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ABSTRACT. The use of stand-alone PV systems (SAPV) must be efficient and profitable for a better integration of solar 

energy in the global energy mix. However, the performance indicators that allow the evaluation of SAPV systems do not 

clearly inform us about the actual level of use of their sized and installed capacity. This article aims to determine a new 

performance indicator, called the theoretical power factor (TPF) by an original method based on the modelling of the SAPV 

system in the form of a matrix equation. The resolution of this matrix equation, makes it possible to bring out the reactive 

energy of the system during operation. A case study is presented and scenario I represents the case where the main 

elements are all assumed to operate at their rated capacity. scenario II represents the case were the rated capacity of  storage 

system is reduced of 40%, scenario III represents the case were the rated current capacity of charge controller is reduced of 

40%, and finally scenario IV represents the case were the rated power capacity  of inverter is also reduced of 40%. The 

results obtained after implementation in the Spyder environment (python 5.1) show the effectiveness of TPF in the 

performance evaluation of SAPV systems. And also show how the TPF is substantially related to the capacity of each main 

element of the system.  This being proved by the results obtained after the simulation of the four scenarios mentioned 

above. One can observe an increase in TPF of 0.1% in Scenario II during the period of low irradiance, and no change in 

TPF for the other scenarios in the same period. During the period of high irradiance, an increase in TPF of 17.9% is 

observed in scenario II and a decrease in TPF of 15.4% and 1.2% respectively in scenarios III and IV. 
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1. INTRODUCTION

Solar photovoltaic energy is a solution to the energy 

deficit observed in several developing countries. It is also 

a source of energy that helps to reduce the pollution 

caused by the use of fossil fuels. Solar energy conversion 

systems, also known as PV systems, are becoming 

increasingly popular in sub-Saharan Africa. Electricity 

from solar PV contribute at 3% of global electricity 

generation in the world and it is now the third-largest 

renewable electricity technology after hydro power and 

onshore wind [1]. Depending on the installation site and 

the intermittent nature of the solar energy source, these 

systems can be connected to an electrical distribution 

network or be associated with other energy sources (wind, 

diesel, etc.) to form hybrid sources. Or they can be 

combined with batteries to store electrical energy and 

form autonomous systems [2]. The choice of a PV 

configuration is usually based on technical, economic, 

social, environmental and political/legal criteria. In remote 

rural areas and some urban areas in sub-Saharan Africa, 

the choice is much more towards stand-alone PV systems 

with storage. 

 Stand-alone PV systems (SAPV) require good sizing. 

There are several sizing methods as presented in the 

articles [3], [4].  Due to the randomness of the solar 

energy source and the load profile, the reliability of stand-

alone PV systems is questionable, regardless of the design 

method used. In the literature, several criteria for the 

reliability of PV systems can be distinguished [5]. 

The intermittency of the solar energy source, the variation 

in the load profile and the difficulty in obtaining certain 

technical and social environment data from the site where 

the system is to be installed, means that no sizing method 

is completely reliable. It is difficult to accurately design a 

PV system. In general, the mode of operation for which 

the system is designed is not always real (e.g., the power 

demand taken into account in the design calculations is 

variable in reality and can sometimes exceed the estimated 

power). It is therefore important to study the performance 

of a stand-alone PV system that has been designed. 
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To assess the performance of SAPV system there are 

several types of indicators [5]–[8]. Among these 

indicators, the performance ratio (PR) is one of the most 

significant for evaluating the efficiency of the PV system. 

Specifically, the performance ratio is the ratio of the actual 

and theoretically possible energy outputs. It tells us about 

the electrical energy converted by PV solar panels and 

which is actually used by the load. And it is largely 

independent of the orientation of a PV plant and the 

incident solar irradiation on the PV plant. The 

performance ratio is a parameter that emerges in several 

studies concerning the performance evaluation of stand-

alone and grid-connected PV systems [9]– [12].  

