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Citation: Akšamović, A.; Konjicija, S.;
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Abstract: The development of Floating Solar Photovoltaic (FPV) systems is a sign of a promising
future in the Renewable Energy field. Numerous solar modules and inverters are mounted on
large-scale floating platforms. It is important to design the system so that the inverter operates in
its optimum range most of the time. In order to achieve this goal on the DC side, serial and parallel
connections of solar modules are used. As a result, the cabling of the PV array architecture is an
important issue. Modern electrical installation design requires reducing costs in cabling materials,
equipment installation, and maintenance. The reduction of losses and the amount of time required
to complete the design are also significant. Therefore, the main topic of this paper is DC cabling in
large-scale FPV power plants (>1 MV). The serial-parallel (SP) connection scheme of solar modules
and the percentage of power loss in DC cables are considered. Furthermore, a general method for
determining cable lengths for FPV power plants is defined. The temperature influence on losses in
DC cables is analyzed. A new method for determining the current at the maximum power point
(MPP) as a function of temperature is proposed. A case study is conducted using a hypothetical
3 MW FPV power plant, and the obtained results are presented and analyzed.

Keywords: cable lengths; DC cabling; floating solar power plants; losses in DC cables; maximum
power point

1. Introduction

One of the most significant advantages of Floating Solar Photovoltaic (FPV) power
plants is that they do not occupy land that could be used for other purposes; thus, they
eliminate the need for vegetation removal. Nevertheless, they still occupy large areas
that vary from 7500 m2 to 15,000 m2 for 1 MW of installed capacity [1]. Solar modules
that usually produce between 250 W and 550 W of power per module are installed on
this surface. The average surface area of solar modules used in such installations is
approximately 1.5 m2 to 2.5 m2. A fundamental task for any PV power plant designer
is to connect the solar modules in a string so that the string voltage corresponds to the
input voltage range of the inverter. Modern inverters operate with maximum voltages
of up to 1500 V DC, while the optimal operating voltage ranges from 320 V to 1300 V
DC [2–4]. Inverters available on the market are typically rated from a few kW to a few
hundred kW [3–5]. For maximum PV array output, the power must optimally match the
rated power of a PV array with the inverter’s rated power. Therefore, it is common for
several strings to be connected in parallel at the inverter input. The inverter output is AC
three-phase low voltage (usually a line voltage from 220 V to 760 V) [3,4,6,7]. A transformer
is generally used for grid integration to step-up the low output voltage to a medium or
high voltage level [1,3,8,9].

Several configuration schemes for PV arrays are described and discussed in the litera-
ture [3,10]. The serial-parallel (SP) topology is the suitable configuration for FVP power
plants with a high installed capacity, and is therefore considered in this paper [9]. The SP
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topology for such power plants is characterized by many inverters. In this configuration,
several parallel arrays of solar modules are connected to each inverter. The wiring of
the solar modules to the inverter is performed on the DC side and is called DC cabling.
The cabling process is characterized by a lot of technical requirements and constraints. All
requirements should consider the cost of cabling and the losses in the cables. The character-
istics of the cables are selected according to the maximum currents in the system, which
has to comply with the technical characteristics of the solar modules and inverters [11,12].
In the cable selection process, the power plant’s voltage range and temperature range
should be essential factors [11,12].

Both the price and resistance of the cable are a function of length. Therefore, when a
cable is selected according to the technical requirements of the equipment, the costs and
losses are lower when the cable length is shorter.

A review of up-to-date literature clearly shows that the cabling process is insufficiently
considered. Cabling in PV power plants is considered in just a few papers. In [10],
a mathematical model for calculating cable lengths and the required cable cross-sections
for different topologies was given, and the calculation of the voltage drop on the DC
side was performed. Comparative analyses of capital investments in cable systems for
various architectures and potential payback periods were created. The problem analyzed
in [10] was related to the selection of topology to reduce losses due to the influence of
partial shadow on the power plant. In [13,14], the problem of energy losses on DC and
AC cables was analyzed. An approximate expression was obtained, yielding the relation
between the installed capacity, the location of the power plant, and the annual losses.
A comparison of the results was performed with the measured losses. The cable length
problem was not considered. The authors of [15] reviewed the overcurrent occurrence at
partial shading and analyzed the minimum requirements for wiring and protection based
on valid standards of PV systems. It also proposed to change the standard that defines
the required current capacity of a DC cable. In [16], the cable was selected to minimize
the objective function. The obtained objective function, within the operating period of the
power plant, represented the sum of annual costs, including cable losses and the investment
in the cable. Since the losses on the cable and the cable price are both functions of the cable
cross-section, the minimum objective function for a particular cross-section was obtained.
In essence, the oversizing of cable cross-sections is considered to reduce losses.

