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ABSTRACT
Capacitors are widely installed in distribution systems for reactive power
compensation to achieve power and energy loss reduction, voltage regulation and
system capacity release. The extent of these benefits depends greatly on how the
capacitors are placed on the system. The problem of how to place capacitors on the
system such that these benefits are achieved and maximized against the cost
associated with the capacitor placement is termed the general capacitor placement
problem.

The capacitor placement problem has been formulated as the maximization of
the savings resulted from reduction in both peak power and energy losses
considering capacitor installation cost and maintaining the buses voltage within
acceptable limits. After an appropriate analysis, the optimization problem was
formulated in a quadratic form.

For solving capacitor placement a new combinatorial heuristic and quadratic
programming technique has been presented and applied in the MATLAB software.
The proposed strategy was applied on two different radial distribution feeders. The
results have been compared with previous works. The comparison showed the
validity and the effectiveness of this strategy.

Secondly, two artificial intelligence techniques for predicting the capacitor
switching state in radial distribution feeders have been investigated; one is based on
basis Radial Basis Neural Network (RBNN) and the other is based on Adaptive
Neuro-Fuzzy Inference System (ANFIS). The ANFIS technique gives better results

vii

with a minimum total error compared to RBNN. The learning duration of ANFIS
was very short than the neural network case. It implied that ANFIS reaches to the
target faster than neural network.

Thirdly, an artificial intelligence (RBNN) approach for estimation of transient
overvoltage during capacitor switching has been studied. The artificial intelligence
approach estimated the transient overvoltages with a minimum error in a short
computational time.

Finally, a capacitor switching transient limiter has a simple configuration and no
need for any additional control circuit has been presented. The CETL can
automatically insert into the circuit and provide high impedance to reduce the
switching transients when the capacitor is energized.
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ﻋﻨﻭﺍﻥ ﺍﻟﺭﺴﺎﻟﺔ  :ﺍﺴﺘﺨﺩﺍﻡ ﺍﻟﺸﺒﻜﺎﺕ ﺍﻟﻌﺼﺒﻴﺔ ﻟﺩﺭﺍﺴﺔ ﺍﻟﻭﻀـﻊ ﺍﻻﻤﺜـل ﻟﺘﺭﻜﻴـﺏ
ﺍﻟﻤﻜﺜﻔﺎﺕ ﻭﺘﺄﺜﻴﺭﻫﺎ ﻋﻠﻰ ﺠﻭﺩﺓ ﺍﻟﻘﺩﺭﺓ ﻓﻰ ﻨﻅﻡ ﺘﻭﺯﻴﻊ ﺍﻟﻘﻭﻯ ﺍﻟﻜﻬﺭﺒﻴﺔ

ﺍﻥ ﺍﺴﺘﺨﺩﺍﻡ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ ﻜﻭﺴﻴﻠﺔ ﻟﺘﺤﺴﻴﻥ ﺍﺩﺍﺀ ﺸﺒﻜﺎﺕ ﺍﻟﺘﻭﺯﻴﻊ ﺍﻟﻜﻬﺭﺒﻴﺔ ﺒﺩﺃ ﺍﻻﻫﺘﻤﺎﻡ ﺒﻬـﺎ
ﻓﻰ ﺍﻟﻌﻘﻭﺩ ﺍﻻﺭﺒﻌﺔ .ﻭﻓﻰ ﻫﺫﻩ ﺍﻻﻁﺭﻭﺤﺔ ﻴﺘﻡ ﺍﺴﺘﺨﺩﺍﻡ ﻁﺭﻕ ﺍﻟﺫﻜﺎﺀ ﺍﻻﺼﻁﻨﺎﻋﻰ ﻟﺩﺭﺍﺴﺔ ﺍﻟﻭﻀﻊ