However, the calculation of the performance ratio 

requires, for a given time, the actual consumption 

measurements of the load [13], [14]. This implies 

measurements on operational PV systems. such a 

performance ratio evaluation of a PV system would 

certainly be realistic but very expensive for a post-

installation performance evaluation. there are also sizing 

software packages such as PVsyst, INSEL, TRNSYS, 

PVSOL, SOLARPRO [10] which can evaluate the 

performance ratio during the sizing of the PV system. But 

the software takes into account the estimated load 

consumption data. this makes the performance ratio 

calculation approximate and unrealistic for systems 

without a demand side management system.  

The main problem with the performance ratio is that the 

size of the battery, charge controller and inverter does not 

clearly influence performance ratio value. This hiding the 

fact that the performance ratio can be caused by poor 

system sizing and poor storage management. The same 

performance ratio value can be obtained by two SAPV 

systems with different size of inverter, battery storage and 

charge controller.  

In this work, the performance ratio of a stand-alone PV 

system is predicted just from the knowledge of the size of 

its components, the meteorological data and the electrical 

consumption data. The size of the different components of 

the system can therefore be varied to study their influence 

on the performances indicators (the conventional one and 

the new one). So, our objective is to determine a new 

reliability indicator thanks to an original method of 

calculation. This new reliability indicator is named the 

theoretical power factor (TPF). Which is obtained by 

considering the set (Charge Controller-battery-Inverter-

Load) as a whole electrical receiver. and as with any 

electrical receiver its power factor can be determined. Two 

determine TPF an original method is developed and 

consists in modelling the PV Stand-Alone System as a 

matrix equation whose solution allows to calculate the 

TPF. The TPF is considered more as a new reliability 

indicator of the PV stand-alone system sized. In the same 

way as the Loss of Power Supply Probability (LPSP), the 

Loss of Load Probability (LOLP or LLP) and many others 

that each carry a specific information [4], [13].  

To achieve our goal, the SAPV system will first be 

described. Then, an energy model of the SAPV system in 

matrix equation form, for the determination of the new 

reliability indicator will be developed. And the TPF will 

be calculated according the case study which will be 

presented. Finally, the results obtained by the 

implementation and simulation in an integrated 

development environment (SPYDER) will be presented 

before the conclusion. 

2. MATERIALS AND METHODS

2.1 Description of the Stand-Alone PV system studied 

The main components of the PV/Battery system are: The 

PV generator, the charge regulator (or charge controller), 

the batteries and the inverter. The PV generator produces 

the electrical energy for the load consumption. Batteries 

storage are used to store the excess electrical energy 

produced by the PV generator during the day. This energy 

is then consumed by the load at the night or when the 

generated energy by the solar panels is not enough (low 

sunlight) to respond to the load demand. The role of the 

charge controller is to ensure that the battery charging and 

discharging processes, are carried out, so that they are 

always in the correct operating conditions. It also permits 

to maximize the power of solar panels. The role of the 

inverter is to convert direct current (DC) into alternating 

current (AC). Since photovoltaic solar panels generate 

direct electricity current, and most of devices used in 

houses or in professional offices work with alternating 

current, this component is therefore for a particular 

importance in photovoltaic systems. Schematic 

representation of the studied system is given in Fig.1. 

Fig. 1. Stand-Alone PV system 

2.2 Performance Ratio PR 

The performance ratio is a measure of the quality of a PV 

plant that is independent of location and it therefore often 

described as a quality factor. The performance ratio (PR) 

is stated as percent and describes the relationship between 

the actual and theoretical energy outputs of the PV plant. 

The closer the PR value determined for a PV plant 

approaches 100 %, the more efficiently the respective PV 

plant is operating. In real life, a value of 100 % cannot be 

achieved, as unavoidable losses always arise with the 

operation of the PV plant (e.g., thermal loss due to heating 

of the PV modules). High-performance PV plants can 

however reach a performance ratio of up to 80 %.  

The Performance Ratio can be calculated either manually 

or automatically by software such as PVsyst. the formula 

of the PR is written [11]: 

𝑃𝑅 =  
𝐸𝑎𝑐𝑡𝑢𝑎𝑙

𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙
=

𝐸𝑎𝑐𝑡𝑢𝑎𝑙

𝐺𝑝𝑒𝑟𝑖𝑜𝑑∗𝜂𝑆𝑇𝐶∗𝐴
   (1) 

where 𝑬𝒂𝒄𝒕𝒖𝒂𝒍 is the actual reading of PV plant output in

kW h, which is the energy consumed by the load side at 

the end of analysis period, 𝑬𝒏𝒐𝒎𝒊𝒏𝒂𝒍 is the calculated

nominal PV plant output, 𝑮𝒑𝒆𝒓𝒊𝒐𝒅 is the solar radiation

incident at the end analysis period, 𝑨 the entire module 
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surface, and 𝜼𝑺𝑻𝑪 is the nominal efficiency of the PV

module under Standard Test Conditions) STC. 

