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1. Introduction 

Generating electrical energy is an important base of a 

growing country considering its value. Meanwhile, 

accessing advanced technologies and utilizing green 

energies and reproducible systems developed 

significantly. Easy use of solar energy puts it in a 

preferable situation. Sun is the biggest energy supplier of 

the earth and the supplied energy is used in generating 

power via different modes. It will be more important 

considering the radiated solar energy is converted to 

electrical energy directly using photovoltaic systems. 

Production of solar cells and modules increased recently 

and reached more than 2500MW per year. In satellites 

the power subsystem is a photovoltaic type that gathers 

its energy and other power subsystems from a group of 

solar arrays. Solar arrays used in aerospace means, differs 

from conventional types in terms of type, used 

technology, coating material, electrical characteristics 

and mechanical structure. Satellite solar arrays and other 

spatial PVs are constructed from high efficiency 

materials. Applying the business plan method to forecast 

the five-year world production value and domestic 

production value of aerospace industry has been done in 

[1]. Advanced missions within the Air Force are 

investigating the use of flexible PV array systems. The 

rapidly-evolving technology of flexible thin film PV cells 

lends itself particularly well to a flexible array concept. 

Parallel incentives for development of flexible PV arrays 

are the possibilities of synergistic advantages for certain 

types of spacecraft, in particular the Solar Thermal 

Propulsion (STP) vehicle [2]. A low-cost high-efficiency 

DC–DC converter with maximum power point tracking 

(MPPT) functions, control, and Power Line 

Communications (PLC) has been studied in [3]. The 

performance of a PV array is affected by temperature, 

solar insulation, shading, and array configuration. Often, 

the PV arrays get shadowed by passing clouds, 

neighboring buildings and towers, trees, utility and 

telephone poles [4]. The situation is of particular interest 

in case of large PV installations such as those used in 

distributed power generation schemes [4]. Under partially 

shaded conditions, the PV characteristics get more 

complex with multiple peaks. Yet, it is very important to 

understand and predict them in order to extract the 

maximum possible power. This paper presents a 

MATLAB-based modeling and simulation scheme 

suitable for studying the I–V and P–V characteristics of a 

PV array under a non-uniform insulation due to partial 

shading [4], [7] and [11]. A novel topology for a 

photovoltaic (PV) DC-DC converter that can 

dramatically reduce the power rating and increase the 

efficiency of a PV system by analyzing PV module 

characteristics is proposed in [5]. PV stand-alone system 

requires a battery charger for energy storage. In [6] the 

modeling and controller design of the PV charger system 

implemented with the single-ended primary inductance 

converter (SEPIC). A transformer provides galvanic 

isolation and grounding of the PV array in a PV-fed grid 

connected inverter. Inclusion of the transformer, 

however, may increase the cost of the system. To 

overcome this drawback, a single-phase, single-stage (no 

extra converter for voltage boost or maximum power 

point tracking (MPPT)), doubly grounded, transformer-

less PV interface, based on the buck–boost principle, is 

presented in [8] and [9]. A control method for small 

utility connected large PV system to reduce frequency 

deviation using a minimal-order observer has been 

studied in [9]. A dynamical electrical array 

reconfiguration strategy on the PV generator of a grid-

connected PV system based on a plant-oriented 

configuration in order to improve its energy production 

when the operating conditions of the solar panels are 

different is given in [10]. Sizing of PV generators is an 

important issue which might affect the PV system overall 

yield and performance ratio [12]. Fault analysis in solar 

PV arrays has been studied in [13-15]. Bypass diodes are 

frequently used to minimize the effects of shading on PV 

module power generation. However, the functionality and 

effectiveness of these diodes depends on proper 

installation of a module with respect to potential shade 

sources [16]. A new methodology for optimal design of 

transformer less PV inverters targeting a cost-effective 

deployment of grid connected PV systems has been given 

in [17] and [18]. Nowadays these cells are multilayer 

type “constructed from GaInp/GaAs/Ge” which some 

%27 efficiency samples have been used in spatial 

projects. Producing laboratory versions that reached %50 

efficiency have been considered nowadays. Other 

suitable option is silicon cells which have been used in 

spatial missions years ago. Their efficiency has been 

tripled in recent 4 decades and reached %24 in some 

cases. Other characteristic which discriminates spatial 

arrays from conventional types is high cost of their 

production. This paper investigates the PV application in 

Hercules aircraft for generation the electrical energy. The 

suggested scheme can be replaced with Auxiliary Power 

Unit (APU) with better performance and low cost. This 

paper has been organized as follow: 

In section II, the concept of cell and array is discussed. 

