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ABSTRACT

The power generation subsystem represents one of the principal components of a space system and is usually assembled from solar arrays and 

PPT topology. This paper aims to design and implement an algorithm to continuously extract the maximum power from the solar cells and 

deliver it to the consumer with minimum loss. In this regard, a brief introduction to the various parts of the power generation subsystem is 

provided and through accurate modeling of the solar cell and exploring the contributing factors to its power generation (including temperature, 

radiation, and space radiation), the algorithm is proposed based on the impedance matching concept. Simulation studies using MATLAB 

software have estimated an approximate 0.25065W per square centimeter power extraction and delivery to the customer. Our results suggest 

that the proposed approach can reduce steady-state losses while ensuring accuracy. 
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1. INTRODUCTION

The rising concerns regarding fossil fuel depletion and 

environmental pollution worldwide have increasingly sparked 

the exploitation of renewable energies, in particular, solar cells 

and photovoltaic (PV) phenomenon. In recent years, PV 

technology has received a lot of attention due to its 

environmental and economic benefits. In photovoltaic power 

generation system, due to the high cost of PV modules and 

their low conversion efficiency, the exploitation of available 

power must be optimized efficiently. Optimizing the 

performance of PV generators using power conversion 

systems is referred to as MPPT tracking [1]. Using the voltage 

/ current characteristics of PV modules, the deformation 

capability is limited [2]. 

With the ever-increasing advances in satellite and 

spacecraft technology and the surge in the number of space 

missions, the solar cells have emerged as an inevitable source 

of power generation. Many satellites and spacecrafts have no 

option to supply their required electrical energy other than 

utilizing the solar cells [3].  

The power supply systems are divided into two general 

categories: 1- Power control and distribution system and 2- 

Power generation sources. The power control and distribution 

systems include direct energy transfer (DET) and peak power 

tracker (PPT) systems. Power regulation in DETs is carried out 

by the dissipation of excess power through parallel voltage 

regulators leading to a high loss, while PPT offers a loss-free 

power regulation via operating point control of solar arrays [4]. 

The satellite power generation sources are dependent on many 

factors, including the mission duration and the amount of 

energy needed. For missions longer than one year, three 

different power generation systems can be described as 

follows: (i) static power generation systems that convert the 

thermal energy of the sunlight or nuclear sources to the 

electrical power. An example of such a system is radioisotope 

thermonuclear generator (RTG) used for manned and far-sun 

spacecraft [3]; (ii) dynamic power generation systems that 

utilize the thermodynamic cycle to produce electrical power in 

remote space missions requiring high power consumption. The 

concentrated solar energy, radioisotopes, and nuclear fusion 

can serve as the inputs to these systems [5]; and (iii) PV 

systems are the most common energy generation source in 

space systems in which the solar cells play a significant role.  

Maximum power point tracking (MPPT) is an essential 

component of energy production in a photovoltaic (PV) 

system. Numerous articles have examined different methods 

of MPPT control. [2] In the real world, MPPT testing is not 

easy, and its preparation is time consuming. Due to the 

characteristics of PV, which is very high voltage and low 

current so that the inverter cannot work. On the other hand, 

there are special requirements for linearity in terms of MPPT 

test [6]. MPPT usually uses a DC-DC converter to adapt the 

impedance for extracting the maximum possible power from 

the PV plate by continuously adjusting of the control signal 

cycle. Over the past few decades, countless MPPT control 

algorithms have been proposed. These MPPT methods differ 

in many aspects, including the sensors used, hardware 

performance, cost and etc. [7] 

This article deals with the study of the PV-based power 

generation systems in satellites. Accordingly, in the second 

section, the structure of photovoltaic cells is studied. In the 

third section, a proposed algorithm for MPPT is presented, and 

in the fourth and fifth sections, conclusions and future 

suggestions are given, respectively. 

2. PHOTOVOLTAIC SYSTEMS

PV phenomenon represents a mechanism by which the solar 
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radiation energy is directly converted into electrical energy. 

This energy that needs no intermediary process is called the 

PV effect and is defined as the electrical potential produced as 

a result of light incident on two dissimilar semiconductors [8].  

Edmond Becquerel was the first to notice this effect in 1839. 

However, it wasn't until 1958 that Hans Ziegler (the father of 

solar power) designed the first satellite based on this concept 

[9, 10]. Other than the solar cell, a PV system consists of a 

DC/DC converter, battery, and maximum power point 

tracking system [11] that will be briefly introduced in the 

following sections. 

