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Abstract


In these post COVID times, the world is going through a massive restructuring which India can use to its benefit by attracting foreign industrial investment. The major requirement is a reliable and ecofriendly electrical power source. Of late, renewable energy sources have increasingly become popular as alternative source of electricity. They can provide immense aid in improving the reliability of the power system, when placed properly. The alternative integrated energy sources along with FACTS devices can provide a promising future for reliable power systems. In this paper, an effective location for the solar power unit and Interline Power Flow Controller using Line Severity Index is proposed in order to avoid contingencies. An Indian 62 bus system and IEEE 57 bus system are considered for the study. The Firefly algorithm is used to tune the IPFC in the Integrated Energy Systems scenario, for a dual objective function. The effect of placement of the solar unit and the optimized IPFC is analyzed and studied in detail in this paper.
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1. Introduction


India is an overpopulated nation with increasing power demands. There is immense pressure on the power industry to cater to the needs of the fast-developing nation with the rapid growth in the industrial sector. Controlling atmospheric pollution and global warming while catering to the rising energy demand is a matter of concern to present-day system engineers. Consequently, substantial research is being made in the use of renewable energy for delivering the increased demand for power. The increase in the power flow through the transmission lines may cause congestion in the transmission corridors leading to contingency and blackouts.



Researchers have done an intensive study on different methods of incorporating alternative sources of energy in conventional power systems. Clegg et al. [1] have modeled a transmission system considering the operational impacts of the power to a gas integrated system. Bai et al. [2] have proposed a scheduling model for wind, gas and power transmission system to sustain stable operation in N-1 contingency conditions of either gas pipeline or power transmission line. Solar energy is the most viable renewable source which can be used in India throughout the terrain. Researchers have worked actively on various aspects of latent heat thermal storage to solve the intermittency problem in solar energy systems. For improving the energy storage efficiency, an optimal number of fins have been designed [3] and a fin–foam hybrid structure has been proposed [4]. To improve its temperature uniformity, various conditions for fin pitch and positions have been designed [5]. A downward bending angle of 10 degrees at the fins reduces the full melting point by 55.4% and improves the uniformity in temperature by 20% [6]. Non-uniform angled fins have been designed and found to reduce the melting point by 65.59% [7].



FACTS devices have been found to be an effective solution for power system issues [8]. Interline Power Flow Controller (IPFC) is a multi-terminal FACTS. The modeling of IPFC has been performed considering a lossless system [9,10]. The IPFC has been found to be very effective for solving power system congestion and contingency issues [11,12]. Since an IPFC is a multi-terminal device, a correct location for each of the IPFC converters has to be planned [13]. Contingency analysis using a voltage index has been proposed in [14]. Kumar et al. [15] have proposed a cat swarm optimization-based method of IPFC placement for the improvement of voltage stability. Control of FACTS devices the Integrated power systems scenario has been studied [16]. Firefly algorithm is a very effective optimization method [17]. It has a very fast convergence rate and accuracy. It has been used to solve various power system issues very effectively and accurately. Tuning of IPFC using the Firefly algorithm has also provided effective results. It can be very effective in improving the performance of the integrated system [18]. Nusair et al. [19] have performed optimal power flow of a power system with renewable systems in the presence of TCSC. Authors have performed OPF for reduction of cost in presence of FACTS devices [20,21]. Authors have performed OPF for a wind farm integrated system in the presence of TCSC and UPFC to reduce cost [22,23].



Although, a great amount of study has been performed on successfully incorporating renewable systems in the conventional power systems as an alternative power source. Still, authors have not yet given attention to the effective placement of renewable energy sources in the power system to avoid system contingency issues. The effectiveness of renewable systems in controlling the contingencies and avoiding blackouts is yet to be explored. There is a need to effectively strategize the location of renewable resources with an aim to avoid future contingencies and blackouts. Strategic placement of the alternative power sources in combination with the FACTS devices can be very effective in improving the reliability of the transmission system.



