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Abstract 
 

The paper deals with availability comparison between three dissimilar photovoltaic configurations using Markov Birth-Death process 

and probabilistic approach. The configurations consist of four subsystems arranged in series-parallel with three possible states; working 

with full capacity, reduced capacity and failed. Through the transition diagrams, systems of differential equations are developed and 

solved recursively via probabilistic approach. Explicit expressions for steady-state availability are derived. Availability matrices for each 

subsystem have been developed to provide various performance values for different combinations of failure and repair rates of all subsys-

tems. Furthermore, we compare the availability for the three configurations and find that configuration III is more reliable than system, I 

and II. The results have shown that the system availability increases with increase in redundant units. The results of this paper will en-

hance the system performance and useful for timely execution of proper maintenance improvement, decision, planning and optimization. 
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1. Introduction 

The industrial and manufacturing systems comprise of large com-

plex engineering systems arranged in series, parallel, or a combi-

nation of both. Some of these systems are solar photovoltaic, feed-

ing, crushing, refining, steam generation, evaporation, crystalliza-

tion, fertilizer plant, crystallization unit of a sugar plant, piston 

manufacturing plant, etc. Most of the world power generation 

systems use large generators and large distribution networks to 

provide energy to the consumers. In recent years, alternative ener-

gy sources such as photovoltaic, Eolic and biomass have gained 

ground. The study of photovoltaic (PV) energy has shown its 

technical and economic feasibility as an option to conventional 

systems. The reliability, availability and profit are the most im-

portant factors in any successful industries and manufacturing 

settings. Availability of an industrial system may be enhancing 

using highly reliable structural design of the system or subsystem 

of higher reliability. Improving the reliability and availability of 

system/subsystem, the production and associated profit will also 

increase. Increase in production lead to the increase of profit. This 

can be achieved to be maintaining reliability and availability at 

highest order. Many research results have been reported on the 

analysis and comparison of availability of the systems mentioned 

above. Khatab et al [6] have analyzed the Availability of k-out-of-

n: G systems with non identical components subject to repair pri-

orities, Ke and Chu [7] performed computational comparisons of 

confidence intervals for the steady-state availability of a repairable 

system. Mokaddis et al.[9] performed comparative analysis be-

tween two unit cold standby and warm standby outdoor electric 

power systems in changing weather. Villava and Gazoli [12] pre-

sented the basic behavior of photovoltaic devices under different 

irradiance levels and also introduced a simple method to model 

and simulate the practical PV arrays. Wang et al.[13] performed 
Comparison of reliability and availability between four systems with warm 

standby components and standby switching failures. Wang and Chen 

[14] performed comparative analysis of availability between three 

systems with general repair times, reboot delay and switching 

failures. Wang et al.[15] performed comparative analysis of avail-

ability between two systems with warm standby units and differ-

ent imperfect coverage. Yusuf [16] performed comparative analy-

sis of some reliability characteristics between redundant systems 

requiring supporting units for their operation.  

Although extensive research works exist within the field of math-

ematical modelling of photovoltaic system, there is a lack of quali-

ty-based availability modelling and performance evaluation of 

photovoltaic system in the reliability analysis. Mathematical mod-

el of the photovoltaic device is significantly valuable for studying 

the maximum power point tracking algorithms, conducting re-

search about the dynamic performance of converters, and also for 

simulating photovoltaic components by using circuit simulators, 

(see, for instance, Abdulkadir  et. Al. [1], Ajay et.al.[2], Bastidas et 

al. [3], Elhassan et al.[4], Enslin et. Al. [5], Mahmodian et al. [8], 

Mekhilef et al.[10]). Existing literature either ignores the impact 

of design on system performance or the effect of failure and ser-

vice rate on performance of the photovoltaic system. Probabilistic 

models should be developed to address these issues. The contribu-

tion of this paper is of fourfold. First is to develop the explicit 

expressions for steady-state availability of the configurations. 

Second is to perform numerical investigation on the effect of sys-

tem parameters (failure and repair rates) system availability. The 

third is to determine the effect of design on system performance.  

The remainder of this paper is organized as follows: Section 2 

gives the description of the configurations. Section 3 gives the 

detail models formulation. Section 4 presents the numerical results 
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and discussions. In the end, section 5 gives some concluding re-

marks. 

