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  Challenges in Grid Integration of Renewable Energy 
• Dealing with intermittency of Power output from renewable energy sources. 

• Increasing the renewable energy penetration without hampering grid stability and reliability. 

• Addressing adverse effect of output fluctuations on power grid frequencies, voltages & 

transient performance. 

• California Average wind and  solar 

output,  along with net demand – July 

2003 & Jan 2002 (scaled to 2010 levels)2 

  Taking Advantage of Hybrid Wind-Solar 

Generation: 
• Complementary solar and wind plant profiles when 

considered in aggregate can be a good match to the 

load profile. 

• As compared to stand-alone plants, the hybrid plant 

would require less storage or reserve capacity. 

• Reduction in emissions, generation of additional jobs, 

security of supply etc. 
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  Identification of Candidate Wind-Solar Sites, HECS ID Tool 

• Desired Locations should have 

• Highest complementarity 

• Least distance 

• HECS ID Tool automatically computes & 

creates a pairing of sites locations to form 

hybrid locations. 
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• Annual Average Capacity Factors for Sites A, B, C 

• 𝐶𝐹 =  
𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑀𝑊ℎ)

𝑅𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑃𝑙𝑎𝑛𝑡 𝑀𝑊 ×𝐻𝑜𝑢𝑟𝑠 𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (ℎ)
 

• For preferred case selected, the CF allows ranking 

the shortlisted locations in terms of resource 

potential. 

• Variation of the Mean Reserve Requirements for 

Sites A, B and C for 20% penetration level.  

• PH > PLD ~ power export; PH < PLD ~ power import 

• Case II/ III give minimum reserve requirements for 

the different sites; leads to suitable sizing. 

• Hourly combined output (p.u.) 

  Sample Results & Applications of MWRAM  Wind-Solar MW Resource Assessment Model (MWRAM3) 

•Wind Power 𝑃𝑤 = f1(wind speed 𝑣𝑡); 
𝑣𝑡~Weibull 𝜆𝑡 , 𝑘𝑡  

• Solar Power 𝑃𝑠 = f2(solar cloud cover 𝐶𝑡); 
𝐶𝑡~Beta 𝛼𝑡 , 𝛽𝑡  

•Wind and solar power output can be modeled using 

transformation of variables. 

•Transformation Theorem: 

•Let 𝑥 be a random variable with pdf = 𝑓𝑥(𝑥) and 
cdf 𝐹𝑥 𝑥  
•𝑦 be another rv with 𝑦 = 𝑔(𝑥) 
•𝑓𝑦 𝑦 =  

𝑓𝑥(𝑥𝑖)

𝑔′(𝑥𝑖)
𝑖 , where 𝑔′ 𝑥 =

𝑑𝑔(𝑥)

𝑑𝑥
 and 𝑥𝑖 

are all the real roots of 𝑦𝑖 = 𝑔(𝑥𝑖)  
•Hybrid ECS Output = f3(wind power, solar power); 

 𝑃ℎ 𝑡 = 𝑃𝑤(𝑡) + 𝑃𝑠(𝑡) 

• Parameters Variation 

Weibull 𝜆𝑡 , 𝑘𝑡 ; Beta(𝛼𝑡 , 𝛽𝑡) 

Locations and Cases Studied 

Here, 

𝑣 = wind speed 

𝜆 = Weibull scale parameter 

𝑘 = Weibull shape parameter 

𝑉𝑟 = Turbine Rated speed 

𝑉𝑐𝑖  = Turbine cut-in speed 

𝑉𝑐𝑜 = Turbine cut-out speed 

𝑃𝑟 = Turbine Rated Power 

𝑇 = Number of turbines 

𝑃𝑚𝑎𝑥 = Rated Capacity of wind farm 

= 𝑇𝑃𝑟  

Here, 

𝐶 = cloud cover fraction 

𝛼 = Beta shape parameter 

𝛽 = Beta shape parameter 

𝐴𝑐 = Solar Collector area 

𝐻𝑚𝑎𝑥 = Maximum DNI 

𝜂𝑛𝑒𝑡 = Net efficiency of STECS 

𝑃𝑆𝑚𝑎𝑥 = Rated Capacity of solar 

park = 𝜂𝑛𝑒𝑡𝐻𝑚𝑎𝑥𝐴𝑐  

  Mathematical Formulation 

• Wind Model 

•Integrated Hybrid Model 

•𝐸 𝑃𝐻𝑡 = 𝐸 𝑃𝑊𝑡 + 𝐸(𝑃𝑆𝑡) 
• If 0 ≤ 𝐸(𝑃𝑊𝑡) ≤ 𝐸(𝑃𝑊𝑚𝑎𝑥) & 0 ≤ 𝐸 𝑃𝑆𝑡 ≤ 𝐸 𝑃𝑆𝑚𝑎𝑥  

• 0 ≤ 𝐸(𝑃𝐻𝑡) ≤ 𝐸(𝑃𝑊𝑚𝑎𝑥 + 𝑃𝑆𝑚𝑎𝑥)  

• Solar Model 
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