In this paper, a line severity index is proposed which is capable of providing an effective location for the placement of both solar power systems and IPFC. An integrated Indian 62 bus system is studied under contingency conditions. The 62-bus system has been studied in detail for all possible contingencies. The most severe contingency for the 62-bus system is identified on the basis of active and reactive power loss. A tuned IPFC is installed in the system at a location-based online severity index (LSI). The LSI proposed in this study indicates the weakest line in the system and also the weakest bus suitable for the allocation of the solar system. The second converter of the IPFC is placed using Disparity Line Utilization Factor (DLUF). The performance of the system in presence of the device is compared with that of the failed system. The parameters chosen for the comparison are Line Utilization Index, voltage stability and voltage deviation.




2. Mathematical Modelling


2.1. Mathematical Modelling of IPFC


A basic IPFC model with two converters is shown in Figure 1. Bus I is the common bus. The converter 1 is connected on the transmission line ij while the converter 2 is connected on the line ik.



The mathematical model of two converters IPFC [14] is represented as—


    P i  =  V n 2   g  n n   −  V i   V n   [   g  i n   cos (  θ n  −  θ i  ) +  b  i n   sin (  θ n  −  θ i  )  ]    +  V n  V s  e  i n    [   g  i n   sin (  θ n  − θ s  e  i n   ) −  b  i n   cos (  θ n  − θ s  e  i n   )  ]   



(1)






    Q i  = −  V i 2   b  i i   −   ∑  n = j , k     V i   V n   [   g  i n   sin (  θ i  −  θ n  ) −  b  i n   cos (  θ i  −  θ  n )   )  ]       −   ∑  n = j , k     V i  V s  e  i n    [   g  i n   sin (  θ i  − θ s  e  i n   ) −  b  i n   cos (  θ i  − θ s  e  i n   )  ]      



(2)






    P  n i   =  V n 2   g  n n   −  V i   V n   [   g  i n   cos (  θ n  −  θ i  ) +  b  i n   sin (  θ n  −  θ i  )  ]     +  V n  V s  e  i n    [   g  i n   sin (  θ n  − θ s  e  i n   ) −  b  i n   cos (  θ n  − θ s  e  i n   )  ]    



(3)






    Q  n i   = −  V n 2   b  n n   −  V i   V n   [   g  i n   sin (  θ n  −  θ i  ) −  b  i n   cos (  θ n  −  θ i  )  ]     +  V n  V s  e  i n    [   g  i n   sin (  θ n  − θ s  e  i n   ) −  b  i n   cos (  θ n  − θ s  e  i n   )  ]    



(4)




where n = j, k


     g  i n   + j  b  i n   = 1 / z s  e  i n   = y s  e  i n   ,  g  n n   + j  b  n n   = 1 / z s  e  i n   = y s  e  i n        g  i i   =   ∑  n = j , k     g  i n   ,  b  i i     =   ∑  n = j , k     b  i n        











Assuming lossless converter, the active power supplied by one converter equals the active power demanded by the other, if there are no underlying storage systems


  Re ( V s  e  i j    I  j i  *  + V s  e  i k    I  k i  *  ) = 0  



(5)







V1 = Vl∟θl (l = i, j, k) and Vl, θl are the magnitude and angle of Vl.



Vsein is the complex controllable series injected voltage source which represents the series compensation of the series converter.



Vsein is defined as Vsein = Vsein ∟θsein (n = j, k).



Vsein and θsein are the magnitude and angle of Vsein.



Zsein is the series transformer impedance.



Pni and Qni—active and reactive power flows leaving bus n connected to IPFC.




2.2. Inequality Constraints



     V i    min ≤  V i  ≤  V i  max         ∀ i ∈ loadbus    



(6)






   S i j ( V , δ ) | ≤ S i j max           ∀ i j   



(7)





IPFC Constraints


   V  s e   min   ≤  V  s e   ≤  V  s e   max      



(8)






   θ  s e   min   ≤  θ  s e   ≤  θ  s e   max      



(9)









3. Problem Formulation


3.1. Placement of Solar Power Plant and IPFC


An index-based placement of solar power plant and IPFC is used. The index proposed is Line Severity Index (LSI).



Proposed Line Severity Index


LSI is an index used for determining the severity of the system loading under normal and contingency conditions. It is given by Equation (12)


  L S  I  i j   = a ×    [    M V  A  i j     M V  A  i j max      ]   2   



(10)




where LSIij is the Line Severity Index (LSI) of the line connected to bus i and bus j.