The substantial growth in investment in large-scale renewable energy projects has
increased significantly in the last few years, reflecting an ongoing shift towards renewable
power as the driver of global energy transformation [17,18]. There is a tendency towards
large (>1 MW) photovoltaic power plant installations [19,20]. Therefore, developing more
general large-scale power plant design methods is crucial to reducing investment costs and
the time required to complete the design. This paper considers the problem of the proper
design of large-scale FPV systems with SP configuration to provide the minimum possible
lengths of cables and losses in the cables.

The rest of this paper is organized as follows. Section 2 describes the basic structure of
the power plant in terms of the number of solar modules per array, the number of arrays,
and the inverters. In Section 3, DC cabling is modeled in terms of cable lengths, cable type,
and power loss on the cables for two variants of SP topology. Section 4 discusses the impact
of ambient temperature on cable losses. Section 5 reports the results of the case study in
which a hypothetical 3 MW power plant is considered. The paper is concluded in Section 6.

2. Serial-Parallel Topology (SP)

Serial-parallel topology (SP) is realized by connecting the NM modules in series (in
so-called “strings”) and then connecting NS strings in parallel, where NS is the number
of strings, and NM is the number of modules in the string. The module and the inverter
parameters are used to select the number of modules in the strings and the number of
strings in parallel. The types of modules and inverter parameters are chosen according to
the predicted power of the power plant, that is, the available area [21]. The parameters of
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the inverter and the solar module for the configuration of SP topology are provided by the
manufacturer, as shown in Table 1.

Table 1. Inverter and solar module parameters.

Inverter Parameters Label

Power PINV
Maximum DC input voltage Umax
Minimum operating voltage UDCmin
Maximum operating voltage UDCmax

Maximum input current IIN

Solar Module Parameters Label

Maximum power Pp
Maximum power voltage due to MPP UPN
Maximum power current due to MPP IPN

Open-circuit voltage UO
Short-circuit current ISC

Maximum system voltage Umax p
Current temperature coefficient ki
Voltage temperature coefficient ku
Power temperature coefficient kp

Nominal operating cell temperature NOCT
Dimensions L×W

One array is formed as NS × NM, where NS is the number of strings, and NM is the
number of modules in the string (Figure 1).
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Figure 1. Serial–Parallel (SP) topology NS × NM for NS = 3 and NM = 8.

The number of modules in a string can be determined by the equation:

NM =

⌊
UDCmin + UDCmax

2 ·UPN

⌋
. (1)

The following condition must be met:

NM ·UO < Umax. (2)

The number of strings in the array can be calculated as:

NS =

⌊
PINV

NM · G
1000 · Pp

⌋
, (3)
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where G is the maximum insolation at the location of the FPV power plant [W/m2]. Pp
is the nominal power of the module measured under standard test conditions (insolation
1000 W/m2 and solar cell temperature TC = 25 °C). The number of modules per array is
as follows:

NP = NS · NM. (4)

The usable power of the inverter can be calculated:

PINVK = NP ·
G

1000
Pp. (5)

The total number of arrays in the system can be determined by the equation:

NA =

⌊
P

PINVK

⌋
, (6)

where P is the predicted power of the plant.
The block structure of one large-scale FPV power plant is presented in Figure 2.
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Figure 2. Block structure of large-scale FPV power plant.

The basic building block is an array that is multiplied NA times, where NA is the
number of arrays in the PV plant [21]. The value of NA may vary from a few tens to a few
thousand. It can be shown that the system performance is at its maximum when the array
performance is at its maximum. This stems from the fact that the system, up to the point of
connection to the network, is realized as a simple sum of an array.

3. Array Cabling on the DC Side

Each array is wired on the DC side, where the modules are connected in one of the
topologies. The array is connected to the transformer input to the network on the AC
side. It is necessary to determine the cable length, cable type, and losses in the cables
for one array on the DC side. Depending on the number of inverters and the number of
solar modules per inverter, the complexity or values of the listed parameters may differ.
The optimal choice of inverter type and solar module type can be challenging [21–23]; in
this paper, it is assumed that it is defined.

3.1. DC Cabling

The type of DC cable is selected according to the short-circuit current (ISC), the maxi-
mum system voltage (Umax p), the ambient conditions (Ta), and according to the relevant
standards [11]. The SP topology requires two types of cable: one that connects the solar
modules in a string (S1) and another that connects the strings to the inverter input (S2).

According to the standards, the cable cross-section has to be chosen so that value of its
nominal current is 1.56 times the value of the short-circuit current of the solar module [11].
A temperature correction factor is also introduced. For an ambient temperature of 30 °C
and a maximum temperature of 40 °C, a cable of 90 °C is chosen, and this factor is 0.58 [10].
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The required current capacity of the IC1 cable (for serial connections) can be determined
as follows:

IC1 =
1.56 · ISC

0.58
. (7)

The required current capacity of the IC2 cable (for parallel connections) can be determined
as follows:

IC2 = NS · IC1. (8)

In order to determine the lengths of DC cables, it is necessary to know the system’s
geometry, which is a function of the way the modules are placed. In this paper, only floating
photovoltaic plants (FPV) are considered. FPVs are built on water surfaces such as water
reservoirs, hydropower plant reservoirs, natural and artificial lakes, sea surfaces, and water
channels [24]. Due to the stability of the pad that supports the solar modules, FPVs are
usually realized with one solar module on the carrier. The solar module is mounted on a
shorter side of the solar module and placed along the carrier’s edge. In addition, the carriers
are at the level of the base on which the cables are placed (Figure 3). Due to the vibration of
the structure, the modules in the same string are spaced apart for L0.