ﺍﻻﻤﺜل ﻟﺘﺤﺩﻴﺩ ﻤﻜﺎﻥ ﻭﺴﻌﺔ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻁﻠﻭﺏ ﺘﺭﻜﻴﺒﻬﺎ ﻓﻰ ﺸﺒﻜﺎﺕ ﺍﻟﺘﻭﺯﻴﻊ ﻭﻜﺫﻟﻙ ﺍﻟـﺘﺤﻜﻡ ﻓـﻰ
ﻓﺼل ﺍﻟﻤﻜﺜﻔﺎﺕ ﻭﺘﻭﺼﻠﻴﻬﺎ ﻁﺒﻘﺎ ﻟﺤﺎﻟﺔ ﺍﻟﺤﻤل ﺍﻟﻜﻬﺭﺒﻰ ﺒﺎﻟﺸﺒﻜﺔ ﺒﺎﻻﻀﺎﻓﺔ ﻻﺴﺘﺨﺩﺍﻡ ﻁﺭﻕ ﺍﻟـﺫﻜﺎﺀ
ﺍﻻﺼﻁﻨﺎﻋﻰ ﻓﻰ ﺍﻟﺘﻨﺒﺅ ﺒﺎﻟﺠﻬﻭﺩ ﺍﻟﻌﺎﻟﻴﺔ ﺍﻻﻨﺘﻘﺎﻟﻴﺔ ﺍﻟﻨﺎﺘﺠﺔ ﻋﻥ ﻓﺼل ﻭﺘﻭﺼﻴل ﺍﻟﻤﻜﺜﻔﺎﺕ .ﻭﺘﺤﺘﻭﻯ
ﺍﻟﺭﺴﺎﻟﺔ ﺍﻟﻤﻘﺩﻤﺔ ﻋﻠﻰ ﺴﺘﺔ ﺃﺒﻭﺍﺏ ﻭﻤﻠﺤﻕ ﻭﺍﺤﺩ ﺒﺎﻹﻀﺎﻓﺔ ﺍﻟﻰ ﻗﺎﺌﻤﺔ ﺒﺎﻟﻤﺭﺍﺠﻊ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ.
ﺍﻟﺒﺎﺏ ﺍﻷﻭل:
ﻴﺘﻨﺎﻭل ﺍﻟﺒﺎﺏ ﺍﻷﻭل ﻤﻘﺩﻤﺔ ﻋﻥ ﺃﻫﻤﻴﺔ ﺍﺴﺘﺨﺩﺍﻡ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ ﻜﻭﺴﻴﻠﺔ ﻟﺨﻔﺽ ﻗﻴﻤـﺔ ﺍﻟﻘـﺩﺭﺓ
ﺍﻟﻐﻴﺭ ﻓﻌﺎﻟﺔ ﺒﺎﻹﻀﺎﻓﺔ ﺇﻟﻰ ﺘﺤﺴﻴﻥ ﺍﻟﺠﻬﺩ ﻋﻠﻰ ﻁﻭل ﺍﻟﻤﻐﺫﻴﺎﺕ ﺍﻟﻜﻬﺭﺒﻴﺔ ﺇﻀﺎﻓﺔ ﺇﻟﻰ ﺘﺤﺭﻴﺭ ﺴـﻌﺔ