MVAij(max) is Maximum MVA rating of the line between bus i and bus j.



MVAij is the actual MVA rating of the line between bus i and bus j.



a is the multiplying factor. In this study a = 1.



The ratio has been squared in order to be able to differentiate in the values of LSI of transmission lines in large power systems. The value of LSI will be trivial when the apparent power in the line is within its limits. During overload conditions, the LSI shows a high value. Thus, it provides a precise measure of the severity of the line overloads for a given state of the power system. When LSI ≥ 1, the line is considered to be overloaded.





3.2. Tuning of IPFC


The IPFC has been tuned using the Firefly Algorithm for the following multi-objective function.



3.2.1. Minimization of Voltage Deviation



    f 2  ( x ) = (   ∑  k = 1   Nbus    |  V k  −  V k  ref    | 2    )   



(11)





Vk is the voltage magnitude at bus k.




3.2.2. Improvement of Security Margin




   f 3  ( x ) =     ∑  j ∈  J L      S    j       lim     −   ∑  j ∈  J L      S    j       initial         ∑  j ∈  J L      S j     lim        



(12)




where JL = No. of load buses.



Since the multi-objective function is a minimization function. The objective is to minimize the inverse security margin.






4. Methodology


The methodology followed for the strategic placement of Solar power plant and IPFC is depicted in Figure 2. It is assumed that only one IPFC with two converters is placed. However, it can be extended to a greater number of IPFCs and converters.




5. Results


An Indian Utility 62 bus system (Figure 3) is taken for the study of line contingencies. It consists of 1 slack bus, 8 generator buses, 43 load buses and 89 transmission corridors. In this system, 49 lines are connected to load buses while the remaining are connected to the generator and slack buses. The results for all line contingencies are tabulated in Table 1.



It is observed that the contingency of lines 12–13 is the most severe as it causes the maximum active and reactive power loss as seen in Figure 4 and Figure 5. The Security margin and voltage deviation of the system for lines 12–13 contingency can be observed in Figure 6 and Figure 7 respectively. It is observed that the security margin and the voltage deviation are also highly compromised in this condition. Therefore, the line 12–13 contingency condition is considered for the study. The system is studied in detail for lines 12–13 contingency as shown in Table 2. The line severity index for all lines is observed for the above contingency condition. The line severity index clearly indicates that lines 12–11 are the weakest lines of the system. Hence, it has been chosen for the placement of the first IPFC converter. The 2nd converter of the IPFC is placed on lines 12–20 based on DLUF [17]. Since most of the lines connected to buses 7 and 11 are found to be weak, the buses are identified as weak buses. Hence, the solar power unit of 2 MW each is installed in locations near bus 7 and bus 11.



The solar integrated system is then analyzed for contingency conditions with and without IPFC. The tuning of IPFC has been performed using the Firefly algorithm [18]. The time elapsed for the tuning is 232.59 s. The improvement in the accuracy in result by Firefly Algorithm is shown in Figure 8. The figure shows that the accuracy level has been achieved in less than 5 s.



The comparison of the performance of the system has been presented in Table 3. It is observed that the losses for the system are reduced for the integrated system with IPFC. Figure 9 indicates that the voltage deviation is least for a tuned IPFC placed in the integrated system. The line severity index in Figure 10 shows the reduction in the severity of the system after the placement of IPFC in the integrated system.



IEEE 57 Bus System


An IEEE 57 bus system from American Electric Power System is considered. It consists of 80 transmission lines. A detailed contingency analysis is performed on the system. LSI of transmission line for lines 5–6 contingency is depicted in Table 4. It is observed that lines 5–6 contingency is the severe most contingency as it causes the highest power loss in the system as mentioned in Table 5. The active power loss in the system increases from 58.604 MW to 81.49 MW. Similarly, the reactive power loss increases from 225.717 MW to 280.35 MW. It is observed from Figure 11 that the severity of lines 4–5 is 2.69 which is much higher than the other lines. Hence, a solar power unit of 2 MW is installed in the location. The IPFC is placed at lines 2–4 and 4–18 as per DLUF. The improvement in the LSI after the installation of the integrated system and the FACTS device is shown in Figure 12. It is observed that after the placement of the solar power unit and the IPFC the LSI of lines 4–5 is reduced to 1.94.