++W

LL 0

Da b

W

Figure 3. Solar module position geometry in FPV plants.

The distance between two arrays is determined by:

D = W(cos α + sin α · cot β) = W(cos α + sin α · tan(αat + 23.5°), (9)

where αat is the latitude of the location. The cables lengths that connect the solar modules
in strings and the solar modules between two strings are determined as follows:

dM−M = KT · (L + L0), (10)

dS−S = KT · (D + W sin α). (11)

The minimum required lengths are multiplied by the coefficient KT. This is due to the
flexibility during installation and the shrinkage of the cables at low temperatures. In this
paper, 5% of the length is added, i.e., KT = 1.05.

In the standard SP configuration, connecting the solar modules in a string where all
the solar modules are arranged in one string requires a return cable that doubles the length
of the cable per string. If the number of solar modules in the string is even, then the string
is divided into two subsets, and the return cable is not required (Figure 4).
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Figure 4. DC cabling of a string by dividing it into two subsets.

3.1.1. Configuration with Two Types of Cables

In this configuration, all solar modules are connected in one string with one type of
cable (S1), and strings are connected in parallel with a different kind of cable (S2).

The length of the cable S1 in one string is determined as follows:

dS1 = (NM − 2) · dM−M + dS−S + KT · (L + dP−P), (12)

where dP−P is the distance between two arrays intended for cable laying. The length of the
type one cable (S1) in one array is determined as follows:

dS = NS · dS1 +


D, NS = 1
4 · D, NS = 2
8 · D, NS = 3

. (13)

For NS = 1, 2, and 3 there is no need for a second type of cable in the system. For NS > 3,
a type one cable covers a length of 8D (one string on each side with width 2D times 2 for
both polarities).

The length of the second cable type in one array is determined as follows:

dS2 =

{
4 · D · (NS − 3), NS > 3
0, NS = 1, 2, 3

. (14)

The length of the (+) pole of the cable along the cable tray is 2DNS − D. From this length
must be subtracted one width of the string on both sides (2 · 2D). The factor 2 is used to
include the (−) pole of the cable. For a number of strings smaller than 4 (1, 2, and 3), only
one type of cable (S1) is used.

Power is calculated as follows:

PC = RC I2, (15)

where RC is the conductor resistance. The conductor resistance for one string (serial and
parallel connection) is as follows:

RC1 = dS1 · R′1, (16)

RC2 = dS2 · R′2, (17)

where R′1 and R′2 are the resistances of type 1 and type 2 conductors, respectively. The power
losses in the conductors of one string are:

P1 = RC1 · I2
1 , (18)

where I1 is the string current. The power losses on the array are:

P1u = NS · P1. (19)

To determine the power losses in a parallel connection, the scheme in Figure 5 will
be used.



Appl. Sci. 2022, 12, 4500 7 of 18

I1I1 I1

I12 I13R’ R’ R’ R’ Iinv

String 1 String 2 String 3 String (NS
/ 2    1) String (NS

/ 2)

Figure 5. Scheme of losses on the cables on the DC side.

R′ is the resistance of the type 2 conductor between the two strings (S2). Since the
distances between the strings is equal and since type two cable is used along the whole
cable tray (for parallel connection of arrays), then the resistance is calculated as:

R′ =
RC2

NS − 2
. (20)

The inverter is placed in the middle of the cable tray (later, it is shown that this is the
optimal position for power loss on DC cables). It is sufficient to calculate losses on one
half of the array. Due to the symmetry of the problem, the total losses will be twice those
calculated on half the array.

According to the scheme from Figure 5, the following applies:

P1/2 = R′
(

I2
1 + 22 I2

1 + 32 I2
1 + . . . +

(
NS

2
− 1
)2

I2
1

)

= R′ I2
1

NS
2 −1

∑
n=1

n2 = R′ I2
1

NS(NS − 1)(NS − 2)
24

. (21)

Here, the losses are calculated on half of the array. Therefore the result must be
multiplied by two, and then by two again, to include the (+) and (−) polarities. Further,
R′ from Equation (20) is replaced, and the expression 8D · R′1 is added (because the last
strings are connected with the first type of cable). Finally, losses on parallel connections are
as follows:

P2 =

(
NS(NS − 1)

6
· RC2 + 8D · R′1

)
· I2

1 , NS > 3. (22)