ﻨﻅﻡ ﺍﻟﺘﻭﺯﻴﻊ .ﺒﺎﻻﻀﺎﻓﺔ ﺍﻟﻰ ﺍﻟﻔﻭﺍﺌﺩ ﻭﺍﻟﻤﺸﻜﻼﺕ ﺍﻟﻤﺭﺘﺒﻁﺔ ﺒﺘﺭﻜﻴـﺏ ﺍﻟﻤﻜﺜﻔـﺎﺕ ﻓـﻰ ﺍﻟﺸـﺒﻜﺎﺕ
ﺍﻟﻜﻬﺭﺒﻴﺔ ﻭﻨﺒﺫﺓ ﻋﻥ ﺍﻟﻤﺴﺎﻫﻤﺔ ﺍﻟﻤﻘﺩﻤﺔ ﻓﻰ ﻫﺫﺍ ﺍﻟﻤﻭﻀﻭﻉ ﻤﻥ ﺨﻼل ﻫﺫﺓ ﺍﻻﻁﺭﻭﺤﺔ.
ﺍﻟﺒﺎﺏ ﺍﻟﺜﺎﻨﻲ:
ﻴﺘﻨﺎﻭل ﺍﻟﺒﺎﺏ ﺍﻟﺜﺎﻨﻲ ﺩﺭﺍﺴﺔ ﺍﺴﺘﺭﺠﺎﻋﻴﺔ ﻟﻸﺒﺤﺎﺙ ﺍﻟﺴﺎﺒﻕ ﻨﺸﺭﻫﺎ ﻓﻰ ﻤﻭﻀﻭﻉ ﺍﻟﺭﺴـﺎﻟﺔ ،ﺤﻴـﺙ
ﻴﻨﻘﺴﻡ ﺍﻟﺒﺎﺏ ﺇﻟﻰ ﺜﻼﺜﺔ ﺍﻗﺴﺎﻡ ﺭﺌﻴﺴﻴﺔ.
ﺍﻟﻘﺴﻡ ﺍﻷﻭل :ﻴﺘﻨﺎﻭل ﻋﺭﺽ ﺍﻟﻨﻤﺎﺫﺝ ﺍﻟﺭﻴﺎﻀﻴﺔ ﺍﻟﻤﺘﻌﻠﻘﺔ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺍﻟﻤﻜﺜﻔـﺎﺕ ﻜﻭﺴـﻴﻠﺔ ﻟﺘﺤﻘﻴـﻕ
ﺍﻷﻫﺩﺍﻑ ﺍﻟﻤﺘﻤﺜﻠﺔ ﻓﻰ ﺘﺤﺴﻴﻥ ﻤﻌﺎﻤل ﺍﻟﻘﺩﺭﺓ  ،ﺘﻘﻠﻴل ﺍﻟﻔﻘﺩ ﻓﻰ ﺍﻟﻘﺩﺭﺓ ﻭﺍﻟﻁﺎﻗﺔ ﻭﺍﻟﺘﺤﻜﻡ ﻭﺍﻟﺘﺤﺴـﻴﻥ

ﻓﻰ ﺍﻟﺠﻬﻭﺩ ﻋﻠﻰ ﻁﻭل ﺍﻟﻤﻐﺫﻴﺎﺕ.
ﺍﻟﻘﺴﻡ ﺍﻟﺜﺎﻨﻰ  :ﻴﺘﻨﺎﻭل ﺩﺭﺍﺴﺔ ﺇﺴﺘﺭﺠﺎﻋﻴﺔ ﻟﻠﻁﺭﻕ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻟﺘﻘﺩﻴﻡ ﺍﻟﺤل ﺍﻷﻤﺜل ﻟﻤﺸﻜﻠﺔ ﺍﺴﺘﺨﺩﺍﻡ
ﺍﻟﻤﻜﺜﻔﺎﺕ ﻟﺘﺤﺴﻴﻥ ﺃﺩﺍﺀ ﺸﺒﻜﺎﺕ ﺍﻟﺘﻭﺯﻴﻊ  ،ﺤﻴﺙ ﺘﻌﺭﺽ ﻫﺫﻩ ﺍﻟﺩﺭﺍﺴﺔ ﺍﻟﻁﺭﻕ ﺍﻷﺭﺒﻌﺔ ﺍﻟﺭﺌﻴﺴﻴﺔ

ﻟﻠﺤل ﻭﻫﻰ ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﺘﺤﻠﻴﻠﻴﺔ  ،ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻌﺩﺩﻴﺔ  ،ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻤﻭﺠﻬﺔ ﻭ ﻁﺭﻴﻘﺔ ﺍﻟﺫﻜﺎﺀ
ﺍﻻﺼﻁﻨﺎﻋﻰ.

