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EMBARKED PV MODULE’S MATHEMATICAL MODEL: 
SIMULATION, EXPERIMENT AND VALIDATION 

Ovidiu CRISTEA1, Mihai BĂLĂCEANU2, Mihai-Octavian POPESCU3, Aurelian 
Sorinel CALINCIUC4 

The paper presents the correlation between the most-known PV cell models 
and the mathematical models of the ship’s movements. The resulted mathematic 
model is simulated in LabView®. For validating the proposed model of an embarked 
PV panel, the paper presents a comparative study between simulation and 
experimental results. The final conclusions offer a good tool for those who are in 
eco-ships research, or looking for installing PV panels on board ships or within the 
naval domain.  
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1. Introduction 

The current state of the art comprises a large number of numerical 
simulations, especially in Simulink, for the mathematical models of an “ideal” PV 
cell[1]–[8]. The equivalent scheme is realized in a simple way, with only one 
diode that is connected to the terminals of a photocurrent generating source, or 
more complex, where both shunt and series resistances are taken into 
consideration, with two or more diodes included for a better description of the 
different types of p-n junctions, the base principle being the same. There is a 
photocurrent source that reacts according to (1), that produces IPH, from which the 
current ID, which flows through the forward-biased diode, decreases as can be 
seen in expression (2). This diode current represents the losses caused by the 
recombination of the electrons. The reference value of IPH is about 40-43mA/cm2. 
Accurate models, which involve a bigger number of diodes, tend to take into 
consideration the different types of the electron recombination. For example, for 
the model that contains two diodes, the second one must equalize all the losses 
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that are occurring in the p-n junction area of the absorbent materials that are 
included in the PV cell [9, 10]. 

௉ுܫ ൌ ሾܫௌ஼ ൅ ௜ܭ · ሺܶ െ ௥ܶሻሿ ·
ௌ
ௌೃ

,   (1) 
where: IPH – photocurrent, ISC – short-circuit current, Ki – short-circuit 

current temperature coefficient, T – module temperature in Kelvin, Tr - 298°K, 
S/SR – normalized irradiation. 

ܫ ൌ ௉ுܫ െ ଴ሺ݁ܫ
೜ೇ
಼ಳ೅ െ 1ሻ,    (2) 

where: I0–reverse-biased diode leakage current, q – elementary charge, V 
– PV cell voltage, KB – Boltzmann constant.  

Using complex mathematical models, with improved results towards a 
simple mathematic model, some disadvantages are involved. Besides the 
increasing number of diodes used in the equivalent electrical scheme, the 
parameters number is also growing. Some of them are given by the PV module 
manufacturer, but other must be obtained by approximations, mathematic models 
or iterative calculation [1, 2, 4, 9, 11, 12]. All these additional determinations hold 
back the method and the computing time, leading to a hard implementation into 
the calculation systems of the MPPT`s. 

The process of checking the mathematical models is done most of the time 
with an inspection of three distinct points upon the I-IV characteristics, between 
the real and simulated values. These points are: (0, ISC), (VMPP, IMPP), (VOC, 0). 

2. Mathematical model of embarked PV module 

The simulation purpose of the embarked PV cell operated in a medium 
with rapid irradiations variations, which more accurately means a variation of the 
tilt angle with the oscillations of the ship; this is acquired in order to implement 
the mathematical model of the ship oscillatory movements into a PV cell 
mathematic model. Because the only parameter that varies at the same time with 
the tilt angle is the solar irradiation, which is always taken like a freestanding 
value in most of the mathematic models of the PV modules, we chose to use for 
the simulation the mathematical model using one diode relation (2). In order to 
keep the general structure of the numerical simulations on the PVsyst 
environment, we have chosen the Hay model for the horizontally irradiation. For 
the sake of simplicity and also because the simulation takes place only once a day 
with constant irradiation, we considered that the direct irradiation (3) and the 
diffuse one (4) are constant, and the albedo irradiation(5) varies with the tilt angle 
of the PV module[13]–[16].  

 
ூ௡௖݉ܽ݁ܤ ൌ ு௢௥݉ܽ݁ܤ · sinܪ௦௢௟௜ ⁄௦௢௟ܪ    (3) 
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ூ௡௖ܾ݈ܣ ൌ ߩ · ு௢௥ܾ݋݈ܩ ·
ሺଵି௖௢௦ ௜ሻ

ଶ
   (5) 

where: i – the tilt angle, Hsol – the Sun high measured from the horizon, 
Hsoli – the Sun high measured from the tilt plane ( equals with 90°-incidental 
angle), KB – the clearness irradiation beam index (6), Io – the solar constant, ρ – 
the albedo. 