 

2.1 Solar cells 

 

As seen from the Figure 1, the solar cells connected in series 

form a string, and several strings arranged alongside each 

other create the solar module. The interconnected modules 

constitute a solar panel, and an assembly of these panels is 

referred to as a solar array [12]. 

 

 
 

Figure 1. Solar cells are the basis of PV systems. These cells, 

alongside each other, form the modules. The modules create 

the panels and then arrays (reprinted from [12] with 

permission) 

 

The primary constituent material of the solar cells -which 

convert the sunlight energy to the electrical power- is a thin 

layer of semiconductor elements (the fourth layer in the 

periodic table). A PV cell is made by doping the main 

semiconducting material with N-type (elements in the fifth 

layer such as phosphorus) or P-type (elements in the third layer 

such as boron) impurities. Briefly, the electrons in the 

semiconductor are polarized by absorbing the solar radiation 

(negative electrons in N-type impurity and positive electrons 

in P-type impurity). This establishes a potential difference 

between the two electrodes and photon current flows [13]. The 

physics is much similar to the performance of a diode [9]. 

Indeed, only a portion of photon energy contributes to power 

generation, and a great portion will dissipate as heat and 

increase the temperature of the solar cell. The solar cells are 

classified into three different generations. The first-generation 

cells are mostly made of silicon (Si) and Gallium Arsenide 

(GaAs), that each material presents its benefits and limitations 

[14]. The second-generation cells are called thin-film solar 

cells [15]. The members of the third generation are 

nanostructure cells that are mainly comprised of dye-

sensitized solar cells (DSSCs), and their objective is to achieve 

high efficiency with minimum cost [14]. These modules are 

designed in either sandwich-like or monolithic forms. In 

sandwich-like structure (W and Z modules), the opposite 

electrodes are placed on either cell surfaces, while in the 

monolithic module, both electrodes are placed on one surface. 

For further detail on the various types of these modules, the 

reader can refer to [14, 15, 17, 18-21].  

The contributing factors to solar characteristics reside in 

four major categories of the radiation angle and intensity, 

shadowing, temperature, and space radiation effects (that 

means the four general groups of neutron environment, 

radiation environment, plasma environment, and other 

environments such as micrometeorites). These factors are 

elaborated in detail in [8, 9, 22, 19, 23-29].  

Numerous models have been proposed for solar cells and 

are studied extensively in [5, 6, 11, 15, 23, 30-39]. As shown 

in Figure 2, the solar cell model consists of four sections: (1) 

the current source resulting from the incident light that models 

the electrons and holes induced by light absorption in the 

semiconductor; (2) the parallel diode to the source that models 

the diffusive current or diffusion; (3) the parallel resistance to 

the diode that models a portion of loss carriers produced by 

crystal surfaces or improper connections; and (4) the series 

resistance to the model that is a result of the path where the 

light-generated electrons are forced to pass. 

 

 
 

Figure 2. The equivalent electrical circuit of a solar cell 

(reprinted from [11] with permission) 

 

According to Figure 2, the relationship between the output 

voltage and current of the solar cells is described as: 
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Substituting the corresponding elements from [8, 23, 31-35] 

into the equation (1) yields the following general relation: 
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The solar cell parameters used in relation (2) and their 

corresponding simulation values are provided in the Table 1. 

 

Table 1. The numerical values of the parameters used in the simulation of solar cells [8] 

 
Parameter Definition Numerical value 

I The solar cell output current [2.5 3.7] 

V The solar cell output voltage  

𝑰𝑷𝒐 The initial photo-generated current ℜAP0 

P Sunlight radiation 1000 

P0 Initial sunlight radiation  

K Boltzmann's constant 1.38×10-23 

T Solar cell temperature 30 

T0 Solar cell initial temperature 28 

C Radiation coefficient 56.2 

A Solar cell surface area 1 cm2 

q Electron charge 1.6×10-19 

Dp Hole diffusion coefficient 12.5 

Lp Hole diffusion length 7.13×1014 

𝑹𝒔𝟎  Initial parallel resistance in the equivalent circuit 0.008 

𝑹𝒔𝒉𝟎  Initial parallel resistance in the equivalent circuit 5000 

Ln Electron diffusion length 7.13×1014 

𝒏𝒑𝒐 Amount of majority carriers outside the depletion region 𝑛𝑃0 = 𝑛𝑖
2/𝑁𝐴 

Rs The series resistance of the equivalent circuit Rs0[1+k2(T-T0)] 

ni The concentration of intrinsic carrier 1.5×1010 

W The width of the depletion region 0.25 

𝑹𝒔𝒉 The parallel resistance of the equivalent circuit Rsho exp(K1(T-T0)) 