ﺍﻟﻘﺴﻡ ﺍﻟﺜﺎﻟﺙ :ﻴﺘﻨﺎﻭل ﺍﻟﻤﺸﻜﻼﺕ ﺍﻟﻤﺭﺘﺒﻁﺔ ﺒﻔﺼل ﻭﺘﻭﺼﻴل ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ ﺩﺍﺨل ﺸﺒﻜﺎﺕ
ﺍﻟﺘﻭﺯﻴﻊ ﺍﻟﻜﻬﺭﺒﻴﺔ.
ﺍﻟﺒﺎﺏ ﺍﻟﺜﺎﻟﺙ:
ﻴﺘﻨﺎﻭل ﻫﺫﺍ ﺍﻟﺒﺎﺏ ﺒﻨﺎﺀ ﺍﻟﻨﻤﻭﺫﺝ ﺍﻟﺭﻴﺎﻀﻰ -ﻭﺍﻟﺫﻯ ﻴﺴﻤﻰ ﺩﺍﻟﺔ ﺍﻟﻬﺩﻑ ﺍﻟﺘﺭﺒﻴﻌﻴﺔ  -ﻟﺘﺤﺩﻴﺩ ﻤﻜـﺎﻥ
ﻭﺴﻌﺔ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻁﻠﻭﺏ ﺘﺭﻜﻴﺒﻬﺎ ﻓﻰ ﻨﻅﻡ ﺍﻟﺘﻭﺯﻴﻊ ﺍﻟﻜﻬﺭﺒﻴﺔ ﻟﺘﺤﻘﻴﻕ ﺃﻋﻠﻰ ﺘﻭﻓﻴﺭ ﺍﻗﺘﺼﺎﺩﻯ ﻨﺎﺘﺞ
ﻋﻥ ﺨﻔﺽ ﻗﻴﻤﺔ ﺍﻟﻔﻘﺩ ﻓﻰ ﺍﻟﻘﺩﺭﺓ ﻭﺍﻟﻁﺎﻗﺔ ﻭﺍﻟﺤﻔﺎﻅ ﻋﻠﻰ ﻗﻴﻤﺔ ﺍﻟﺠﻬﺩ ﻋﻠﻰ ﻁﻭل ﺍﻟﻤﻐﺫﻴﺎﺕ ﻤﻊ ﺍﺨﺫ
ﺘﻜﻠﻔﺔ ﻫﺫﻩ ﺍﻟﻤﻜﺜﻔﺎﺕ ﻓﻰ ﺍﻻﻋﺘﺒﺎﺭ ,ﻜﻤﺎ ﻴﺘﻨﺎﻭل ﺘﻘﺩﻴﻡ ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻤﻭﺠﻬﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻟﺤل ﺍﻟﻨﻤﻭﺫﺝ
ﺍﻟﺭﻴﺎﻀﻰ ﺍﻟﻤﻘﺩﻡ,ﻭﺫﻟﻙ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺘﻁﺒﻴﻘﺎﺕ ﺍﻟﻤﺎﺘﻼﺏ ﺍﻟﺒﺭﻤﺠﻴﺔ ﻟﺤل ﺍﻟﺩﺍﻟﺔ ﺍﻟﺘﺭﺒﻴﻌﻴﺔ.
ﺍﻟﺒﺎﺏ ﺍﻟﺭﺍﺒﻊ:
ﻴﺘﻨﺎﻭل ﻫﺫﺍ ﺍﻟﺒﺎﺏ ﺸﺭﺡ ﻟﻁﺭﻕ ﺍﻟﺫﻜﺎﺀ ﺍﻻﺼﻁﻨﺎﻋﻰ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻰ ﺍﻟﺘﺤﻜﻡ ﻓﻰ ﻓﺼـل ﻭﺘﻭﺼـﻴل
ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ ﻭﻜﺫﻟﻙ ﺍﻟﺘﻨﺒﺅ ﺒﺎﻻﺭﺘﻔﺎﻉ ﺍﻟﻠﺤﻅﻰ ﺍﻟﻌﺎﺒﺭ ﻟﻠﺠﻬﻭﺩ  ,ﺒﺎﻻﻀﺎﻓﺔ ﺍﻟﻰ ﻜﻴﻔﻴﺔ ﺍﺴﺘﺨﺩﺍﻡ
ﺘﻁﺒﻴﻘﺎﺕ ﺍﻟﻤﺎﺘﻼﺏ ﺍﻟﺒﺭﻤﺠﻴﺔ ﻟﻠﺘﺼﻤﻴﻡ ﺍﻟﻤﻘﺩﻡ ﻟﻁﺭﻕ ﺍﻟﺫﻜﺎﺀ ﺍﻻﺼﻁﻨﺎﻋﻰ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻰ ﺍﻟـﺘﺤﻜﻡ