Then, in section III, the MPPT concept and its equations 

is introduced. In section IV, the DC-DC converter in PV 

systems is discussed. In section V, the control strategy is 

introduced. So, the Hercules aircrafts electrical system is 

descried and MATLAB software is applied to investigate 

the operational behavior of the proposed system and 

related simulation results are analyzed. In the last section 

conclusion and references are given. 

2. Cell and Array Concept 

A solar array is produced by combination of multiple 

strings which stands in series or parallel. A string is a 

combination of several cells which there is a blanking 

diode at their endings in order to separate the specific 

strings from array. A group of these cells – which stand 

together based on factories default design in a peripheral 

protected layer in series or parallel and makes block 

structures of a PV generation unit is called panel or PV 
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module [19]. A combination of these panels is called 

solar arrays as shown in Fig.1. 
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Fig. 1. Module configuration in a PV array 

2.1. Modeling Cell and Solar Array  

     Usually, first step in simulation of power subsystem is 

simulation and modeling of solar arrays structure and 

performance. To fulfill that, first it is used to select an 

appropriate model for cell. The most complete model for 

single layer silicon cell is called "two diode equivalent 

circuits" and in case of choosing appropriate parameters 

for it, the model could represent actual behavior of cell 

accurately [19]. Aforesaid model is shown in Fig. 2.  
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Fig. 2. Two diode equivalent circuit of single layer cell 

 

Related equations of Fig. 2 are as bellow: 
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     exp(P P TR T R T T T 
 

(7) 

In these equations ,  ,  ,   cell cell optical d sJ V J J and J represent 

current density, cell voltage, optical current density, 

darkness current density due to diffusion phenomena and 

darkness current density due to recombination 

phenomena, respectively. Specification 

of
dJ and

 dJ requires determination 

of
satJ and

satJ which Eq.4 calculates it for i=1, 2. 

Equation (4) needs
rE band gap energy which can be 

obtained from Eq.5. For silicon
SR and

PR resistors could 

be represented as a function of T temperature and G 

radiation by Eqs.6 and 7.    ,SR T G  and    PR T could 

be achieved either by datasheets or standard methods 

presented in cells functional chart in nominal condition. 

Temperature factor , ,  and T ph T GK V  depends on 

constructed technology and could be specified from 

datasheets. K and q represents Boltzmann coefficient and 

electrons charge. Ideal factor for diodes 1 and 2 

is .n  and n  considering their role. So in each 

time, receiving radiation power (G) in T temperature and 

for output load ( )LR leads to current cell

cell

L

V
I

R
  in cell. 

The dominant feature of this method is that, having cell 

characteristic in a reference condition and a measurement 

in a random condition, it is possible to specify all 

parameters of the model. Having obtained cell module, 

next step is definition of array module. Although there 

are different methods for that, but if the same condition 

including temperature and radiation is considered for all 

cells of array, it is possible to define array model using 

Thevenin and Norton equivalent circuits. If a string 

including
SN similar cell is assumed, it is well known that 

the optical current ( )phJ and darkness current flowing in 

cells are same. Also it is clear that the series resistance of 

string is
SN times of cells.  

To calculate parallel resistance, it is possible to consider 

the sum of each source - ,ph d dJ J and J - currents as a 

general source, and by converting it to Thevenin 

equivalent circuit, it is revealed that
pR for each string 

would be SN times. Considering that in each branch, all of 

series diodes are the same, it is possible to assume that 

each branch includes only one diode if its voltage equals 

to
cell S cellV R J . In implementation of equivalent circuit, 

the voltage of each group of diodes should be divided 

to SN . When, pN same strings stand beside, the final 

equivalent circuit will include pN string equivalent 

circuit. Moreover, same phJ ,
dJ and

dJ can be assumed 

too. Because of using absolute values of currents instead 

of their density in equations related to arrays, it is 

possible to obtain all equations in terms of current by 

multiplying “optical currents density” and “darkness 

currents density” to cellA effective area of the cell. cellA is 

calculated by ignoring the areas covered by junctions and 

metal dactyls. Considering all of aforementioned notes, 
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the main relationship between V and I could be written as 

Eq.8. “A” index refers to arrays quantity. Note that the 

dimension of parallel and series resistances is Ω unlike 

previous equations.  