2.3 New performance indicator determination 

The reliability indicator proposed in this work allows to 

determine over a given time the theoretical power factor 

(TPF) which is an average percentage of use of the SAPV 

system supplying a non-exhaustive and variable load. This 

indicator is determined through the matrix modelling of 

the SAPV system. 

2.3.1 Modelling of SAPV system sized 

The SAPV system is basically consists of PV modules, a 

charge controller or regulator, a storage device and 

inverter for AC appliances.  

The model proposed here is developed by considering 

some of the following assumptions: 

• The sized SAPV system can work perfectly

without failure;

• The internal physical properties of each element

of the system are neglected;

• The data considered are hourly average values.

Fig.1 shows the energy transfer from solar radiation to the 

load, through the components of the SAPV system. The 

model represents in the matrix equation form (A.X = B), 

the energy transfer from the PV generator to the load 

through the battery. Where A is a matrix of dimension m 

× n representing energy flow between each characteristic 

component of SAPV system and B is the column vector of 

dimension n representing the Energy and voltage state of 

each characteristic element during its operation. Solving 

this equation informs us about the balance between the 

energy generated by the system and the energy consumed 

by the load. It also informs us about the size of the system. 

Indeed, due to the variations in load and weather 

conditions, it is rare that the energy generated is equal to 

the energy consumed. Most of the time the system 

operates in an energy imbalance between supply and 

demand. It is in this latter case that the size of system is 

important. 

Determination of the parameters of matrix A 

The parameters of matrix A are determined according to 

an original logic, quite similar to the one used to 

determine the adjacency matrix in the graph theory [15]. 

By considering our SAPV system as an oriented graph in 

which the energy transit elements (PV generator, Charge 

Controller, battery, inverter and load) are nodes, the value 

of each edge connecting two nodes is determined by 

considering the following rules: 

• When electrical energy flows from an active dipole to a

passive dipole, the value of the edge is equivalent to the

maximum current capable of flowing through the link

between these two dipoles;

• And when the electrical energy flows from a passive

dipole to an active dipole, the value of the edge is

equivalent to the inverse of the maximum current capable

of flowing through the link between these two dipoles.

So, one can write this: 
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where 𝐼𝑐𝑐𝑁 is the nominal current which can flow through

the charge controller to the battery system and 𝐼𝑖𝑛𝑣𝑁   is the

nominal current of inverter which can flow through the 

inverter to the load. 

Determination of the parameters of vector B 

B(t) is the column vector that provides information on the 

status of the characteristic parameters of each element of 

the SAPV system at each time t of a given period T.  The 

PV generator, the battery and the load are characterized by 

their Energy level, while the charge controller and the 

inverter are characterized by their terminal voltage level. B 

vector at the specific time is given by this:  
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Where 𝐸𝑝𝑣 is effective energy converted into electrical

energy by the solar PV. It is written:  

𝐸𝑝𝑣 =  𝐺 ∗ 𝐴𝑝𝑣 ∗ 𝜂𝑝𝑣  (4) 

𝐺 is the hourly global irradiance in (Wh/m2). 𝐴𝑝𝑣 is the

total array surface in (m2) and 𝜂𝑝𝑣 is the photovoltaic

panel efficiency. 𝑉𝑐𝑐  and 𝑉𝑖𝑛𝑣 are respectively the terminal

voltage of charge controller and terminal voltage of 

inverter. 𝐸𝑏𝑎𝑡  is energy battery which is either stored or

restored. It is given by this following equation: 

𝐸𝑏𝑎𝑡 =  𝐶𝑏𝑎𝑡 ∗ 𝑉𝑏𝑎𝑡  (5) 

The instantaneous storage capacity of the batteries 𝐶𝑏𝑎𝑡 is

given by: 

𝐶𝑏𝑎𝑡(𝑡) = 𝐶𝑏𝑎𝑡(𝑡 − 1) + (𝐼𝑃𝑉 ∗ Δt − 𝐼𝑙𝑜𝑎𝑑 ∗ Δt)   (6) 

𝑉𝑏𝑎𝑡 is the terminal voltage of batteries storage system.