In order to connect all strings in parallel, voltage equalization on all strings is required.
If a string does not generate enough voltage for any reason, then the currents of the
other strings will partly flow over the string with the lowest voltage until the voltages
are equalized. This causes losses and the unfavorable operation of the solar modules.
Therefore, all strings on the (+) pole are connected by a blocking diode. A Schottky diode
is selected as a blocking diode. Diodes are selected according to the string current and
string voltage. The voltage drop across this diode for a current of 10 A is 0.55 V [25,26].
The number of diodes in one array is the same as the number of strings. The losses in these
diodes are:

PD = NS I1UD. (23)

The cables are connected by appropriate connectors whose resistances, according to catalog
data, range from 0.1 mΩ to 2 mΩ [27–29]. Losses in the connectors are also significant and
should be considered. The total number of connectors in one array (with NM solar modules
in a string and with NS strings) is:

NK = NS(NM + 2). (24)

The number of connectors used is as follows: one connector per solar module–solar module
connection (NM − 1) in the string, one connector for the (−) pole in the parallel connection,
one connector for the (+) pole of the anode of the blocking diode, and one connector for the



Appl. Sci. 2022, 12, 4500 8 of 18

cathode of the blocking diode to the parallel connection. Power losses at the connectors are
determined by:

PK = NK · RK · I2
1 , (25)

where RK is the resistance of the connectors, and I1 is the current at the connector that
corresponds to the current of the strings.

3.1.2. Configuration with One Type of Cable

With one type of cable, strings are connected in the same way as with two cable types.
The second type of cable is replaced by connecting the strings to the input of the block
for a parallel connection of strings, SCB (String Combiner Box). This block also contains
elements of overcurrent protection (fuses), blocking diodes, measuring and monitoring
systems, etc. [30]. If the inverter is placed in an array (minimum length of DC cables),
then the SCB is placed directly next to the inverter. The cable that connects the SCB and
the inverter is then short (with required cross-section), and its losses can be neglected.
The conductors of individual strings are connected through one blocking diode ((+) pole)
and three connectors (the connection between the cable and the anode of the blocking
diode, the connection between the cathode of the blocking diode, and the common point
for (+) input to the inverter, the connection between the (−) pole of the string and the
common point (−) input in the inverters) to the bus of the inverter input. Therefore, losses
on connectors and blocking diodes can be calculated in the same way as with two types
of cables. The total length of cables that replace the type 2 cable depends on the position
of the inverter. It is shown herein that the minimum length of this part of the cabling is
achieved when the inverter is placed in the middle of the cable tray, which connects the
strings of one array.

Let it be assumed that the number of strings is NS (Str1, Str2, Str3, . . . , StrNS−1, StrNS),
and that the inverter is placed in the middle of the k-th string (Figure 6).

Inverter

D

1

2 3 4 k k+1 k+2 k+3

+

NS

+++++++ +

1  (2D)

2  (2D)

3  (2D)

(k     1)  (2D)
S

( k)  (2D)N

1  (2D)

2  (2D)

3  (2D)

Figure 6. Determining the cable length of parallel connections for one type of cable.

Then, the sum of the lengths of the strings’ distances from the inverter is given by:

dv = 2D
k−1

∑
i=1

i + 2D
NS−k

∑
i=1

i + 2D
k−1

∑
i=1

i + Dk + 2D
NS−k

∑
i=1

i− D(NS − k)

= 2 · 2D
k(k− 1)

2
+ 2 · 2D

(NS − k)(NS − k + 1)
2

+ 2Dk + DNS

= D
(

4k2 − 4kNS − 2k + 2N2
S + NS

)
. (26)

The first two terms are the sum of the lengths for the (+) pole of the cables, the third and
fourth terms are the sum of the lengths for the (−) pole on the left side of the inverter,
and the fifth and sixth terms are the sum of the lengths for the (−) pole on the right side
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of the inverter. The result is a quadratic function of k. The minimum is obtained for
4k− 2NS − 1 = 0, and then k can be expressed as follows:

k =
NS

2
+

1
4

. (27)

It is shown that the optimal location of the inverter is in the middle of the cable tray when
a minimum cable length on the DC side is required. In Equation (27), 1/4 is a consequence
of string widths and asymmetry of (+) and (−) cable lengths.

Let it be assumed that k = NS/2, that is, the inverter is in the middle of the cable tray.
By replacing k in Equation (26), the total length of the cable in the cable tray is:

dv = N2
S · D, NS > 3. (28)

The cable length in one array is:

dP = dS + dv, (29)

where dS is determined by Equation (13).