The IPFC was then tuned using the firefly algorithm for the objective functions mentioned in Nomenclature. A good improvement in the system parameters were observed as seen in Table 6. The active power loss in the system has reduced to 65.24 MW which is nearly same as the loss in healthy system. Similarly the voltage deviaton is almost equal to 1 as that of a healthy system. The voltage at the buses of the 57 bus system is shown in Table 7. The voltage profile of the IEEE-57 bus system with and without optimum IPFC and PV unit is shown in Figure 13. The voltage profile of the system is improved and smoothened in the presence of IPFC and the solar unit.





6. Conclusions


A reliable power system is a key to attracting foreign investment in the country in the form of industries. The renewable energy sources which are already a promising alternative to conventional power systems can be used in combination with FACTS devises to improve the stability and reliability of the existing power systems. The results obtained lead to the following observations:




	
Solar power systems can effectively reduce the stress on the existing system.



	
The IPFC along with the solar power unit has reduced the active and reactive losses in the power system.



	
The voltage deviation, security margin and line severity can be controlled within acceptable limits by the proposed method even in the situation of n-1 contingencies. This helps in avoiding any further disruptions in the power system. Thus, the proposed method is an effective means of avoiding blackouts in the country.









7. Future Prospects


In upcoming research the following works may be incorporated:




	
More Solar and wind units may be installed to study its effect.



	
The more effective indices may be developed for the effective placement of solar and wind units.



	
Other methods of placements may be incorporated into the system.



	
The proposed method may be implemented on larger transmission systems to study its effectiveness.









8. Limitations


In this work, it has been assumed that constant power output from the solar PV unit is produced. In the actual case, the output power of a PV unit may vary as per whether conditions.
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Nomenclature




	Pi, Qi
	Inverter active and reactive power.



	Vl—Vl∟θl (l = i, j, k) and Vl, θl
	Magnitude and angle of Vl.



	Vsein, ∟θsein
	Magnitude and angle of Vsein



	Vsein
	Complex controllable series injected voltage source, series compensation of the series converter



	n
	bus j, k - common bus connected to IPFC.



	Zsein
	Series transformer impedance



	Pni and Qni
	Active and reactive power flows leaving bus n connected to IPFC



	gin, bin
	Conductance and susceptance of a transmission line respectively



	S
	Solar irradiance



	L(S)
	Lognormal function



	P(s)
	Solar electric power generated



	Pmin
	Minimum output power of the PV unit



	Sst, Sc
	Standard and critical point solar irradiance respectively



	Sij
	Apparent power flow in line ij



	MVAij(max)
	Maximum MVA rating of the line between bus i and bus j



	MVAij
	Actual MVA rating of the line between bus i and bus j



	a
	Multiplying factor.



	Vk
	Voltage magnitude at bus k



	JL
	No. of load buses



	µ, σ
	Mean and standard deviation of the log-normal probability function respectively
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Figure 1. IPFC mathematical model. 
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Figure 2. Methodology followed for Solar Power and IPFC placement and tuning [14]. 
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Figure 3. Indian Utility 62 bus system. 
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Figure 4. Active Power Loss in various line contingencies. HS = Healthy System. 
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Figure 5. Active Power Loss in various line contingencies. HS = Healthy System. 
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Figure 6. Security Margin of Indian 62 Bus system for various contingencies. HS = Healthy System. 
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Figure 7. Voltage Deviation of Indian 62 Bus system for various contingencies. HS = Healthy System. 
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Figure 8. Time elapsed vs. accuracy for firefly algorithm. 
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Figure 9. Voltage Deviation at the buses for the 62-bus system. 
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Figure 10. Line Severity Index of the Indian Transmission System. 
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Figure 11. Line Severity Index for various contingency conditions. 
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Figure 12. Line Severity Index of the IEEE 57 Bus system with IPFC and Solar Power Unit. 
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Figure 13. Voltage profile of the IEEE 57 bus system under various stages of operation. 
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Table 1. Sample results for major Line Contingency Study of the 62 bus Transmission System.
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	S. No.
	Contingency Condition
	Active Power Loss (MW)
	Reactive Power Loss (MVAR)
	SM (p.u.)
	VD

(p.u.)