𝐼𝑃𝑉   is the PV current delivered by the generator for each

time interval (Δt), here Δt =1 h.  

This current is determined following this equation: 

𝐼𝑃𝑉 =
𝐸𝑝𝑣

𝑉𝑐𝑐∗Δt
 (7) 
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𝐼𝑙𝑜𝑎𝑑   is current of load for each time interval. Determined

by: 

𝐼𝑙𝑜𝑎𝑑 =
𝐸𝑙𝑜𝑎𝑑

𝑉𝑖𝑛𝑣∗Δt
                                                                  (8)

With  𝐸𝑙𝑜𝑎𝑑  which is the energy need at load for one hour.

2.3.2 Theoretical Power Factor (TPF) 

TPF is the proposed performance indicator. Theoretical 

because there are some assumptions took into account for 

its determination. Cleary, it is an average percentage of 

system usage determined by solving the matrix equation 

AX = B each time interval. The vector X is a solution 

obtained each time interval and whose first term X1 

corresponds to a reactive energy. This reactive energy is 

composed of the electrical energy produced by the PV 

generator that has not been consumed or stored, the energy 

difference between the maximum energy capacity of the 

charge controller and the energy that actually flows 

through it in each time interval and finally the energy 

difference between the maximum energy capacity of the 

inverter and the energy consumed by the load at a given 

time. these reactive energy components are losses related 

to the size of the system elements and the management 

method of the storage system. The following equation 

gives the TPF. 

𝑇𝑃𝐹 =  
∑ √1−(

𝑋1[𝑖]

𝑃𝑝𝑣,𝑃𝑒𝑎𝑘∗Δt
)

2
𝑛ℎ
𝑖=1

𝑛ℎ
 (9) 

𝑇𝑃𝐹 =  {
0  𝑖𝑓  𝑋1[𝑖] ≥   𝑃𝑝𝑣,𝑃𝑒𝑎𝑘 ∗ Δt

1                𝑖𝑓        𝑋1[𝑖]  =  0  
 (10) 

where 𝑃𝑝𝑣,𝑃𝑒𝑎𝑘 is a nominal power of PV generator and 𝑛ℎ

is a number of the total hours of the given period.  

It is important to note that, concerning the performance 

PV plant assessment, this performance indicator does not 

appear in the literature and especially not among the 

indicators proposed by the IEA PVPS Task 2 [7], [8].   

2.4 Implementation data and strategy 

The meteorological data (irradiance), constituting the 

important input parameters of the PV generator, is 

downloaded from the Helioclim-3 Archive Database of 

Solar Irradiation V5 (derived from satellite data) and 

meteorological data (MERRA-2/NASA and GFS/NCEP) 

for two periods of year (2020-02-01 to 2021-02-09 and 

2020-08-08 to 2021-08-15) and for precise location of the 

Yaoundé, Cameroon. The energy demand is also a key 

input parameter for the simulation of the system. Fig. 2 

shows the daily energy demand. 

Fig. 2. Daily energy demand 

In the defined operational strategy, the PV power 

production is determined for each time interval 

corresponding to the given meteorological data. The 

description of the strategy of the studied system, is given 

in Fig. 3. 

Fig. 3 Diagram of SAPV model implementation 

Table 1. Parameters used for simulation 

Designation Value 

Type of system  

Nominal power of PV plant  

Stand-alone 

system 

3500 Wp 

Nominal capacity of battery  1260 Ah 

Total surface of PV plant 19.9 m2 

Allowable depth of discharge of 

batteries 

80 % 

Nominal power of inverter   635 W 

Maximum current of charge 

controller  

93 A 

Batteries bank Voltage 26 V 

Efficiency of conversion PV 15 % 

To analyse the influence of the size of each element of the 

SAPV system.  From the second scenario to the fourth 

scenario the size of an element (charge controller, battery 

and inverter) of the system will be reduced from 100% to 

60% of their initial size as shown in table 2. The value 
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60% is a randomly chosen coefficient that has no 

particular meaning but will allow us to observe and 

analyse the values of the different performance indicators. 