 
஻ܭ ൌ ு௢௥݉ܽ݁ܤ ௢ܫ · sinܪ௦௢௟⁄     (6) 

 
In this way, the incident irradiation on the PV module collector plan is 

equal with the global horizontal irradiation specific to the projection on the 
surface of the collector plan. As the PV module oscillates at the same time with 
the ship, the incident solar irradiation will have a reference value for a horizontal 
orientation and will vary directly proportional with the cosine of the tilt angle of 
the ship. Combining (1) with (2) and inserting the ship’s oscillation mathematical 
model (7)[17], the embarked PV cell model relations for roll (8) and pitch (9) 
results: 

ቊ߮ ൌ ߮஺ cos൫߱ఝݐ െ ఝ൯ߚ
ߠ ൌ ஺ߠ cosሺ߱ఏݐ െ ఏሻߚ

    (7) 

 
where: φ – the roll angle [rad], θ – the pitch angle [rad], φA, θA– the 

maximum roll and pitch angle, ωφ ,ωθ – the circular frequencies for roll and pitch, 
βφ, βθ – the initial phase of roll and pitch angles. 

It should be considered that the expression (7) is applied only for 
theoretical case of ship’s free oscillations (without wave excitations). This mode 
can be developed for external regular(Airy) and irregular wave excitations[18–
20]. 

 

ܫ ൌ ሾܫௌ஼ ൅ ௜ܭ · ሺܶ െ ௥ܶሻሿ ·
ௌ·ୡ୭ୱሺఝಲ ୡ୭ୱ൫ఠക௧ିఉക൯ሻ

ௌೃ
െ ଴ܫ · ቀ݁

೜·ೇ
ೖ·೅ െ 1ቁ (8) 

 

ܫ ൌ ሾܫௌ஼ ൅ ௜ܭ · ሺܶ െ ௥ܶሻሿ ·
ௌ·ୡ୭ୱሺఏಲ ୡ୭ୱሺఠഇ௧ିఉഇሻሻ

ௌೃ
െ ଴ܫ · ቀ݁

೜·ೇ
ೖ·೅ െ 1ቁ (9) 

The relations (8) and (9) were used in the simulation of the embarked PV 
cell characterization at fast irradiation variation produced by ship’s movements. 
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3. Simulation results 

The most known environment for the simulation of the PV cells and 
modules is Simulink from Matlab. Because of the fact that the data acquisitions 
programs, used in experiments with onboard PV panels, were developed in 
LabView, that will recognize in the future the Matlab-Simulink products, we 
carried out the simulation of an embarked PV module, in a medium with rapid 
changes of irradiation, also in this environment. 

Fig. 1 presents the LabView application’s block diagram of an embarked 
PV module which functions during rapid changes of irradiation, caused by the 
oscillatory movements of the ship. 

The PV onboard begins with the generation of a sinusoidal signal in order 
to reproduce the oscillations movements of the ship. This is made with the tool 
Simulate Signal is responsible for this. This way, according to the ship type, the 
frequency of the oscillations and the maximum amplitude can be set up at the 
beginning of the simulation, from the LabView application’s front panel (Fig. 2). 

In the state of the art one can find [18–20] we can find the frequency of the 
oscillations and the maximum amplitude for a certain type of ship. For this 
simulation we used an oscillation’ frequency of 0,1Hz, zero initial phases of 
oscillations and only when testing the electrical system purpose, the pitch and roll 

 
Fig. 1. LabView application’s block diagram of an embarked PV module which functions during rapid 

changes of irradiation 
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angles are larger than usual. The equation (7), the maximum tilt angles φA and θA 
are given in radians. For a better view of the ship oscillations movements, we 
decided to use in the simulations the values of the maximum angles in degrees 
(0°÷30°). The Simulate Signal block generates a signal with the tilt angle values in 
radians. This signal enters a cosine block in order to create the cosines tilt angle. 

The next stage is the introduction of the ship movement’ oscillations into 
the mathematical model of an ideal PV module. As it is presented above, the 
incident irradiation of the PV module plan is composed of the direct and indirect 
irradiation to which is added the irradiation from the albedo. So, the virtual 
instrument Formula computes the expression (5) and then it is added to the 
cosines of the total horizontal irradiation. Also on this block, the total incident 
irradiation of the PV module is reported to the reference irradiation value 
(1000W/m2). 