	1
	Healthy System
	191.9
	982.5
	1.17
	1.7



	2
	1–4
	194.3
	995.3
	1.16
	1.7



	3
	1–14
	216.8
	1110.2
	1.23
	1.8



	4
	1–10
	233.8
	1198.0
	1.23
	1.96



	5
	2–3
	197.6
	1011.8
	1.16
	1.70



	6
	3–4
	195.8
	1002.8
	1.15
	1.74



	7
	4–15
	198.1
	1014.2
	1.18
	1.78



	8
	14–15
	192.9
	987.6
	1.16
	1.73



	9
	4–14
	200.1
	1024.6
	1.17
	1.76



	10
	13–14
	227.8
	1167.1
	1.23
	1.86



	11
	12–13
	253.3
	1298.3
	1.22
	1.96



	12
	12–11
	228.6
	1171.3
	1.20
	1.77



	13
	11–10
	221.9
	1136.9
	1.22
	1.85



	14
	4–5
	196.5
	1003.6
	1.20
	1.74










 





Table 2. Line Severity Index of transmission lines connected to load buses for line 12–13 contingency condition.






Table 2. Line Severity Index of transmission lines connected to load buses for line 12–13 contingency condition.





	S. No.
	Contingency Condition
	Line Severity Index (p.u.)





	1.
	3–4
	3.49



	2.
	4–15
	5.12



	3.
	12–13
	Contingency Line



	4.
	12–11
	16.11



	5.
	11–10
	8.66



	6.
	6–7
	14



	7.
	7–8
	14.56



	8.
	11–16
	6.71



	9.
	21–22
	13.46



	10.
	27–29
	0.13



	11.
	29–30
	0.16



	12.
	12–20
	0.59



	13.
	13–17
	0.16



	14.
	24–45
	0.81



	15.
	24–41
	0.73



	16.
	41–45
	0.47



	17.
	40–41
	0.28



	18.
	41–42
	1.29



	19.
	42–43
	0.063



	20.
	42–44
	0.114










 





Table 3. Comparison of parameters of integrated system under various conditions.






Table 3. Comparison of parameters of integrated system under various conditions.





	Parameter
	Healthy System
	System Contingency
	With Solar Unit &IPFC
	IPFC Tuning





	Active Power Loss (MW)
	87.372
	102.126
	98.747
	91.139



	Reactive Power Loss (MVAR)
	445.172
	523.159
	500.62
	467.78



	Voltage Deviation (p.u.)
	1.12
	1.1828
	1.1318
	1.1105



	Security Margin (p.u.)
	0.92
	1.79
	1.41
	1.35










 





Table 4. LSI of transmission lines for lines 5–6 contingency.






Table 4. LSI of transmission lines for lines 5–6 contingency.





	S. No.
	From Bus-To Bus
	LSI for Line 5–6 Contingency (p.u.)
	LSI with Solar Power and IPFC (p.u.)





	1.
	4–5
	2.695507
	1.946862



	2.
	13–14
	0.138384
	0.68796



	3.
	13–15
	0.279629
	0.347864



	4.
	4–18
	0.152256
	0.051076



	5.
	4–18
	0.152256
	0.034708



	6.
	11–13
	0.037133
	1.06193



	7.
	14–15
	0.32251
	0.008668



	8.
	28–29
	0.120062
	0.549526



	9.
	7–29
	0.67322
	0.008354



	10.
	11–43
	0.113771
	0.257759



	11.
	44–45
	0.325242
	0.000361



	12.
	38–49
	0.031542
	0.056644



	13.
	32–33
	0.01428
	0.007762



	14.
	34–32
	0.029207
	0.007569



	15.
	38–44
	0.194922
	0.10614089



	16.
	10–51
	0.199273
	0.11418384



	17.
	13–49
	0.198919
	0.037791










 





Table 5. Values of system parameters for line 5–6 Contingency.






Table 5. Values of system parameters for line 5–6 Contingency.