Table 2. simulation scenarios 

Scenarios 

I II III IV 

Surface of PV 

plant (%) 

100 100 100 100 

Current of 

charge 

controller (%) 

100 100 60 100 

Capacity of 

Battery (%) 

100 60 100 100 

Capacity of 

inverter (%) 

100 100 100 60 

3. RESULTS AND DISCUSSION

The results obtained here after implementation and 

simulation in the Spyder environment (Python 5.1) allow, 

over a period of time, an analysis of the evolution of the 

reactive energy of the SAPV system in operation. 

Remembering that the reactive energy of the system, 

which is noted X1, is the first term of the solution vector 

X of the matrix equation of our system. The results 

obtained allow also to compare the performance indicators 

(Performance Ratio and Theoretical Power Factor) of the 

SAPV system between to different period of a year. One 

can finally observe the influence of the size of component 

systems on the performance indicators. 

3.1 Analysis of the reactive energy evolution of the 

SAPV system during a period 

Fig. 4 shows the evolution of the reactive energy and the 

energy produced by the PV generator during the August 

period. It can be seen that the reactive energy is positive 

and is very high. This reactive energy is more important 

during periods of low sunshine than during periods of high 

sunshine. This development indicates that the overall 

capacity of the SAPV system is low.  This will be 

determined by the proposed performance indicator, the 

theoretical power factor (TPF) in Table 3.  The period of 

August is generally a period of low irradiance in Yaoundé, 

Cameroon. This is most easily explained by the fact that 

the irradiance is low and the SAPV system is used below 

its nominal performance. 

Fig. 4. Profile of reactive energy and PV energy produced 

3.2 Comparison of the performance indicators 

for SAPV system according to two analysis periods 

Simulation of scenario I is made for the nominal capacity 

of each component of SAPV system. Table 3 shows that, 

during periods of high irradiance the performance ratio 

(PR) decreases and the theoretical power factor (TPF) 

increases compared to the periods of low irradiance. a 

fairly predictable result because when the irradiance 

increases the energy converted by the PV panels also 

increases while the energy consumed remains the same. 

then the PR decreases. 

However, when this PV energy increases the current also 

increases in the charge controller and the storage system is 

charging faster. This will be checked looking the final 

state of charge (SOC) of the battery which is 38% for the 

period of low irradiation against 84% in the period of high 

irradiation. 

Table 3 Comparison of PR and TPF in nominal 

capacity of SAPV system 

P
er

fo
rm

a
n

ce 

In
d

ica
to

rs 

Periods 

August period 

(Low 

irradiance) 

February 

period (High 

irradiance) 

PR 0.757 0.674 

TPF 0.458 0.612 

3.3 Influence of storage system capacity on the 

performance indicators 

Simulation of scenario II is made to see the influence of 

the capacity of storage system on the performance 

indicators. One can observe from table 4 that, the capacity 

of the storage system does not influence the performance 

ratio (PR) of the system. But on the other hand, the 

reduction of this capacity increases the theoretical power 

factor. This result shows that the SAPV system can cover 

the requested energy efficiently with a much lower battery 

capacity than in the case of the first scenario. 

Table 4 Comparison of PR and TPF with 

reduced capacity of storage system 

P
er

fo
rm

a
n

ce 

In
d

ica
to

rs 

Periods 

Low 

irradiance 

High 

irradiance 

S
ce

n
ar

io
 

I 

S
ce

n
ar

io
 

II
 

S
ce

n
ar

io
 

I 

S
ce

n
ar

io
 

II
 

PR 0.757 0.757 0.674 0.674 

TPF 0.458 0.459 0.612 0.791 
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3.4 Influence of charge controller current capacity 

on the performance indicators 

Simulation of scenario III is made to see the influence of 

charge controller current capacity on the performance 

indicators. Looking at the table 5, one can see that the PR 

is not influenced by the reduction of charge controller 

current capacity in either case of low or high irradiance. 