ﻓﻰ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ ﻭﺍﻟﺘﻨﺒﺅ ﺒﺎﻟﺘﺄﺜﻴﺭ ﺍﻟﻌﺎﺒﺭ ﻋﻠﻰ ﺸﺒﻜﺎﺕ ﺍﻟﺘﻭﺯﻴﻊ ﺍﻟﻜﻬﺭﺒﻴﺔ.
ﺍﻟﺒﺎﺏ ﺍﻟﺨﺎﻤﺱ:
ﻴﺘﻨﺎﻭل ﺍﻟﻘﺴﻡ ﺍﻻﻭل ﻤﻥ ﻫﺫﻩ ﺍﻟﺒﺎﺏ ﺘﻁﺒﻴﻕ ﺍﻟﻨﻤﻭﺫﺝ ﺍﻟﺭﻴﺎﻀﻰ ﻭ ﺤل ﺍﻟﺩﺍﻟﺔ ﺍﻟﺘﺭﺒﻴﻌﻴﺔ ﻟﻠﺘﻭﺼل ﺇﻟﻰ
ﺍﻟﺤل ﺍﻷﻤﺜل ﻟﻌﺩﺩ ﺍﺜﻨﻴﻥ ﻤﻥ ﺍﻟﻤﻐﺫﻴﺎﺕ ﺍﻟﻘﻴﺎﺴﻴﺔ ﻭﻫﻤﺎ ﻤﻐﺫﻯ ﺫﻭ ﺘﺴﻊ ﻤﻭﺯﻋﺎﺕ ﻭﻤﻐﺫﻯ ﺫﻭ ﺍﺜﻨﻴﻥ
ﻭﻋﺸﺭﻴﻥ ﻤﻥ ﺍﻟﻤﻭﺯﻋﺎﺕ ,ﻜﻤﺎ ﻴﺘﻨﺎﻭل ﻋﺭﻀﺎ ﻟﻠﻨﺘﺎﺌﺞ ﺍﻟﺘﻰ ﺘﻡ ﺍﻟﺤﺼﻭل ﻋﻠﻴﻬﺎ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺒﺭﻨـﺎﻤﺞ
ﺍﻟﺤﺎﺴﺏ ﺍﻵﻟﻲ ﺍﻟﻤﻘﺘﺭﺡ ﻭﻫﻰ :ﺍﻟﻤﻜﺎﻥ ﻭﺍﻟﺴﻌﺔ ﺍﻟﻤﺜﻠﻰ ﻟﻠﻤﻜﺜﻔﺎﺕ ﻓﻰ ﻜل ﻤﻐـﺫﻯ ،ﺍﻟﺨﻔـﺽ ﻓـﻰ
ﺍﻟﻤﻔﺎﻗﻴﺩ ،ﺍﻟﺘﺤﻜﻡ ﻭﺍﻟﺘﺤﺴﻴﻥ ﻓﻰ ﺍﻟﺠﻬﺩ،ﺍﻟﺘﺤﺴﻴﻥ ﻓﻰ ﻤﻌﺎﻤل ﺍﻟﻘﺩﺭﺓ ،ﺍﻟﺘﻭﻓﻴﺭ ﺍﻟﻤﺎﺩﻱ ﺍﻟﺴﻨﻭﻯ ﺍﻟﻨﺎﺘﺞ،

ﺍﻀﺎﻓﺔ ﺍﻟﻰ ﻤﻘﺎﺭﻨﺔ ﺘﻌﺘﻤﺩ ﻋﻠﻰ ﺍﻟﻤﻔﺎﻀﻠﺔ ﺍﻻﻗﺘﺼﺎﺩﻴﺔ ﻭﺍﻟﺘﻘﻨﻴﺔ ﺒﻴﻥ ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻭﺍﻟﻁـﺭﻕ
ﺍﻷﺨﺭﻯ.

ﻴﺘﻨﺎﻭل ﺍﻟﻘﺴﻡ ﺍﻟﺜﺎﻨﻰ ﻤﻥ ﻫﺫﺍ ﺍﻟﺒﺎﺏ ﻨﺘﺎﺌﺞ ﻁﺭﻕ ﺍﻟﺫﻜﺎﺀ ﺍﻻﺼﻁﻨﺎﻋﻰ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻰ ﺍﻟﺘﺤﻜﻡ ﻓﻰ
ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ ﻟﻐﺭﺽ ﺍﻟﻔﺼل ﻭﺍﻟﺘﻭﺼﻴل ﻁﺒﻘﺎ ﻟﺤﺎﻟﺔ ﺍﻟﺤﻤل ﻟﺸﺒﻜﺔ ﺍﻟﺘﻭﺯﻴﻊ ,ﻜﻤﺎ ﺘﻡ ﻋﻤل
ﻤﻘﺎﺭﻨﺔ ﺒﻴﻥ ﻫﺫﻩ ﺍﻟﻁﺭﻕ ﻟﺘﺤﺩﻴﺩ ﺍﻓﻀل ﺍﻟﻁﺭﻕ ﻟﻠﺘﺤﻜﻡ ﻓﻰ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴﺔ.