 

 

exp

exp

A A

P SA A

SC A sat

S

A A A
P S A A S

A sat

S A

q V I R
I I N I

N n KT

q V I R V I R
N I

N n KT R

  
    

  
  

   
    

  
    

(8) 

 

2.2. Characteristic of  Modelled Array 

 

    In this paper the results of polycrystalline silicon solar 

arrays are used for defining cells and arrays models in 

Simulink. The characteristics of arrays and cell in 

nominal condition- ,T C G wm  -are listed in 

tables (1) and (2). Moreover in this condition we should 

consider    , . Ω ,  ΩS PR G T Cm R T Cm  . 

 
Table. 1. Array model parameters 

Characteristic of modelled array 

 

Maximum power of module maxP
 200W 

Corresponding voltage of maxV
 40V 

Corresponding current of maxI
 5A 

Open circuit voltage 47.8V 

Short circuit current 5.4A 

Open circuit radiation factor Cr 6.3C 

Open circuit temperature factor Ct 136.8 

Short circuit temperature factor It 2.2 

weight 6kg 

Module dimensions 1559 mm*798 mm 

Number of cells in a string 36 

2.3. Characteristics of Modeled Solar Array in STP 

condition 

Performance of a module or other PV tool is evaluated in 

a certain condition which means that data given data by 

manufacturer is valid in those conditions named nominal 

conditions.  

 
Table. 2. Standard and Nominal conditions used for PV 

modules testing 

Nominal condition Standard condition 

Radiation:

W
G

m


 Radiation:

W

m   

Temperature: C   PV cell temperature: C   

2.4. PV Array Model 

 

PV array simulations in steady state condition are as 

below: 

 

 All modules used in the array are the same and from 

identical manufacturer. Because in different cases 

each would have unique V-I curve, so they would 

have different voltage and current that leads to 

unbalance and returning current in arrays even in 

same radiation. Thereby, as possible all modules 

would be same in an array. 

 Solar radiation is the same on all modules. In case of 

transient conditions there might be unbalance in 

modules currents and also module absorbs current 

acting as a load due to shadowing or malfunctioning 

of them. Usually this condition is avoided by placing 

a freewheeling diode. In case that the weather is 

cloudy by a cloud all of modules are in shadows. So 

in a cloudy weather there is no unbalance in current.  

    Considering those two assumptions in modeling, it 

is concluded that in steady state condition, usually 

currents of arrays strings are the same because voltage 

and currents of balanced modules are the same due to 

approximately same voltage of modules. Arrays 

voltage is sum of modules in branch voltages. In 

steady state condition PV arrays could be simulated 

by Eqs. 9 and 10. 
A M

PI M I
 

(9) 

 
A M

SV M V
 

(10) 

 

where, AV ,   AI ,   PM and
SM represents arrays voltage, 

current, number of shunt branches and number of series 

PV modules. 

3. MPPT Concept and Its Equations 

A control system of PV is a maximum power point 

tracking system which results in obtaining maximum 

power in different weather condition by module. Since a 

PV system requires higher initial cost with respect to 

conventional powerhouse, it must obtain maximum 

power out of the sun [20]. MPPT is an electronic system 

that drives PV module so that makes module to generate 

maximum possible power. Using P-V curve it is possible 

to find MPP point and thereby voltage and current of 

MPP point. Fig. 3 shows V-I characteristic of PV 

module.  

ISC

IMPP

VMPP VOC

I

V

P

MPP

 
Fig. 3. V-I and P-V curves and MPP point of a PV module 
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3.1. Effect of Changing Sun Radiation  

    In this section, V-I and P-V characteristic curve for 

different values of radiation will be drew. Note that all of 

curves drew in C temperature. As it is clear from Figs. 

4 and 5, increase in solar radiation will lead to higher 

short circuit and higher open circuit voltage. 
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Fig. 4.V-I curve for different values of radiation 
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Fig. 5. P-V curve for different values of radiation 

 

3.2. Effect of Temperature Change on Its 

Performance 

 

     The effect of temperature change is presented in Figs. 

6 and 7. It is obvious that in lower temperature, 

maximum power and open circuit voltage is higher. On 

the other hand, temperature variation slightly lowers the 

short circuit current. All of these notes are presented in 

second section. And here, validity of the model could be 

realized. 
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Fig. 6. V-I curve for same radiation and different operating 

temperatures of cell 
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Fig. 7. P-V curve for same radiation and different operating 

temperatures of cell 

3.3. Intermediary Power Electronic Circuits 

     Intermediary power electronic circuit is an electrical 

part of hybrid system like one is analysed in this paper. 

Since there are efficient inverters, by boosting output 

voltage of DC-DC converter to aircrafts DC voltage 

level, it is possible to connect it to aircrafts DC bus and 

other stages of reducing voltage would be accomplished 

by aircrafts electrical system. 