But in other hand, the reduction of charge controller 

current capacity influences crucially in decreasing the 

theoretical power factor of SAPV system. This last 

observation can be justified by the fact that current will be 

stopped at the charge controller even when the irradiance 

is high. This will cause a low charging of storage system 

and therefore increase the reactive energy made more by 

the uncharged (or unused) capacity storage. 

Table 5 Comparison of PR and TPF with reduction of 

charge controller current capacity 

P
er

fo
rm

a
n

ce 

In
d

ica
to

rs 

Periods 

Low 

irradiance 

High 

irradiance 

S
ce

n
ar

io
 

I 

S
ce

n
ar

io
 

II
I 

S
ce

n
ar

io
 

I 

S
ce

n
ar

io
 

II
I 

PR 0.757 0.757 0.674 0.674 

TPF 0.458 0.458 0.612 0.458 

3.5 Influence of inverter power capacity on the 

performance indicators 

Simulation of scenario IV is made to see the influence of 

inverter power capacity on the performance indicators. 

Looking at table 6, one can see that, if in the precedent 

scenarios the PR is not influenced by the charge controller 

current capacity and capacity of storage system of SAPV 

system, in this last scenario the reduction of the inverter 

power capacity influence clearly the PR. It can be justified 

by the fact the if the inverter capacity is limited, all the 

energy demand will not be covered.  

The reduction of inverter power capacity has also 

decreased TPF, this can be justified by the fact that the 

huge energy which can be stored in the battery is not 

sufficiently used at the end. Because of the low energy 

demand. The SAPV system should be size well regarding 

the scale of energy demand.    

Table 6 Comparison of PR and TPF with reduction 

      inverter Power capacity 

P
er

fo
rm

a
n

ce 

In
d

ica
to

rs 

Periods 

Low 

irradiance 

High 

irradiance 

S
ce

n
ar

io
 

I 

S
ce

n
ar

io
 

IV
 

S
ce

n
ar

io
 

I 

S
ce

n
ar

io
 

IV
 

PR 0.757 0.757 0.674 0.674 

TPF 0.458 0.458 0.612 0.600 

4. CONCLUSION

The locations far from electricity distribution networks 

and those suffering from poor electricity quality often 

resort to stand-alone PV systems (SAPV) which now 

appear to be the best solution for access to electricity. the 

sizing methods for these systems are not perfect. It is 

therefore possible to install a system that is not very 

suitable for use. Indicators proposed by the IEA PVPS 

Task 2, when they are well calculated, make it possible to 

attenuate the errors related to the sizing. But these 

indicators do not always tell us about the capacity of the 

installed SAPV system actually used. 

It is in this way that we have developed a new 

performance indicator called the theoretical power factor 

(TPF), by an original method based on the modelling of 

the SAPV system in the form of a matrix equation. this 

indicator informs us about the reactive energy of the 

SAPV system. The reactive energy is this energy which 

was solicited and installed but which is not used at the 

end.  

In this work, we have described the system studied, 

presented the performance indicator most used in the 

literature, calculated from a case study the performance 

indicators (the new one and the one most used in the 

literature). We have also analysed the evolution of the 

reactive energy for the case study and observed the 

influence of the capacity of each main element of the 

SAPV system on the proposed performance indicator TPF 

and on the conventional performance indicator PR. The 

reduction of 40% of the main element capacity of the 

SAPV system (storage system, charge controller and 

inverter) in each different scenario, makes it possible to 

observe during the period of low irradiance, an increase in 

TPF of 0.1% in Scenario II and no change in TPF in 

Scenarios III and IV. During the period of high irradiance, 

an increase in TPF of 17.9% is observed in scenario II and 

a decrease in TPF of 15.4% and 1.2% respectively in 

scenarios III and IV.  

which leads to the conclusion that a low capacity of the 

charge controller or the inverter is not conducive to the 

optimal use of the SAPV system, especially since these 

are the main points of conversion of electrical energy. 

However, an appropriate value for the storage capacity is 

very favourable to the optimal use of the SAPV system 

because it is one of the most sensitive points in the design 

and operation of SAPV systems 
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