The input data of this block are the albedo’s and the total horizontal 
irradiation’s ones. The block Iscr computes the short-circuit current for a PV cell 
at a certain temperature according to the expression between brackets from (1) 
relation. The reference temperature Tr is equal with 25°C (298 K) according to 
STC. The short-circuit temperature coefficient Ki (Kelvin) was settled to 0,0017 
A/°C. The short-circuit current Iscr has a value of 0,63 A according to the table 
data of the 10 Wp PV panel, used in the next chapter for validation experiments. 
The PV temperature must be expressed in °C. 

The photovoltaic current Iph is introduced in a new calculus block. Here 
the current for the PV module is calculated, without taking into account the shunt 
and series resistances. The data that can be inputted here refers to the open circuit 
voltage (VOC) and the module’s number of PV cells. The I0 value is 1E-12A, the 
elementary load q is 1,6E-19C, and the Boltzmann constant k is 1,3805E-23J/K. 
At the output of the virtual instrument Ipv, the current of the onboard PV module 
results. 

The simulation allows the view of results in real time, displayed as graphic 
charts and numbers. All the input data for the simulation is settled from the front 
panel as it is presented in the Fig. 2. 

 
Fig. 2.LabView application’s front panel of an embarked PV module which functions  

during rapid changes of irradiation 
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For example, for the input data from Fig. 2, the value of the current 
intensity at the output of the PV module is 0,62972 A, for a horizontal position of 
the panel, and decreases till 0,629646 A for a tilt of 1 degree with the horizontal, 
as we can see in the Current-Time representation.  

In order to check the mathematical model proposed and implemented in 
LabView, a simulation has been carried out with data provided by the 
manufacturer for characteristics provided by the manufacturer for a 10Wp PV 
panel (Table 1). 

Tabel 1 
Technical data of a 10Wp PV panel used in simulation and experiments 

PV cell number 9 
Rated power 10 W 
Tension 17,85 V 
Current 0,56 A 
Free tension 22,18 V 
Short-circut current 0.63 A 

 
After the simulation of an embarked 10Wp PV module operated during 

rapid changes of irradiation, for different maximum amplitude tilt angle and 
albedo’s value, we obtained the results presented in Table 2. 

Tabel 2 
Simulation results of an embarked 10Wp PV module 

Ship tilt
[°] Albedo Imax

[A] 
Imin 
[A] 

Difference
[A] 

Imed 
[A] 

Percent 
[%] 

0 0 0.63 0.63 0 0.63 100 
1 0 0.63 0.629905 9.5E-05 0.629953 99.99246032 
1 0.25 0.63 0.629915 8.5E-05 0.629958 99.99325397 
1 0.5 0.63 0.629928 7.2E-05 0.629964 99.99428571 
1 0.75 0.63 0.62994 6E-05 0.62997 99.9952381 
1 1 0.63 0.629952 4.8E-05 0.629976 99.99619048 
5 0 0.63 0.62752 0.00248 0.62876 99.8031746 
5 0.25 0.63 0.62758 0.00242 0.62879 99.80793651 
5 0.5 0.63 0.6282 0.0018 0.6291 99.85714286 
5 0.75 0.63 0.6285 0.0015 0.62925 99.88095238 
5 1 0.63 0.6288 0.0012 0.6294 99.9047619 
10 0 0.63 0.6205 0.0095 0.62525 99.24603175 
10 0.25 0.63 0.6215 0.0085 0.62575 99.32539683 
10 0.5 0.63 0.6228 0.0072 0.6264 99.42857143 
10 0.75 0.63 0.624 0.006 0.627 99.52380952 
10 1 0.63 0.6252 0.0048 0.6276 99.61904762 
20 0 0.63 0.594 0.036 0.612 97.14285714 
20 0.25 0.63 0.597 0.033 0.6135 97.38095238 
20 0.5 0.63 0.601 0.029 0.6155 97.6984127 
20 0.75 0.63 0.6055 0.0245 0.61775 98.05555556 
20 1 0.63 0.6095 0.0205 0.61975 98.37301587 
30 0 0.63 0.545 0.085 0.5875 93.25396825 
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30 0.25 0.63 0.554 0.076 0.592 93.96825397 
30 0.5 0.63 0.564 0.066 0.597 94.76190476 
30 0.75 0.63 0.5725 0.0575 0.60125 95.43650794 
30 1 0.63 0.582 0.048 0.606 96.19047619 

We can observe that for small tilt angles of the ship and high values of the 
albedo, the current variation produced by the PV panel is less than 1%. The 
maximum current variation took place, as we intuited it, at the maximum tilt angle 
of the ship and minimum of the albedo. So, for a maximum tilt of 30° and a 0,25 
albedo, the minimum current will be 0.066 A less than the maximum current, and 
an average current equal with 0,592 A that representing 93,968% from the 
maximum current. It’s important to know that that the simulation tests were 
conducted for a PV cell at rapid irradiation changes and not the ship’s oscillations. 
Hence, only for testing of electrical system purpose, the pitch and roll angles are 
larger than usual. In practice the pitch angle is less than 5° and the roll angle is 
less than 20°. 