4. DC-DC Converter in PV system 
Tracking MPPT point is an inherent role of these 

converters, so it is necessary to add a resistance to 

converters output so that MPP could be obtained via Eq. 

(11). 

inMPP

DC DC

MPP

V
R

I


 

(11) 

  Advantages of this converter in solar applications 

include: Economically speaking, it tracks MPP point 

properly and increases the DC voltage level. As it is 

shown in figure, a DC-DC converter utilized which its 

output is connected to aircrafts essential bus. This 

converter plays two important roles in this study. 

 Tracking MPP point: it alerts input resistance of 

converter so that it becomes equal to MPP 

resistance. MPPR
is calculated by MPP

MPP

MPP

V
R

I
 .  

 Boosting voltage level up to desired value for 

inverters input. 

Regarding these notes, boost converter used because: 

1. It is the best converter for boosting the 

voltages. 

2. Its characteristics are so that it tracks MPP 

properly. 

3. It is more economically.  

In this converter, the output voltage is higher than input 

voltage; so it is called boost converter. Eq. (12) 

represents the relation between output and input voltage. 

output

input

V

V D



  

In a boost converter, and appropriate switching element 

is used which is usually an IGBT that could toggle 
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rapidly. Fig. 8 shows a boost converter, its controller and 

pulse generator.  

PV Array
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and 
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+
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-

D

C

L

Switch

 
Fig.8. Schematic of a boost converter and its MPPT 

controller 

 

This circuit has two operational stages: 

 

 When IGBT turns on at t=0, current flows from 

source to inductance and switch. So energy will be 

stored in inductance. 

 When IGBT turns off at t=t1. So, inductors current 

flow in inductor, diode, capacitor and diode. Inductors 

current decreases when switch toggles its state. In this 

interval stored energy in inductor passes to load. 
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Fig. 9. Boost converter output voltage considering MPPT 
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Fig. 10. Applied signal to IGBT 
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Fig.11. Solar modules output voltage considering transient 

states  

Figs. 9-11 show output voltage of converter, gate signal 

of IGBT and solar module voltage, respectively. In this 

study, two series PV module where 36 modules in each 

one is used in form of 12*3 array on wings of airplane. 
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5. Control strategy 

In DC-DC converters, since the aim is to regulate output 

voltage, PI controller is most appropriate one. There are 

two control variables including 
am  modulation index 

and δ  angle. 

VMPP

Vbus,ref

(u-1)/u
÷

×

Time 
Delay

Duty Cycle

 

Fig.12. PV array and its equipments and method of 

connecting to Grid 

Fig. 12 shows controlling process for desired controls. To 

alter inverters output voltage, DC buses voltage should 

be varied. So by knowledge of inverters output voltage, 

DC buses voltage should be alerted leading to constant 

output voltage. In this study Vrms(inverter)=200V. So, DC 

buses voltage should not be lower than: 

S

ab

V
V




 

(12) 

 

In that equation Vs and Vab1 represent DC bust voltage 

and peak value of lines fundamental respectively. The 

regulated voltage of DC bus is 200V. To generate gate 

pulses, PWM technique is utilized. The saw tooth signal 

frequency is 10 kHz. Finally this blocks output is used to 

control the DC-DC converter. Two duty cycle calculator 

and pulse generator block play actuator role in this closed 

loop. Considering descriptions mentioned about using 

DC-DC and DC-AC converters in PV arrays, it is easy to 

understand the performance of converters to stay in MPP 

of array. Input voltage is set to maximum power point via 

DC-DC converter. Moreover, DC-DC converters input 

power is set to MPP of array via inverters controller. So, 

input resistance of DC-DC converter should always be in 

a value proper to MPP. Fig. 13 shows utilized converter 

performance in tracking MPP. 

In initial points, since output voltage of DC-DC converter 

has ripple while input voltage is ripple-free, converter 

current has ripple. Thereby calculated resistance has 

ripple.  

Since the efficiency is out

in

P

P
, and there is ripple in output 

voltage in initial times, efficiency becomes more than 

%100. Fig. 14 shows IGBT duty cycle. As it is obvious, 

the ripple signal is due to converter output voltage and 
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closed loop feedback. The maximum value for duty is 

calculated through input and output voltage.  
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Fig. 13. Input resistance of DC-DC converter and resistance 

corresponding to MPP 
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Fig.14. Duty cycle of IGBT switch due to solar radiation 

change 

 