2. Description of the configurations 

In this paper, we considered three dissimilar solar photovoltaic 

configurations. Each configuration has four subsystems arranged 

in series-parallel. Configuration I have two PV (A1 and A2) panel 

in active parallel as subsystem A, one MPPT as subsystem B, one 

battery as subsystem C and one DC/AC inverter as subsystem D 

connected in series. Configuration II has three PV (A1, A2 and A3) 

panel in active parallel as subsystem A, one MPPT as subsystem 

B, one battery as subsystem C and one DC/AC inverter as subsys-

tem D connected in series. Configuration III has four PV (A1, A2, 

A3 and A4) panel in active parallel as subsystem A , one MPPT as 

subsystem B, one battery as subsystem C and one DC/AC inverter 

as subsystem D connected in series to produce an output. When 

unit A1 or A2 in subsystem A fails with failure rate 1 , it is sent 

for repair with service rate of 1 . The configuration works when-

ever subsystems A, B, C and D are working and failed when any 

of the subsystems A, B, C or D have failed. It is assumed in this 

study that the failure and repair rates of sub-system A (PV panel) 

be 1  and 1  respectively; that of subsystem B (MPPT) be 2  

and 2 ,
 that of subsystem C (Battery) be 3  and 3  that of sub-

system D (Inverter) be 4  and 4  respectively. 

3. Availability models formulations 

3.1. Availability formulation for configuration I 

The following system linear differential equations associated with 

configuration I 

 

'p (t) (2 )p (t)0 1 2 3 4 0

p (t) p (t) p (t) p (t)1 1 2 3 3 4 4 5

      

   

                                             (1) 

 

4
'p (t) p (t) 2 p (t)1 1 k 1 1 0

k 1

p (t) p (t) p (t) p (t)1 2 2 6 3 7 4 8

 
        

 
 

   

                                        (2) 

 

'p (t) p (t) p (t)2 1 2 1 1                                                                 (3) 

 

'p (t) p (t) p (t)3 2 3 2 0                                                               (4) 

 

'p (t) p (t) p (t)4 3 4 3 0                                                              (5) 

 

'p (t) p (t) p (t)5 4 5 4 0                                                              (6) 

 

'p (t) p (t) p (t)6 2 6 2 1                                                               (7) 

 

'p (t) p (t) p (t)7 3 7 3 1                                                                (8) 

 

'p (t) p (t) p (t)8 4 8 4 1                                                               (9) 

 

8
p (t) 1i

i 0




                                                                              (10)

 
 

In steady state, the derivatives of states probabilities become zero.  

The probability of operational states, namely, p (t)0  and p (t)1  are 

determined by using 
 

solving equations (1) to (8) above and setting them to zero and 

using normalising condition (9). 

The steady state availability 
A (t)V1  is summation of all working 

and reduced capacity states probabilities.  

Thus 

 

1 2x1A (t) p (t) p (t)V1 0 1
1


  


                                                   (11) 

 

 21 2x 2x x x x 2x x 2x x 2x x1 1 2 3 4 1 2 1 3 1 41
         

 

3.2. Availability formulation for configuration II 

The following system linear differential equations associated with 

configuration II 

 

4
'p (t) 2 p (t)0 1 k 0

k 1

p (t) p (t) p (t) p (t)1 1 2 6 3 4 4 5

 
      

 
 

   

                                           (12) 

 

4
'p (t) p (t) 2 p (t)1 1 1 k 1 1 0

k 1

p (t) p (t) p (t) p (t)2 8 1 2 4 9 3 7

 
          

 
 

   

                               (14) 

 

'p (t) p (t) p (t)4 3 4 3 0                                                            (15) 

 

'p (t) p (t) p (t)5 4 5 4 0                                                            (16) 

 

'p (t) p (t) p (t)6 2 6 2 0                                                            (17) 

 

'p (t) p (t) p (t)7 3 7 3 1                                                              (18) 

 

'p (t) p (t) p (t)8 2 8 2 1                                                             (19) 

 

'p (t) p (t) p (t)9 4 9 4 1                                                             (20) 

 

'p (t) p (t) p (t)10 3 10 3 2                                                          (21) 

 

'p (t) p (t) p (t)11 2 11 2 2                                                          (22) 

 

'p (t) p (t) p (t)12 4 12 4 2                                                        (23) 

 

The probability operational states, namely, 
p (t)0  , 

p (t)1 and
p (t)2  

are determined by using normalizing condition below: 

 

12
p (t) 1i

i 0




                                                                               (24) 

 

In steady state, the derivatives of states probabilities become zero.  