4. Experiment results and simulation validation 

In order to verify the simulated results and the proposed mathematical 
model implemented in LabView, during the period of time from 14:30 to 14:50 on 
22.06.2014, we realized an experiment with a 10Wp PV panel. The panel was 
used in an experimental platform (Fig. 3). The PV panel output voltage was 
measured with a data acquisition board USB 6008, programmed in LabView from 
National Instruments, and the tilt angle was measured manually. The experimental 
platform is based on older versions used by us onboard of ships [21–23]. 

The acquisition data is presented in the Fig. 4. In the left side there is the 
PV module output voltage for roll and in the right side, the one for pitch 
movements. 

 
Fig. 3. Experimental platform of an embarked PV module operated during rapid changes 

of irradiation
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The roll and pitch angles are set up using an experimental platform and for the 
calibration purpose they have values between 0° - 90°. As we mentioned, these 
values are far bigger than the real ones. The current signal from embarked PV 
panel is direct proportional with the voltage signal from Fig. 4, because load is a 
resistor of 17 Ω, chosen to obtain maximum power point (MPP) of the PV panel. 

The comparative studies between simulated and experimental results are 
presented in Table 3 and 4. Please take in consideration that only for testing the 
electrical system capabilities the pitch and roll angles are bigger than the real 
ones. 

Tabel 3 
Comparative study between simulated and experimental results for ship’s roll 

Roll 
angle 

[°] 

Imax 
simulated[A] 

Imax 
real[A] 

Imin 
simulated[A] 

Imin 
real[A] 

Imed 
simulated[A] 

Imed 
real[A] 

Percent 
error 
Imed 

0 0.63 0,631 0.63 0,631 0.63 0,631 -0.2 
10 0.63 0,631 0.6205 0,562 0.6253 0,612 2,1 
20 0.63 0,631 0.594 0,557 0.612 0,607 0,8 
30 0.63 0,631 0.545 0,533 0.5875 0,594 -1,1 

Tabel 4 
Comparative study between simulated and experimental results for ship’s pitch 

Pitch 
angle 

[°] 

Imax 
simulated[A] 

Imax 
real[A] 

Imin 
simulated[A] 

Imin 
real[A] 

Imed 
simulated[A] 

Imed 
real[A] 

Percent 
error 
Imed 

0 0.63 0,625 0.63 0.625 0.63 0.625 0.8 
10 0.63 0,624 0.6205 0,574 0.6253 0,607 2,9 
20 0.63 0,624 0.594 0,560 0.612 0,600 2,0 
30 0.63 0,623 0.545 0,532 0.5875 0,593 -0,9 

 
Fig. 4. Experimental results of an embarked PV module which functions during rapid changes of 

irradiation
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The calculation of the acquired data, from 0°-30° angles, revealed that the 
values for the roll movements are from 0,631 to 0,426 A, with an average value of 
0,587 A, and the values for the pitch are from 0,625 to 0,476 A, with an average 
value of 0,587 A. 

The small error percent between simulated and real result, less than 3%, 
indicate that the proposed mathematical model of an embarked PV panel, at fast 
variation of irradiation, is valid. 

5. Conclusions 

The paper presents a proposed mathematical model for an embarked PV 
panel during the fast variation of solar irradiation. The mathematical model is 
implemented in a LabView simulation. The real experiment values validate the 
mathematical model and the simulation environment. 

Even the fact that the real results between roll and pitch angles are not the 
same, after processing the acquisitioned data in DIAdem it results that the average 
current values produced by the PV panel are the same. 

Further research should be made on real onboard conditions and using 
more complex mathematical models for PV cells and ships’ oscillations. 

A very important conclusion is that a horizontal PV panel embarked 
onboard a ship with an average maximum amplitude tilt angle of 10° will have 
losses in effective energy production of 14,6kWh/m2/year. 

The conclusions of the study presented in this paper show that the 
implementation of renewable energy in this field should be made with a rigorous 
documentation and research, in order to obtain the best solution and effectiveness. 
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