𝝓 Environmental radiation 𝜙𝑥 

𝝓𝒙 The amount of radiation needed for sensible variations in Ip  

𝝉𝒆 The lifetime of minority carriers due to electrons radiation 10-7 

𝕽 The solar cell response 0.3 

ND The concentration of donors in N-region 5×1016 

NA The concentration of acceptors in P-region 1017 

Dn Electron diffusion coefficient 35 

𝑷𝒏𝒐 The amount of minority carriers outside the depletion region 𝑃𝑛𝑜 = 𝑛𝑖
2/𝑁𝐷 

K1 Temperature constant of the equivalent circuit series resistance 0.002 

K2 Temperature constant of the equivalent circuit parallel resistance 0.002 

 

2.2 DC to DC converter 

 

The switched-mode power supplies (SMPS) are used in 

both battery-using systems and solar cells owing to their high 

efficiency, low waste heat production, and voltage regulation 

capacity at different levels. They are classified into three main 

and highly applicable categories of voltage step-up (Boost 

(Figure 3-a)), voltage step-down (Buck (Figure 3-b)), and 

voltage step-down/step-up ((Buck-Boost (Figure 3-c)) 

converters. The main difference in these three Figures lies in 

the placement of the switch, inductor, and diode.  

The major drawback associated with SMPSs is the 

incidence of noise and electromagnetic interference (EMI) 

during high-frequency switching [21]. A detailed review of 

various types of converters is presented in [7, 30, 40-47]. 

However, as shown in Figure 4, the voltage Buck converter 

efficiency is greater than its two other counterparts and is 

estimated at around 95% [21].  

There is a straightforward relationship between the input 

and output impedance of the converter and its operation period, 

which is of great importance in dynamic impedance systems 

and also for the employment of the impedance matching. 

Given the fact that the power is constant, the current increases 

as the voltage reduces, which justifies the selection of these 

converters. When the switch is off, the current starts to 

increase, and with the voltage drop on the source, the output 

voltage reduces, and the inductor begins to store the magnetic 

energy. When the switch turned on, the source is disconnected 

from the circuit, and the inductor becomes responsible for the 

load energy supply. With suitable switching frequency (before 

the inductor is fully discharged), the voltage level always 

remains higher than zero [41]. In order to fulfill the converter 

stability criterion, the stored energy in each part at the 

beginning, and the end of the variation period should always 

be equal. Assuming that only the inductor is variable and its 

energy is proportional to the current variations, the 
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relationship between the current in on/off states can be 

expressed in terms of the relation (8). By taking their sum 

equal to zero, the operation period reduces to the relation (9). 

From this and taking into account the ohm law, the operation 

period derives from equation (10). The recent relation suggests 

that the Buck converter will transfer the maximum power 

according to the impedance matching theory. 

 

 
(a) Boost 

 
(b) Buck 

 
(c) Buck-Boost 

 

Figure 3. A simple schematic of converters 

 

 
 

Figure 4. the efficiency of Buck, Boost, and Buck-Boost 

converters (reprinted from [48] with permission) 
Note: This figure is based on the same output power in the 

horizontal axis for converters 
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2.3 Battery 

 
The batteries offer two essential benefits in the satellite 

power systems:  

i) Storing the surplus power to compensate for power loss 

during the developed power variation 

ii) For voltage supply and settlement in the circuit [49] 

During the shadowing period, the solar cell lacks any power, 

and batteries provide a possible means to supply the required 

energy. According to Figure 5, two distinct chemical reactions 

take place in a battery to generate electrical energy. First, 

oxidation occurs between the anode (negative electrode) and 

electrolyte, and the positively charged ions and free electrons 

are transferred to the electrolyte. In the reduction process, the 

free electrons migrate toward the cathode (positive electrode), 

and as a result, the positive ions and the electrons recombine 

together [50]. The batteries are classified based on their 

electrode material and electrolyte solution. With regard to the 

intended application, three general categories of lithium [13, 

51-56], Nickle [11], and nano-phosphate [30, 57-58] batteries 

can be mentioned. 