3.1.3. Array Geometry

Each array is represented as a rectangle of sides a and b. In addition, it is assumed that
the number of solar modules per string is even. Then, sides a and b are determined as:

a = (L + L0) ·
NM

2
+

dP−P

2
, (30)

b = 2D · NS. (31)

4. Impact of Temperature on Cable Losses

Temperature is an important parameter when considering the operation of PV sys-
tems [31–35]. The temperature changes the parameters of the solar module (ISC, UO, PP)
as well as the resistances of the DC conductors R′1 and R′2. Solar modules are tested for
current, voltage, and power under standard conditions (STC) of 1000 W/m2 insolation
and 25 °C solar cell temperature. For these values, catalog data are given for modules;
such data includes short-circuit current ISC, open-circuit voltage UO, maximum power PP,
operating current at maximum power IPN, and operating voltage at maximum power UPN.
The power plant operates in a temperature range that can vary from −20 °C to 45 °C. The
relations that connect the catalog data with the real data are given below [33–35]:

ISC(T, G) = ISC,STD ·
[

1 +
ki

100
(TC − 25 °C)

]
· G

1000
, (32)

UO(T) = UO,STD ·
[

1 +
ku

100
(TC − 25 °C)

]
, (33)

P(T) = PP,STD ·
[

1 +
kp

100
(TC − 25 °C)

]
, (34)

FF =
IPN ·UPN

ISC ·UO
. (35)

A nominal operating temperature of a solar cell is measured for insulation 800 W/m2

and 20 °C ambient temperature. For these values, the nominal temperature of the cell
(NCOT) is given as catalog data.

TC = Ta +

(
NCOT− 20 °C

800 W/m2 · G
)

. (36)
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Cell temperature TC can be calculated by Equation (36) if the insolation G, the ambient
temperature Ta, and the NCOT are known. The short-circuit current and open-circuit
voltage at this cell temperature can be determined according to Equations (32) and (33).
There is a change in the current-voltage characteristic of the solar panel and thus a change
in the operating point compared to the nominal point. The current and voltage (I1, U1)
at the point of maximum power at this temperature are different compared to the nomi-
nal values (IPN, UPN). This change is a linear function of temperature [34] and depends
on the temperature coefficients. Temperature coefficients can be represented as a linear
combination of the catalog coefficients ki and ku, so Equations (32) and (33) can be written:

I1(T, G) = IPN ·
[

1 +
γki

100
(TC − 25 °C)

]
· G

1000
, (37)

U1(T) = UPN ·
[

1 +
θku

100
(TC − 25 °C)

]
. (38)

Power as a function of cell temperature is determined by Equation (34) if the catalog
parameter kp, nominal power Pp, and cell temperature TC are known [34]. The same value
of power is given by the product of current and voltage at that temperature obtained by
Equations (37) and (38) [36].

This gives the relation of the coefficients ki, ku, kp, γki, θku as follows:

kp = γ · ki + θ · ku + γ · ki · θ · ku
TC − 25 °C

100
. (39)

The coefficients γki and θku are coefficients of change in current and voltage at the
maximum power point (MPP) as a function of temperature. Equation (39) express the fact
that coefficients γki and θku depend on temperature if kp is treated as a constant coefficient.
Without the established ratio of the factors γ and θ, Equation (39) cannot be applied to
determine the change in current as a function of temperature at the maximum power point.
In determining this relationship, it is necessary to start with the definition of temperature
coefficients. The temperature coefficients of power, current, and voltage are the quotients
of power change and temperature change, current change and temperature change, and
voltage change and temperature change, respectively:

kp =
100
PT

dP
dT

, γki =
100
IT

dI
dT

, θku =
100
UT

dU
dT

, (40)

where the measuring unit of coefficients kp, ku, and ki is [%/°C], and PT, UT, and IT are
values of power, voltage, and current, respectively, in the specific point. For the maximum
power point, using Equation (40), the following applies [36]:

kp =
100
PT

d
dT

(U · I) = 100
PT

dU
dT

I +
100
PT

dI
dT

U =
θku I

IT
+

γkiU
UT

. (41)

The coefficients from Equation (40) refer to any point of the UI characteristic curve and
represent the percentage change in power, current, and voltage as a function of temperature
in relation to the value of power, current, and voltage at that point. By normalizing these
coefficients to the unit amount of power, current, and voltage, we obtain these coefficients
for any point. This means that in Equation (41) we set PT = 1 W, UT = 1 V, and IT = 1 A.
Now Equation (41) becomes

kp = θku I[A−1] + γkiU[V−1]. (42)
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Equalizing Equations (39) and (42), and neglecting expressions with small values (product
of ku and ki) the ratio of γ and θ is obtained as follows:

γki
θku

=
1−UPN · [1/V]

IPN · [1/A]− 1
. (43)

U and I are replaced by UPN and IPN because the change in current as a function of
temperature change at the maximum power point according to STC conditions is calculated.
By including Equation (43) in Equation (39), γ is determined as follows:

γ =
−(1 + B)−

√
(1 + B)2 + 4 · kp · B · TC−25 °C

100

2 · B · ki · TC−25 °C
100

, B =
1−UPN · [1/V]

IPN · [1/A]− 1
. (44)

The problem with the temperature coefficients of current and voltage was discussed
in [37]; catalog data is provided only for short-circuit current and open-circuit voltages
but not for other points on the current-voltage characteristic. It was found that some
authors use the same coefficient for the whole characteristic, but that is not justified [38].
It is proposed to determine this coefficient by measuring in specific conditions. It is also
evident that temperature coefficients change with insolation [36,38].

