series
circuit between batteries.
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Figure 1. Schematic diagram of IV curve of photovoltaic cell in three
quadrants!
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Figure 2. Common internal electrical connections of crystalline silicon
photovoltaic modules.

In general, power plant crystalline silicon photovoltaic
modules are connected in series by a number of single cells.
Figure 2 shows the most common internal electrical
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connection structure of 250 W, photovoltaic modules on the
market at present: 10 X 60 photovoltaic cells in series
constitute a module, the rated voltage of the module is equal to
the sum of the rated voltage of each battery, and the rated
current is equal to the rated current of a single battery; each 20
battery strings will be connected with a diode in parallel, when
the string becomes a diode due to the damage or shielding of
some batteries. When the load is consumed, the diode will
short circuit the whole string. The forward threshold voltage
of PV bypass diode is low (zero to several volts), the on
resistance is very low, the maximum forward current is high,
and the reverse breakdown voltage is high. Its working
principle is as follows: when the photovoltaic cell generates
electricity normally, its current direction is as shown by the
arrow in Figure 2. The voltage drop direction is opposite to the
current direction. At this time, the positive voltage (U,) of the
diode is lower than the negative voltage (Up), and it is in the
reverse cut-off state; when the photovoltaic cell loses or
blocks the output current, and the load is formed, the voltage
drop direction is the same as the current direction, such as: ff
the positive voltage (U,) of the diode is higher than the
negative voltage (U,) at least above its positive threshold
voltage, the diode is on and the 20 batteries are short circuited.

Figure 3 is a schematic diagram of the most common
electrical connection mode of photovoltaic power station (or
sub square array): several battery components are connected
in series to form a string; then several strings are connected in
parallel to enter a combiner box; finally, several combiner
boxes are connected in parallel to the inverter for inverter /
boost. In general, the PV inverter at the power station level has
the function of maximum power point tracking (MPPT),
which may be MPPT for all combiner boxes together or shunt.
Compared with the series photovoltaic cells, the current of
each branch will be redistributed after the multi-channel
parallel confluence, which leads to further deviation of each
cell from its optimal working state and further reduction of the
total power and efficiency of the system.

combiner 3

combiner 1

inverter(MPPT
i ( ) —

combiner 4 —

—— combiner 2 —

Figure 3. Common electrical topology of photovoltaic power station.
2.2. Modelling Mathematical Methods and Program Flow

According to the principle and internal structure of
photovoltaic cell, it can be equivalent to an equivalent circuit
composed of photocurrent source, diode, series resistance and
parallel resistance [7], and its volt ampere characteristics can

be expressed by formula (1):
I=1,- Io(eq(VHRS)InkT _ 1) (1)

Where, [ is the current, V is the voltage,l, is the saturation
current of p-n junction, /; is the current source output current,
V + IR;is the voltage added to both ends of p-n junction, k is
the Boltzmann constant (1.38 x 10723J / k), T is the
thermodynamic temperature (k), q is the electronic charge (1.6
x 1071°C). It can be seen that (1) is not an explicit function,
and the approximate solution obtained by Newton iteration
and other methods is needed in numerical calculation [12].
Although this method can get very high precision results, but
for the power plant level modelling and simulation, the
amount of calculation is too large, the time-consuming and
consumed computing resources are beyond the normal
acceptable range. Therefore, it is necessary to deduce the
display expression of volt ampere characteristics by
approximation.

Using the data of short circuit point, open circuit point and
maximum power point provided by the battery manufacturer,
the five parameter closed model of photovoltaic cell can be
built according to formula (1) [8], the IV value of short circuit
point, open circuit point and maximum power point can be
substituted into formula (1), and the slope of IV curve of short
circuit point and open circuit point (i.e. series resistance and
parallel resistance) can be substituted into the differential form
of formula (1), and the five equations can be established The
formula (2-7) is obtained

I =I5 (1= Cy(e¥=PV/%Voc — 1)) + DI @)
Cy = Vn/Voc — D/ In(1 — I, /Isc) 3)

C; = (1 — Ly/Isc)eVm/C2Voc 4)

DT =T — Ty 5)

DI = a(G/Gres)DT + (G/Grep — 1)Isc (6)
DV =b-DT —R, - DI (7

Where 1, V, Is¢, Voc, I, and V,, are the current, voltage,
short-circuit current, open circuit voltage, maximum power
point current and maximum power point voltage of the battery,
T and T,.s are the temperature and reference temperature
(temperature under standard state), G and G, are the light
intensity and reference light intensity respectively, a and b are
the temperature coefficient of short-circuit current and open
circuit voltage of the battery, Rs is the series resistance. The
parameters in formula (2-7) can be obtained from the product
specifications provided by the battery manufacturer, which is
very convenient to build models according to the actual
situation of different power stations.