 

 
 

Figure 5. The charge and discharge processes in lithium 

batteries (reprinted from [51] with permission) 

 

The lithium-ion battery is constructed from lithium cobalt 

oxide as the cathode, carbon as the anode and lithium salt in 

an organic solvent as the electrolyte. During the charging 

process, the metal lithium present in cathode converts to 

lithium-ion, and the lithium ions in the electrolyte are stored 

between the carbon layers (graphite). The most significant 

features of such batteries include their lack of memory effect, 

extremely low self-discharge rate, high voltage capacity, fast 

ion transfer rate, high power delivery, light weight, and around 

1000 cycles depth of discharge (DOD) [41]. A key limitation 

of these batteries is the infeasibility of using water as an 

electrolyte due to the high reactivity of lithium. The use of 

organic solvents as electrolytes increases the danger of 

inflammation during charge and discharge processes, and thus 

complying the safety design requirements is a necessity for 

their application, which in turn raises the final cost of the 

project [51, 52]. 

Of various kinds of batteries used in the satellite supply 

systems, the nano-phosphate batteries can be pointed out 

where the reduction rate and output power rise with the 

cathode surface area. The characteristics of the nano-

phosphate batteries are studied in detail in [30, 57-58]. 
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2.4 Maximum power point tracking (MPPT) 

 

Numerous techniques exist to find the maximum power 

point, and there are different classifications for them. One 

classification includes a basic algorithm like Perturb and 

Observe (P&O), while the other consists of the methods based 

on a certain model of the solar cell; the third classification 

focuses on the existing relationship between the working point 

and solar cell parameters, and the fourth one is the smart 

control algorithms [3].  

Other classifications are introduced for maximum power 

point tracking in [3]. In [59], all methods fall into two general 

groups of dynamic and non-dynamic algorithms. In [3, 38], the 

specific MPPT approaches are elaborated in detail. Generally, 

no method can be regarded as best practice. Criteria such as 

construction cost, tracking speed, the accuracy of the 

determined point, simplicity of implementation, generality, 

and flexibility can be investigated among others [3].  

For instance, the P&O method has a long history and, to 

simply put, it explores the system behavior by applying an 

initial disturbance. This method can be integrated with other 

techniques for optimization, as in [60, 8, 24, 61, 62-63, 64-66]. 

In [8], the maximum power point tracking is performed based 

on a specified time interval and variation of the operation 

period with time while averaging the input data (around 

0.1015 W power per square centimeter). In [60], the ratio of 

open-circuit voltage to short-circuit current is employed for 

optimization of P&O approach (around 0.1040 W power per 

square centimeter) 

 

 

3. THE PROPOSED ALGORITHM AND SIMULATION 

 

The main objective of the proposed algorithm is to design a 

simple system with the lowest complexity and highest 

flexibility in the placement of its various parts. We believe that 

the extraction of the maximum power from the solar cell is not 

the end of the road, and the algorithm should continue to 

power transfer and its delivery to the consumer (according to 

the impedance matching concept). Also, the designed 

algorithm incorporates the shadowing period. The block 

diagram of the scheme is depicted in Figure 6. 

 

 
 

Figure 6. The overall block diagram of the proposed 

algorithm 

 

The presented algorithm as shown in Figure 7 such as 

flowchart, unlike the existing ones, starts from the end that is 

from the consumption load. This is because the algorithm is 

expected to continue until the load transfer and delivery stage.  

The impedance matching algorithm for MPPT can be 

described in the following steps: 

Step I: Initially, the load impedance value is calculated 

Step II: It should be justified whether the solar cell is under 

shadow or sunshine. 

Step III: If it is shadowed, the matching action is performed 

with battery cells; otherwise, it is performed with solar cells. 

Step IV: Providing that the load impedance is equal to the 

converter's output impedance and from the operation period 

relation, we can achieve the converter input impedance 

according to Figure 6. 

Step V: The converter's input impedance is the output 

impedance of the solar or battery cells. In this step, taking into 

account the optimal value of resistance obtained for each cell 

in MPPT, we can achieve the required number of cells 

connected to the circuit so that transfer the maximum power 

based on the impedance matching concept.  

The flowchart of the proposed algorithm is demonstrated in 

Figure 7. 