For the following values of coefficients ki = 0.05 %°C−1, ku = −0.29 %°C−1,
kp = −0.37 %°C−1, and ambient temperature of 35 °C, γ = 1.707862 is calculated. Figure 7
presents the change in characteristic values (ISC, UO, I1, U1) for cell temperatures between
25 °C and 71.25 °C at 1000 W/m2 of insolation. For a temperature of 25 °C, the obtained val-
ues are as follows: ISC = 10.25 A, U0 = 53.9 V, PP = 440 W, U1 = 44.56 V, and I1 = 9.65 A.
These values correspond to the catalog data under STC conditions. For a temperature of
71.25 °C, the values are ISC = 10.49 A, U0 = 46.67 V, PP = 364.71 W, U1 = 39.45 V, and
I1 = 9.87 A.

0 10 20 30 40 50

U [V]

0

2

4

6

8

10

12

I
[A
]

T = 25◦C

T = 71.25◦C

Figure 7. Change in the characteristic values of current and voltage of the solar module for cell
temperatures 25 °C (solid blue line) and 71.25 °C (red dashed line).

ISC and UO are catalog values, while I1 and U1 are obtained according to
Equations (37) and (38), where γ is determined by Equation (44).

Table 2 shows the changes in solar module voltage at the maximum power point, the
solar module current at the maximum power point, the cell temperature, and the coefficient
γ as a function of ambient temperature changed from −10 °C to 50 °C. It is assumed that
the insolation is 1000 W/m2.
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Table 2. Change in solar panel parameters with change in temperature.

Ta [◦C] TC [◦C] U1 [V] I1 [A] γ

−10 21.25 46.35 9.62 1.789966
0 31.25 44.26 9.70 1.770358
10 41.25 42.22 9.78 1.751579
20 51.25 40.22 9.86 1.733567
30 61.25 38.26 9.95 1.716263
40 71.25 36.34 10.03 1.699619
50 81.25 34.45 10.12 1.683589

The results of different methods of determining the values of current, voltage, and power
as a function of temperature at the maximum power point and for G = 1000 W/m2 are
given in Table 3.

Table 3. Three different methods of calculating the power of the solar module at the maximum power
point as a function of temperature.

Ta [◦C]
γ = 1.789966 γ = 1 P [W]

I1 [A] U1 [V] I1 [A] U1 [V] 1 2 3

−10 9.62 46.34 9.63 46.05 443.6 446.1 445.7
0 9.70 44.26 9,68 44.73 433.0 429.8 429.5

10 9.78 42.22 9.73 43.41 422.3 413.5 413.2
20 9.87 40.22 9.78 42.09 411.5 397.3 397.0
30 9.95 38.26 9.82 40.77 400.6 381.0 380.7
40 10.03 36.34 9.87 39.45 389.5 364.7 364.4
50 10.11 34.45 9.92 38.13 378.3 348.4 348.2

Columns 2 and 3 represent the calculated values of currents and voltages with cor-
rection of the coefficients ki and ku by the factors γ and θ. Columns 4 and 5 represent the
calculated values of currents and voltages without correction of the coefficients ki and ku,
(γ = 1 and θ = 1). Column 6 represents the power calculated based on currents and volt-
ages determined without coefficients γ and θ (columns 4 and 5). Column 7 represents the
power calculated based on the nominal power and the coefficient kp. Column 8 represents
the power calculated based on the current and voltage with coefficients γ and θ (columns 2
and 3). Column 7 corresponds to the closest power values because it is determined based
on catalog data specified by the manufacturer. Power data calculated according to the
proposed method are given in column 8, and the absolute error is below 0.09%. Column 6
represents the data according to the catalog coefficients ki and ku given for the short-circuit
current ISC and the open-circuit voltage UO. The maximum absolute error for column 6
is 8.58%. Based on previous results, the correction of the coefficients ki and ku should be
performed when calculating currents and voltages outside the points (0, ISC) and (UO, 0).

The change in resistance according to the change in temperature is determined by:

R = R0(1 + αT · (T − T0)), (45)

where R0 is the resistance at room temperature T0 (25 °C), T is the operating resistance
temperature, and αT is the temperature coefficient. The temperature coefficient of copper
is 0.003 92 °C−1. If the ambient temperature (Ta) is known, it can be assumed that the
temperature of the cable at operating current (I1) will be equal to or lower than the cell
temperature. The cell’s temperature is determined based on the energy of solar radiation,
which is converted into thermal energy on the cell, plus thermal energy, which is released
on the cable inside the solar module due to the flow of the current. The conductors between
the modules are connected to the cables on the solar module. This leads to heat transfer
from the solar module (which is warmer) to the cables. In addition to this heat, the cables
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are also heated due to the current flowing through them. The value of the resistance of the
cable at ambient temperature can be determined according to:

R = R0(1 + αT · (TC − T0)). (46)

Considering these corrections to the resistance amounts R′1 and R′2, the estimation of
losses can be obtained with the ambient temperature taken into consideration as follows:

R′1(Ta) = R′1(1 + 0.00392 · (TC − T0)), (47)

R′2(Ta) = R′2(1 + 0.00392 · (TC − T0)). (48)

The cables have standard cross-sections and resistances whose values are given by the
manufacturers (Ωkm−1). In addition to the stated values, data on nominal cable currents
and linear mass density for copper and aluminum are given in Table 4 [27].