Referring to figure 1, formula (2-7) can represent the first
and fourth quadrants of IV curve. For the convenience of
expression, formula (2) is as follows:

I=fW)(V =0) 3



American Journal of Science, Engineering and Technology 2020; 5(2): 89-95 92

The part of the second quadrant in the IV curve can be
expressed as a piecewise function:

I=I(U, <V <0) 9)
(10)

The slope value of the curve that close to 90° is determined
according to the specific parameters of the battery. The formula
(8-10) can be used to get the whole region expression form of
the IV characteristic curve of single photovoltaic cell. In order
to express conveniently, the formula (8-10) is as follows:

I = k(V - Ua) + Iscv S Ua)

I=F) (11)

Suppose that a bypass diode is responsible for protecting
the strings composed of nl cells. When the strings work
normally, the current of each cell is the same and the voltage is
different, then its IV characteristics can be expressed by
formula (12):

Vs =X, F71Us) (12)

Where F~1 is the inverse function of the F function, Vg and
I represents the voltage and current of the nl battery string. If
the string becomes a load and the absolute value of the reverse
voltage is greater than the threshold voltage of the bypass
diode, the diode is on and the string is short circuited, then its
IV characteristics can be expressed by formula (13):

Vs = =(Va + Is/ka)(Vs < Vo) (13)

WhereV; is the threshold voltage of the diode, and k; is the
slope of the IV curve (close to 90°) when the diode is
conducting in the forward direction. For the convenience of
expression, formula (12-13) is as

Vs = G(s) (14)

Suppose that there are n2 bypass diodes (i.e. nl x n2 cells in
total) in a module, there are n3 electrical modules in series in the
square array, and M-channels in parallel. When n2 x n3 is taken
as N, the problem of solving the output characteristics of the
square array is transformed into the problem of solving the
steady-state circuit of N-series and m-parallel circuit elements
with the IV characteristics shown in formula (14). This problem
can be solved easily by programming on MATLAB platform.

Before the simulation calculation of photovoltaic matrix,
the specific form of formula (11) should be determined first. In
order to simplify the calculation load, we use the method
mentioned in [9] to construct the discretization matrix of
battery IV characteristics: first, the voltage is discretized into
1000 parts in the range of [-Ua ~ 2Voc], then [T] and [G] are
brought into formula (11), and the current and voltage matrix
of each cell is obtained, that is, formula (15):

[Vn Vip ... qu]
Vll V12 ) Vz

M¥pq = o (15
Vo1 V2 Voq

(p=n, XN XM,q=1000)
MIQ,j) = F;,;(MV(i,)))

Among them, MV and MI are the current and voltage
matrices of single cell, both of which are in the dimension of
p*q. Each row of elements represents the continuous change
value of voltage and corresponding current value on the
defined interval; each column of elements represents the total
number of single cells in the photovoltaic matrix. F; ; is the [ ~
V relation function of different cell, i.e. formula (11) with
different constant parameter values. When the program is
running, MV and Mi exist in memory in the form of structure.
When calculating the output parameters of single battery, the
results can be obtained directly by linear interpolation.

define MV and MI matrix

v
define solution field of
U E [Umin"Umaxl
v
define MN matrix and

index all of the modules
]

<>y,

Y

Ui=(Upnax-Umin)/1000%i

v
define the solution field of

Ij € [lj,min~[j,max]

<1000 >

lj,k‘=(lj,min~lj,max)/ 1000%k
v
U= ZG(Ijr)

— k=kt

=i =3,

Output U, I

Figure 4. Flow chart of calculation program.

The flow chart of the calculation program is shown in
Figure 4: after constructing the MV and MI matrix,
completing parameter initialization, numbering each battery
and establishing the mapping relationship with MV and MI,
start to solve the output parameters of the square array (array
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U and I); for each voltage value U;, solve the current of each
parallel branch [; (1 <j < N). The method is to discretize the
solution interval and increase it from smallest to largest /;, and
substitute the test value of [; into formula (14) to calculate the
voltage value U, of the whole branch (varying from the largest
to smallest [;). When U, is less than U;, the test value of /; at
this time is the approximate solution of parallel branch
current; finally, array u and I are output as the final result.