 

 
 

 Figure 7. The flowchart related to the impedance matching 

algorithm for MPPT 

 

The duty cycle of the converter (D) and the output resistance 

of a solar cell unit (ZSA) and the load resistance or the 

relationship between voltage and load current are shown in 

Figures 6 and 7. According to these inputs and the algorithm 

presented above, it is possible to store energy in the battery 

and use the correct number of solar cell units as input (or use 

the correct number of battery units when there is no radiation) 

to implement the concept of impedance matching. This 

algorithm first accurately calculates the load impedance. It 

then implements the concept of matching impedance with 

solar cells or battery cells, respectively, by determining 

whether it is in radiation or shading conditions. In the 

simulation process, a variable can be used to enter the required 

number of cells into the circuit according to the optimal value 

of resistance obtained for each cell at its maximum power 

point according to the impedance matching, then the 

maximum power obtained is transferred to the load. 
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(a) 

 
(b)                                                                                      (c) 

 
(d)                                                                                       (e) 

 

Figure 8. (a) voltage-current, (b) power-voltage, (c) 3D resistance-power-voltage, (d) voltage-resistance and (e) power-resistance 

plots 
Note: In these figures, power in watts, voltage in volts, resistance in ohms and current in amps are listed. 

 

For the simulation, we utilize the relation (2) and Table 1 in 

which all the space conditions are presented. For a 0.26 mH 

inductance, a 42.38 µF capacitor, a 16.48 Ω resistance, and a 

switching frequency of 50 kHz, we will have a Buck converter 

with 84% operation period. Since there are two unknown 

terms in equation (2), we apply the current data placement to 

solve the equation. If we take the current range as [2.5 3.8] (the 

minimum and maximum current value in a solar cell following 

[2, 6]), by solving the equation in MATLAB software, we can 

draw the voltage-current, power-voltage, voltage-resistance, 

and power-resistance plots and also a 3D plot of resistance-

power-voltage as shown in Figure 8. 

According to these plots and the relation (2), for a 3.75 A 

current and 0.06684 V voltage, the optimal ohm resistance of 

a 1 cm2 solar cell is obtained as 0.017824 Ω. This suggests 

that we can achieve a power equal to 0.25065 W using our 

proposed algorithm. The obtained power is about two-fold of 

the values reported by similar algorithms. 
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In the case that the cells are connected in series, according 

to Figure 7, a counter like Ns can yield the number of series 

cells needed for matching the output impedance with the 

source internal resistance based on the impedance matching 

concept. 

The utilization of three separate battery packs (consisting of 

multiple cells) is also proposed. One battery pack always at its 

final 50 percent charge level is used as a backup while the 

other two packs meet the system demands with the battery 

charge always above 20% of its final value. Therefore, the 

lower need for regular charging of the batteries enhances their 

lifetimes. Each battery pack can include several smaller cells. 

They are connected to the circuit, as mentioned above, to apply 

the impedance matching concept and the proposed algorithm.  

 

 

4. CONCLUSIONS 

 

This paper presents a novel approach for maximum power 

point tracking based on the impedance matching concept. The 

study involves the simulation of the contributing factors to 

solar cell performance according to relation (2), the 

measurement of the output impedance of power generation 

circuit per second and taking it equal to the source impedance 

(which can comprise of solar arrays or batteries). These efforts 

lead to tracing the maximum power derived from the source 

and its delivery to the consumer. One of the significant 

features of the proposed algorithm is the extraction of the 

maximum power and transferring it to the consumer. Based on 

this algorithm, the maximum power per square centimeter is 

obtained as 0.2568 W which is about two-fold of the compared 

similar cases.  

 

 

5. SUGGESTIONS 

 

Future studies should involve the design and 

implementation of this algorithm in the form of a PV source 

system. Microcontrollers or FPGA can be used for this 

implementation. The next issue is the utilization of current 

probability density rather than data placement for its value in 

the equation. By doing so, one can benefit from optimization 

algorithms such as Imperialist Competitive and neural-fuzzy. 

As the proposed algorithm without optimization yields an 

approximately two-fold power, finding a better solution by 

optimization might be feasible. Another issue that should be 

pointed out is the design of a sub-algorithm to achieve the 

optimal configuration rather than a series configuration. 

Ultimately, to avoid the losses and also reducing the volume, 

design of an integrated circuit consisting of the entire MPPT 

control sections and also the considered converter may be 

warranted. Closer attention to the space considerations, 

exploring the battery charge control system, and smart control 

of the reduction route are also of significance. 
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