Table 4. Parameters of standard cables (data from [27,39]).

Copper Aluminum

S
[mm2]

Rl
[Ω/km]

IN
[A]

Linear Density
Mass

[kg/km]

S
[mm2]

Rl
[Ω/km]

IN
[A]

Linear Density
Mass

[kg/km]

2.5 7.98 41 24 − − − −
4 4.95 55 38.4 − − − −
6 3.30 70 57.6 − − − −
10 1.91 98 96 − − − −
16 1.21 132 153.6 − − − −
25 0.78 176 240 − − − −
35 0.554 218 336 95 0.32 216 430
50 0.386 276 480 120 0.253 253 510
70 0.272 347 672 185 0.164 340 760
95 0.206 416 912 240 0.125 408 960

120 0.161 488 1152 300 0.1 473 1160

For economic reasons, using aluminum instead of copper may be an option. Table 4
shows, in addition to the parameters of copper conductors, the parameters of aluminum
conductors for larger amounts of current IN. When replacing a copper conductor with an
aluminum one, the same current capacity should be provided. This requires equivalents
with a larger cross-section, as indicated in the table, so an aluminum conductor with
a cross-section of 95 mm2 is used in place of a 35 mm2 copper conductor cross-section,
with comparable nominal currents of 218 A and 216 A. The longitudinal resistance of
aluminum conductors with this cross section is less than the resistance of the equivalent
copper conductors. The same applies to the other substitute values listed in Table 4.

5. Testing of the Model/Case Study

To test the DC cabling model, a hypothetical power plant with a nominal power of
3 MW is considered. The PV plant is conceived as NA arrays, where each array contains
NS × NM solar panels connected in a serial-parallel configuration. The total array power is
matched to the power of the selected inverter by choosing the NS × NM configuration so
that NS × NM × PP ≤ PINV, where PP is the nominal power of the selected panel and PINV
is the nominal power of the selected inverter. All inverters are connected on the AC side to
the input bus of the transformer, which connects the plant to the power system. The input
data depend on the type of solar modules, and the model is made to support changes in all
input data. The inputs to the model are the parameters given in Table 5.
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Table 5. Input data of the model.

HCM78 × 9–440 W Solar
Module Parameters Inverter Parameters

PP 440 W PINV 16,000 W
UO 53.9 V UDCmin 320 V
UPN 45.56 V UDCmax 800 V
ISC 10.25 A Efficiency 98.4%
IPN 9.65 A UNN,max 750 V, AC
ki 0.05 %/°C Umax 1000 V
ku −0.29 %/°C
kp −0.37 %/°C
NOCT 45 °C
Length, L 2.172 m
Width, W 1.002 m

Plant power, P 3 MW

Location parameters

Geographic latitude 43°
Temperature 35 °C
Insolation, G 1000 W/m2

Orientation and distance of the solar modules

Solar module slope angle, α 22°
Distance between solar modules, L0 0.2 m
Distance between modules 1 m

The output results are presented in Table 6, where the solar module HCM78 ×
9–440 W [40] and a 16 kW power inverter are used.

Table 6. Output data of the model.

Geometry of Array Geometry of System

Array width, b 10.75 m System width 132.6 m
Array length, a 14.73 m System length 225.8 m
Array surface, A 158.42 m2 System surface 29,942 m2

System component data

Number of inverters 189 Number of arrays 189
Number of solar modules 6804 Number of solar modules in the array 36
Number of connectors 7938 Number of solar modules in the string 12
Number of blocking diodes 567 Number of strings in the array 3

Cables Length Cross-section Mass

Type 1 20,010.62 m 4 mm2 168.68 kg
Type 2 0 m

Power losses on DC cabling 0.4239%

The output data can be used for techno-economic analysis, feasibility studies, design,
etc. The power losses on the DC cables were specifically analyzed. Figure 8 shows the
results of the simulation of losses on the DC cables as a function of the nominal power of
the inverter.
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Figure 8. Diagram of power losses on the DC cables as a function of inverter power for both types
of cabling.

The ambient temperature is 35 °C, and insolation is 1000 W/m2. The power of the
inverter is changed from 5300 W to 90,100 W in increments of 5300 W. Under these con-
ditions, the power efficiency of the inverter exceeds 99%. The blue curve denoted by p1
represents the results for cabling with two types of cables. For this cabling method, power
losses on the DC cables do not exceed 0.55%. The red-dashed curve (p2) represents the
cabling results with only one type of cable. With increasing power, the losses increase
linearly and are larger than those with two types of cables. The maximum value is obtained
for an inverter power of 90,100 W and is equal to 0.71%.