3. Simulation Analysis of Photovoltaic
Matrix Under Partial Occlusion

3.1. Partial Occlusion Photovoltaic Matrix Model

Using the above modelling method, we take a S0KW
photovoltaic matrix as an example to analyse the influence
of local occlusion on the total output power of the array. In
the design of ground photovoltaic power plant, the
influence of the placement of photovoltaic modules on the
power generation of the system is usually considered. In
recent years, the mainstream design idea is that the lateral
placement of components can improve the total output
power of the array in the case of early and late light
occlusion more than the longitudinal placement. The reason
is that in most of the photovoltaic modules produced by
manufacturers, the batteries are connected in series in the
longitudinal direction (as shown in Figure 2), and several
series circuits are connected in parallel in the transverse
direction. When the sun height angle is low in the morning
and evening every day, the shadow of the front array may
partially block some components of the back array near the
ground. Suppose that in the case of shielding only a row of
batteries, if placed horizontally, the batteries with light
shielding belong to the same series circuit, so that the
circuit is short circuited under the action of bypass diode,
and only the generating capacity of one series circuit is lost;
however, if placed longitudinally, the batteries with light
shielding belong to different series circuits, these circuits
may be short circuited by bypass diode, loss of power
generation for the entire component.

In the photovoltaic matrix simulation calculation model in
this paper, we purposely compare the differences between two
different placement methods under different occlusion
conditions, as shown in Figure 4. Figure 4 (a) shows the
photovoltaic square array of horizontal installation of
modules, with 5 columns in total. Each array contains 21
strings x 2 photovoltaic modules with a rated power of 250wp
(the internal structure of the module is consistent with figure
2), which are installed in 14 rows X 3 rows, with a total
installed capacity of 52.5KW. In certain cases, except for the
first array, there is a battery array at the bottom of each array
which is blocked by the front array, and the blocked area
accounts for 5.56% of the total effective battery area. Figure 4
(b) shows the photovoltaic square array with horizontal
installation mode of modules. Each array consists of 20 series
x 2 photovoltaic modules with rated power of 250wp, which
are installed in 20 series x 2 rows. The total installed capacity

is SOKW. Other conditions are the same as Figure 4 (a), and
the shielding area accounts for 5% of the total effective
generation battery area. In the figure, five photovoltaic
matrices converge into a square array for maximum power
point tracking.

In the calculation, the irradiated light intensity of the
un-shaded part is set as 1000W/m”, the surface temperature of
the battery is 45[1; the irradiated light intensity of the occluded
part is set as 200 ~ 800W/m’, and the surface temperature of
the battery is 3501, Different environmental conditions of the
power plant are considered in the setting of the value range of
the light intensity of the shielding part: the total light intensity
of the photovoltaic cell surface can be divided into three
components: direct, scattering and reflection. According to the
reference meteorological data provided by Meteonorm5.1X
software, the proportion of direct and scattered light intensity
in the surface radiation varies in the range of 1.7-2.5:1; the
reflection intensity depends on the surrounding environment.
For the ground reflection, the reflection intensity of
vegetation, sand and cement ground increases in turn, which
can reach about 10% - 40% of the direct light intensity. In low
latitude areas, it is also possible There is a back panel
reflection of the front component. If there is a glass curtain
wall around, which may exist in the photovoltaic project of the
roof in the city, the reflection intensity may also be greatly
enhanced. The occlusion between components can only block
the direct light and part of the reflected light, and the scattering
will not be blocked. Based on this, it can be estimated that the
occluded light should account for 30% ~ 80% of the total solar
radiation intensity, usually about 40 ~ 60%.

-
Shadow

(b)

Figure 5. Schematic diagram of photovoltaic matrix modelling. (a)
Horizontal installation of photovoltaic modules, (b) vertical installation of
photovoltaic modules.

3.2. Simulation Results and Analysis

The simulation results of two different installation methods
are shown in Figure 6 and Figure 7. Figure 6 (a) shows the IV
curve of PV module under different light conditions when it is
installed horizontally. This obvious step curve shape is similar
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to some research results about the influence of local shadow
on the performance of PV module [8-11]. In the first stage,
when the total voltage of the square array is low, the current of
the normal battery is close to its short-circuit current, which is
much higher than the short-circuit current of the blocked
battery. Therefore, the blocked battery is in the reverse cut-off
state (see Figure 1), and the reverse voltage of the battery
string reaches the forward conduction voltage of the bypass
diode, so that the string is short circuited When a load with a
very low resistance has little effect on the current of the whole
array series circuit, so the current of the array is basically the
same as that without local shielding; 2) in the second stage, the
total voltage of the array increases, but the current of the array
series is still greater than the short-circuit current of the
shielding battery chip, and the bypass diode continues to
conduct in a positive direction, because the battery chip (not
covered) in the working access state is actually in operation.
The number of battery cells) is less than the total installed
capacity, so the working voltage allocated to each battery cell
is actually close to or more than the maximum power point on
its own IV curve, that is, the inflection point of the rapid drop
of current in the first quadrant of Figure 1, so the total current
begins to drop rapidly; in the third stage, the total voltage of
the array continues to drop, and the operation of the battery
cell in this state is not blocked at this time. The current has
been less than the short-circuit current of the occluded battery,
the bypass diode of the occluded string is no longer on, and the
occluded battery starts to output power, so the total current of
the square array suddenly slows down with the increase of the
voltage (step inflection point in Figure 6), and finally reaches
the open circuit state.
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Figure 6. 1V curve of horizontally installed photovoltaic matrix after partial
shielding.