	S. No.
	Parameter
	Value of System Parameter for Line 5–6 Outage
	Healthy System





	1
	Active Power Loss (MW)
	81.49
	58.604



	2
	Reactive Power Loss (MVAR)
	280.35
	225.717



	3
	Voltage Deviation (p.u.)
	1.1
	1.01



	4
	Security Margin (p.u.)
	1.9
	1.12










 





Table 6. Comparison of System Parameters for an IEEE 57 Bus system.






Table 6. Comparison of System Parameters for an IEEE 57 Bus system.





	S. No.
	Parameter
	Healthy System
	With

Contingency
	With Solar Power and IPFC
	With Tuned IPFC





	1
	Active Power Loss (MW)
	58.604
	81.49
	73.106
	65.24



	2
	Reactive Power Loss (MVAR)
	225.717
	280.35
	249.050
	231.12



	3
	Voltage Deviation (p.u.)
	1.01
	1.1
	1.08
	0.988



	4
	Security Margin (p.u.)
	1.12
	1.9
	1.68
	1.3










 





Table 7. Voltage Deviation of IEEE.






Table 7. Voltage Deviation of IEEE.





	S. No.
	Volt without Contingency (p.u.)
	Volt with Contingency at 5–6

(p.u.)
	Volt with Optimal IPFC and Solar Unit (p.u.)





	1.
	1.04
	1.04
	1.04



	2.
	0.98
	0.98
	1.01



	3.
	0.935
	0.935
	0.985



	4.
	0.9159
	0.873
	0.9841



	5.
	0.8666
	0.6111
	0.8403



	6.
	0.93
	0.95
	0.98



	7.
	0.9501
	0.9577
	0.9789



	8.
	1.005
	1.005
	1.005



	9.
	0.97
	0.97
	0.98



	10.
	0.9325
	0.9324
	0.9487



	11.
	0.9326
	0.9324
	0.9291



	12.
	0.965
	0.965
	0.965



	13.
	0.9391
	0.9388
	0.9027



	14.
	0.9361
	0.9358
	0.8249



	15.
	0.9482
	0.948
	0.9255



	16.
	0.9789
	0.9786
	0.9782



	17.
	1.012
	1.0122
	1.0123



	18.
	0.8649
	0.8236
	0.9346



	19.
	0.7755
	0.7475
	0.8674



	20.
	0.7352
	0.7161
	0.8404



	21.
	0.7888
	0.7842
	0.8297



	22.
	0.7963
	0.7945
	0.8261



	23.
	0.7935
	0.7919
	0.8249



	24.
	0.7646
	0.7661
	0.8221



	25.
	0.6345
	0.6355
	0.7543



	26.
	0.7711
	0.7731
	0.8269



	27.
	0.837
	0.8421
	0.8835



	28.
	0.8694
	0.8756
	0.9122



	29.
	0.8944
	0.9013
	0.9348



	30.
	0.5853
	0.5861
	0.7287



	31.
	0.5011
	0.5013
	0.6952



	32.
	0.476
	0.4753
	0.7181



	33.
	0.4643
	0.4636
	0.715



	34.
	0.6859
	0.6846
	0.7729



	35.
	0.7085
	0.7072
	0.7825



	36.
	0.7305
	0.7292
	0.7949



	37.
	0.7478
	0.7465
	0.8036



	38.
	0.8037
	0.8023
	0.8275



	39.
	0.7436
	0.7423
	0.8025



	40.
	0.7277
	0.7263
	0.7948



	41.
	0.8142
	0.8137
	0.8761



	42.
	0.7277
	0.7269
	0.8241



	43.
	0.8867
	0.8864
	0.9127



	44.
	0.8336
	0.8325
	0.8476



	45.
	0.9109
	0.9103
	0.9043



	46.
	0.8214
	0.8203
	0.8199



	47.
	0.8078
	0.8066
	0.8168



	48.
	0.8115
	0.8103
	0.8241



	49.
	0.8492
	0.8483
	0.8519



	50.
	0.8513
	0.8506
	0.8583



	51.
	0.9167
	0.9165
	0.9305



	52.
	0.8269
	0.8328
	0.8958



	53.
	0.82
	0.8253
	0.8821



	54.
	0.8772
	0.8803
	0.9177



	55.
	0.9438
	0.9447
	0.9629



	56.
	0.6805
	0.6795
	0.8073



	57.
	0.605
	0.6037
	0.7929
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