Table 7 shows the economic parameters of DC cabling for inverters with different
power levels.

Table 7. Cable lengths, types, and masses for different inverter power levels.

P [kW]

Two Types of Cables One Type of Cable

S1, 4 mm2 S2 S1, 4 mm2

d [m] M [kg] s [mm2] d [m] M [kg] d [m] M [kg]

5.3 18,349 704 − − − 18,349 704
10.6 19,367 743 − − − 19,367 743
15.9 20,010 768 − − − 20,010 768
21.2 19,367 743 16 1018 156 20,385 782
26.5 18,859 724 25 1620 388 20,480 786
31.8 18,556 712 25 2021 485 20,578 790
37.1 18,462 708 35 2322 780 20,784 798
42.4 18,349 704 50 2545 1221 20,894 802
47.7 18,203 699 50 2709 1300 20,913 803
53 17,890 686 50 2810 1348 20,700 794

58.3 17,848 685 70 2925 1965 20,773 797
63.6 17,883 686 70 3032 2037 20,915 803
68.9 17,673 678 95 3082 2811 20,755 797
74.2 17,660 678 95 3154 2876 20,815 799
79.5 17,465 670 95 3183 2903 20,648 792
84.8 17,588 675 120 3261 3757 20,850 800
90.1 17,590 675 120 3312 3815 20,902 802
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For a topology with two cable types, the S1 cable is 4 mm2, with an average cable
length of 18.3 km and an average cable copper mass (M) of 702 kg. The average value of
the cable length and the cable copper mass is calculated for the different power inverters,
using the values from columns 2 and 3 of Table 7. The S2 cable has cross-sections ranging
from 16 mm2 to 120 mm2, lengths ranging from 1 km to 3.3 km, and copper masses ranging
from 156 kg to 3815 kg. The one-cable topology uses an S1 cable with a 4 mm2 cross-section,
an average length of 20.4 km, and an average cable copper mass of 785 kg, where average
length and mass values are calculated using columns 7 and 8 of Table 7. Based on the above
data, it is possible to calculate the cost-effectiveness of investing in copper to reduce losses.
It is necessary to decide between a topology with one type of cable and a topology with
two types of cables.

6. Conclusions

This paper presents a general method for calculating the length and type of cables
on the DC side of large-scale floating photovoltaic power plants. Power losses in cables
are analyzed. It is demonstrated that losses are less than 0.55% for the topology with two
types of cables and increase slightly with an increase in the power of the inverter. With a
one-cable type topology, power losses are higher, up to 0.7%, and they increase faster with
an increase in the power of the inverter. If the number of strings is greater than three,
a topology with two types of cables should be used. If the number of strings is three or
fewer, it is sufficient to use only one cable type.

This paper develops a method for the calculation of cable lengths and power losses
in cables, as well as a method for analyzing the techno-economic parameters of power
plants, such as the number of modules, the number of inverters, the number of connectors,
the number of blocking diodes, the required area, the cable types, the copper mass on DC
cables, etc.

For power loss calculation, this model considers the change in current and resistance
as a function of temperature. The coefficient of change in the short-circuit current as a
function of the temperature is given in the catalog. Still, the catalog does not provide data
about the current change at the maximum power point.

This paper shows how the current change can be determined at the maximum power
point depending on the temperature. We obtain an expression for current and voltage
calculation at the operating point as a function of temperature. To use that expression,
a correction factor that multiplies the temperature coefficient of the current must be used.
This factor slightly depends on the temperature change, and its average value is 1.734992.
By applying this coefficient, the power calculation at the maximum power point differs
from the value obtained using catalog data for kp by less than 0.09%.

In this paper, only losses on DC conductors are analyzed. However, in the DC array,
there are other losses that occur as a result of the system operating in real conditions. Parallel
and series connections of solar modules in configurations adapted to the parameters of the
used inverters lead to the equalization of currents of solar modules connected in a string
and the equalization of voltages at the ends of strings connected in parallel operation. Any
asymmetry, i.e., a deviation of the operating conditions of an individual solar module from
the others in the group, reduces the performance of the system due to these equalizations.
This reduction is manifested by the working point of the solar panels being moved beyond
the point of the MPP due to alignment with the other panels in the array. This problem is
especially pronounced when individual strings in parallel, or modules in a string, do not
have the same insolation, i.e., when a shadow appears on a part of the plant. Significant
losses then occur, and this problem is the subject of intensive research, where different
wiring topologies are analyzed in terms of their potential to reduce these losses. In this
paper, we have not dealt with this problem; instead, we assume identical conditions for all
panels in the system. In addition, different string positions relative to the inverter require
different cable lengths. This leads to different voltage drops on the cables, and losses occur
due to voltage equalization in parallel connections. These losses are not large because
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differences in line lengths occur only on parallel connections that have larger cross-sections
and shorter lengths. The problem is that these losses occur constantly and not occasionally,
as in shading. In any case, the problems of losses due to voltage drops and shading are
important and should be analyzed in future research.
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