Figure 7 shows the IV curve of photovoltaic modules
installed longitudinally under different light conditions.
Unlike Figure 6, the IV curve of this model does not appear
step shape, but is close to the IV curve of ordinary batteries or
modules. The reason for this difference is: in the longitudinal
installation mode (Figure 6 (b)), the blocked cells in the same
module belong to the circuits protected by three bypass
diodes. If the bypass diodes reach the forward conduction
triggering condition, the three series circuits must be short

circuited at the same time, that is, the whole module will no
longer generate electricity; at this time, the column next to the
blocked photovoltaic matrix consists of 20 modules. The
series of components will become a passive load with a
resistance of about 30 Q. But in fact, this situation cannot
happen in a photovoltaic matrix composed of multiple strings
in parallel, because once the whole string becomes a pure load,
other strings in parallel with it will supply power to it (the
battery state enters the fourth quadrant of Figure 1), so the
potential direction will be opposite to the normal working
direction of the battery, and the bypass diode will return to the
reverse cut-off state. For the above reasons, when the
photovoltaic modules are installed longitudinally, the batteries
in each series circuit are in the power generation working state
regardless of whether they are blocked; after the parallel
connection of each series circuit, the current is redistributed,
and the power generated by each battery is lower than the
power value in its separate working state; the current value of
the square IV curve is significantly lower than that in all
batteries from the beginning, and with the voltage The
improvement of the system gradually smoothly drops to the
open circuit state.
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Figure 7. IV curve of longitudinally installed photovoltaic matrix after partial
shielding.

Figure 8 compares the difference of the maximum power
of the two installation modes under different occlusion
conditions. Due to the slight difference in the total installed
capacity (42 components per array are installed horizontally
and 40 components are installed longitudinally), the average
power of a single battery is used. When the illumination
intensity of the occluded battery is greater than 600W/m?, the
average power difference between the two installation
methods is not significant (the power of the longitudinal
installation is slightly greater than that of the transverse
installation, mainly due to the shielding ratio of the
longitudinal installation array is slightly higher than that of
the transverse installation), which decreases approximately
linearly with the decrease of the illumination intensity of the
occluded area; when the illumination intensity of the
occluded battery is less than 600W/m?, The average power of
the transverse array decreases with the decrease of the light
intensity, and tends to a fixed value (about 80% of the total



95 Dawei Liu et al.: Four-level Simulation Model of Photovoltaic Matrix

power without occlusion), while the average power of the
longitudinal array continues to decrease with the decrease of
the light intensity with the same slope. When the
illumination intensity of the occluded cell is 200W/m”, the
total power of the horizontal array is increased by about 25%
compared with that of the vertical array. The calculation
results show that for the photovoltaic power plants with high
atmospheric scattering rate and high ground reflectance, the
influence of the two installation methods on the total power
is not different; while for the photovoltaic power plants with
low atmospheric scattering rate and high ground reflectance,
the advantages of the horizontal installation method are
obvious.

39} —{}— horizontal

—/\— vertical

2.4 L s L L L
1000 800 600 400 200

Q, (W/m?)
Figure 8. The relationship between the average output power of single-chip

battery and the light intensity of the blocked area under different installation
modes.

4. Conclusion

In this paper, a four-level photovoltaic power prediction
modelling method including cell module string array is
introduced, which is suitable for photovoltaic matrix or small
power station with independent MPPT function. By
numbering each cell in the square array, the model can study
the influence of environmental factors (such as temperature
gradient distribution, partial occlusion, etc.) that lead to the
performance deviation of the cell in any geometric position
on the output power of the whole square matrix. In the
modelling, the expansion of IV curve of single battery in
quadrant II and quadrant IV, the influence of bypass
protection inside the module and current anti reverse
protection between the modules are considered. This makes
the calculation results simulates the actual operation of the
power station quite well. Finally, using this modelling
method, the difference of the total power of photovoltaic
modules installed in horizontal or vertical direction under the

condition of shielding between arrays is studied. The results
show that when the light intensity loss in the occluded area is
less than 40%, there is little difference between the two
installation methods; with the increase of the light intensity
loss, the power loss of the transverse installation method is
smaller.
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