The probability of operational states, namely,
p (t)0 , 

p (t)1  

and
p (t)2  are determined by using solving equations (11) to (23) 

above and setting them to zero and using normalising condition 

(24). 
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The steady state availability 
A (t)V2  is summation of all working 

and reduced capacity states probabilities. Thus 

22 1 3x 6x1 1A (t) p (t)V2 m
2 3m 0

 
 

    
 

2 31 3x 6x 6x x x x 3x x2 1 2 3 4 1 21 1
          

 

2 2 23x x 3x x 6x x 6x x 6x x3 1 3 1 4 2 3 41 1 1
       

3.3. Availability formulation for configuration III 

The following system linear differential equations associated with 

configuration III 

 

4
'p (t) 3 p (t)0 1 k 0

k 1

p (t) p (t) p (t) p (t)1 1 2 5 3 6 4 7

 
      

 
 

   

                                           (25) 

 

4
'p (t) 2 p (t)1 1 1 k 1

k 1

4 p (t) p (t) p (t) p (t) p (t)1 0 1 2 2 8 3 9 4 10

 
        

 
 

    

                         (26) 

 

4
'p (t) p (t)2 1 1 k 2

k 1

3 p (t) p p (t) p (t) p (t)1 1 1 3 2 11 3 12 4 13

 
        

 
 

    

                           (27) 

 

4
'p (t) p (t) 2 p (t)3 1 k 3 1 2

k 1

p (t) p (t) p (t) p (t)2 14 3 15 4 16 1 4

 
        

 
 

    

                                     (28) 

 

'p (t) p (t) p (t)4 1 4 1 3                                                              (29) 

 

'p (t) p (t) p (t)5 2 5 2 0                                                            (30) 

 

'p (t) p (t) p (t)6 3 6 3 0                                                            (31) 

 

'p (t) p (t) p (t)7 4 7 4 0                                                           (32) 

 

'p (t) p (t) p (t)8 2 8 2 1                                                              (33) 

 

'p (t) p (t) p (t)9 3 9 3 1                                                              (34) 

 

'p (t) p (t) p (t)10 4 10 4 1                                                          (35) 

 

'p (t) p (t) p (t)11 2 11 2 2                                                          (36) 

 

'p (t) p (t) p (t)12 3 12 3 2                                                          (37) 

'p (t) p (t) p (t)13 4 13 4 2                                                          (38) 

 

'p (t) p (t) p (t)14 2 14 2 3                                                          (39) 

 

'p (t) p (t) p (t)15 3 15 3 3                                                          (40) 

'p (t) p (t) p (t)16 4 16 4 3                                                          (41) 

 

The probability operational states, namely, 
p (t)0  , 

p (t)1 ,
p (t)2  

and
p (t)3  are determined by using normalizing condition below: 

 

16
p (t) 1i

i 0




                                                                               (42) 

 

In steady state, the derivatives of states probabilities become zero.  

The probability of operational states, namely, 
p (t)0  , 

p (t)1 ,
p (t)2  

and
p (t)3  are determined by using solving equations (25) to (41) 

above and setting them to zero and using normalising condition 

(42). 

The steady state availability 
A (t)V3  is summation of all working 

and reduced capacity states probabilities. Thus 

 

2 33 1 4x 12x 24x1 1 1A (t) p (t)V3 m
4 5m 0

  
 

  

                               (43) 

 

2 31 4x 12x 24x4 1 1 1

424x x x x 4x x 4x x2 3 4 1 2 1 31

     

    

 

 

24x x 12x x5 1 4 21

2 2 3 3 312x x 12x x 24x x 24x x 24x x3 4 2 3 41 1 1 1 1

   

   

 

 

Where 

 

j
x , j 1, 2,3,4j

j


 


 

4. Results and discussion 

The purpose of this section is to present specific graphical com-

parisons for the availability. Microsoft excel is used to compare 

three configurations in terms of their availability. Block bar chart 

are plotted to illustrate how each configuration behave with re-

spect to failure rate For the purpose of graphical example, the 

following set of parameter values are used:  

 

0.61  , 0.012  0.12  , 0.023  , 0.23  , 0.0024  ,
0.24 
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Fig. 1: Availability Against 1  

 

 

Fig. 2: Availability Against 2 . 

 

 

Fig. 3: Availability Against 3 . 
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Fig. 4: Availability Against 4 . 

 

From Figure 1 – 4 as the failure rate increases from 0.01 to 0.1, 

availability of each configuration decreases. However, at each 

level of failure, configuration III tends to have higher availability 

than the configurations I and II. Thus,  

 

A (t) A (t) A (t)V3 V2 V1 
 

 

The result presented in Figure 1 - 4 has shown that redundancy 

played an important role in increasing the system availability.  

The availability of such configurations can be enhanced by using 

highly redundant structural design of the units or subsystems. 

High system availabilities are system performance measures that 

play vital in the increase of the production volume and thus con-

tributes towards profitability of the industry. In this analysis, Con-

figuration III has four redundant units in subsystem A than con-

figurations, I and II, hence has the highest availability. 

5. Conclusion 

In this paper, three dissimilar photovoltaic configurations are con-

sidered. Explicit expressions for the system availability for the 

three configurations were derived, and comparative analysis be-

tween the configurations was also performed graphically. From 

the analysis, we conclude that configuration III is better than the 

other configurations. The result shows that configuration with 

more redundancy than others has higher availability. Thus, the 

system designs incorporating redundancy affect our results. 
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