6. Hercules Aircrafts Electrical System 

Hercules aircraft has 4 engines which each of them is 

connected to a generator via a Constant Speed Drive 

(CSD). Armature winding should rotate 6000 turns per 

minute, so gearbox converts motors constant speed 

(which is 13000 turns per minute) to generators nominal 

speed (which is 6000 turns per minute). The generator 

has 8 poles and in nominal speed generates 400 kHz 

voltage [21]. The frequency of generated voltage is 

calculated in below equations: 

 

    . .Number of poles R P M
Frequency




  
(13) 

Engine Generator Hz


  
  

(14) 

 ATM Frequency Hz


 
  

(15) 

Generated voltages are AC and three phases with positive 

sequences. Output of each generator is connected to 

distribution system via three phases cables; and aircrafts’ 

trunk is its grounding point. Phase and line output voltage 

is 115V and 200V respectively. Frequency margin of 

output voltage is between 380-420 Hz. Fifth generator is 

APU generator with small generator high speed and half 

power. So that its start-up is subjected to wind suction 

out of the aircraft and will generate electrical energy in 

emergent cases. This generator is sensitive to temperature 

rise way that its output is reduced to half in ground 

compared to height (which cooling procedure is desirable 

there). Nominal power of 4 same generator and APU is 

40 KVA and 30 KVA, respectively. First moment, to 

start airplane, it is necessary to utilize an external source 

which could be either AC or DC because of high initial 

start-up current which cannot produced by airplane [22]. 

External source is either AC (400 volts, 400 Hz) or DC 

(28V, 400A) type. There is another supply source which 

its output is high speed air that is applied for mentioned 

wind turbine. Thereby initial demanded electrical power 

is generated. Electricity produced by 4 generator passes 

to 4 main AC buses named main bus, left hand bus, right 

hand bus and essential bus through relays. Then it is 

converted to DC voltage via transformer and rectifier 

units (TRU) and AC-DC converters in order to be used in 

aircrafts different parts. It should be noted that most of 

aircrafts equipments needs DC voltage that is generated 

via TRUs. Moreover, because of high importance of DC 

voltage, distribution system is divided to DC and AC 

section as shown in Fig. 15. 

If there are two active generators due to other generators 

failure, these will supply voltage in all buses. But if there 

is only one active generator, relays would keep only 

essential loads by shedding other buses. In this case 

aircrafts hydraulic systems would fail and just some 

essential systems will remain which is a very dangerous 

situation. But in this study, this situation is considered 

rare and thereby omitted. Moreover, DC buses consist of 

4 types including main, essential, isolated and battery 

bus. Main and essential bus is connected via a relay. This 

relay lets current to flow only from main bus to essential 

bus and the loop is closed considering ground.  

Isolated and essential buses are connected via a similar 

relay and the current flow will be “from isolated bus to 

essential bus” and “two way paths” in flight condition 

and on ground condition respectively. Isolated bus is 

connected to battery bus through a switch when airplane 

is on ground – and engines are OFF- all of energy needed 

for airplane is supplied from battery, battery bus and 

isolated bus. During starting engines, battery bus 

disconnects and essential bus generates power (from 

external source) and supplies starters and other parts. 

6.1. Battery 

     Batteries characteristics are 28V and 31A per hour. It 

is connected to battery bus directly. Then it is connected 

to isolated bus via reverse current relay and absorbs 

current during charging process. 
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7. Proposed System 

The the electrical energy needed in start-up process 

should be generated by external source, which are found 

only in standard airports that is suitable for Hercules. 

Moreover their main maintenance costs are high. 

Important note is the ability of this airplane to land in dirt 

bands. So, in case of landing there, without presence of 

external source it couldn’t start and fly again. One 

solution is carrying an external source and professional 

staff I each machine which boosts the cost and lowers the 

aircrafts performance. Other problem is the lack of 

essential electrical power in case of 3 engines failure 

which could lead to dangerous condition. Because of fore 

mentioned sakes, equipment of aircraft to an emergency 

electrical system necessary to boost the reliability. The 

proposed system includes solar cell which its modules are 

on airplanes body and they will be connected to essential 

DC bus through a DC-DC converter.  

8. Conclusion 

 

In this paper, a solar electrical system designed and 

evaluated. Implementing PV system on Hercules, can 

generate a part of aircrafts power. Simulations results 

show PV systems prosperous performance in spatial 

application without imposing more cost to the system. 

Including this system, reliability is increased and lots of 

obstacles could be overcome utilizing this system. The 

proposed PV system can connect to the essential DC bus 

and batteries to generate the necessary electrical power in 

emergency cases. In addition, it can replace with APU 

and external power unit which reduces system total 

weight and cost.  
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Fig.15. Main electrical energy distribution system in Hercules aircraft while PV block added to it 
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