ﻴﺘﻨﺎﻭل ﺍﻟﻘﺴﻡ ﺍﻟﺜﺎﻟﺙ ﻤﻥ ﻫﺫﺍ ﺍﻟﺒﺎﺏ ﺍﻟﻨﺘﺎﺌﺞ ﺍﻟﺘﻰ ﺘﻡ ﺍﻟﺤﺼﻭل ﻋﻠﻴﻬﺎ ﺒﺎﺴﺘﺨﺩﺍﻡ ﺍﻟﺸﺒﻜﺎﺕ ﺍﻟﻌﺼﺒﻴﺔ
ﺍﻻﺼﻁﻨﺎﻋﻴﺔ ﻟﻠﺘﻨﺒﺅ ﺒﺎﻻﺭﺘﻔﺎﻉ ﺍﻟﻌﺎﺒﺭ ﻓﻰ ﺠﻬﺩ ﺍﻟﺸﺒﻜﺔ ﻨﺘﻴﺠﺔ ﻟﻔﺼل ﺍﻭ ﺘﻭﺼﻴل ﺍﻟﻤﻜﺜﻔﺎﺕ ﻭﻤﻘﺎﺭﻨﺔ

ﻫﺫﻩ ﺍﻟﻨﺘﺎﺌﺞ ﺒﺎﻟﻘﻴﻡ ﺍﻟﺤﻘﻴﻘﻴﺔ .ﺒﺎﻻﻀﺎﻓﺔ ﺍﻟﻰ ﻤﻘﺘﺭﺡ ﻤﻘﺩﻡ ﻟﻜﻴﻔﻴﺔ ﺍﻟﺘﺨﻠﺹ ﻤﻥ ﻫﺫﻩ ﺍﻻﺭﺘﻔﺎﻉ ﺍﻟﻌﺎﺒﺭ
ﻓﻰ ﺍﻟﺠﻬﺩ.
ﺍﻟﺒﺎﺏ ﺍﻟﺴﺎﺩﺱ:

ﻴﺸﻤل ﺍﻟﺒﺎﺏ ﻋﺭﻀﺎ ﻤﻠﺨﺼﺎ ﻟﻨﺘﺎﺌﺞ ﺍﻟﺭﺴﺎﻟﺔ ﺒﺎﻹﻀﺎﻓﺔ ﺇﻟﻰ ﺍﻟﻤﺯﺍﻴﺎ ﺍﻟﻨﺎﺘﺠﺔ ﻋﻥ ﺍﺴﺘﺨﺩﺍﻡ ﺍﻟﻨﻤـﻭﺫﺝ
ﺍﻟﺭﻴﺎﻀﻰ ﺍﻟﻤﻘﺘﺭﺡ ﻭﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻰ ﺤل ﻫﺫﺍ ﺍﻟﻨﻤﻭﺫﺝ .ﻭﻴﺘﻤﻴﺯ ﺍﻟﻨﻤﻭﺫﺝ ﺍﻟﻤﻘﺘﺭﺡ ﺒﺄﻨﻪ ﻗـﺩ
ﺘﻡ ﺍﻷﺨﺫ ﻓﻰ ﺍﻻﻋﺘﺒﺎﺭ ﻟﺴﻌﺎﺕ ﺍﻟﻤﻜﺜﻔﺎﺕ ﺍﻟﺤﻘﻴﻘﻴﺔ ﻭﻜﺫﻟﻙ ﺃﻤﺎﻜﻥ ﺘﺭﻜﻴﺒﻬﺎ ﻭﺍﻟﺘﻰ ﺘﺘﻁـﺎﺒﻕ ﻤـﻊ ﻤـﺎ
ﻴﺤﺩﺙ ﻋﻤﻠﻴﺎ ﻋﻠﻰ ﻁﻭل ﺍﻟﻤﻐﺫﻴﺎﺕ ﻤﻤﺎ ﺠﻌل ﻫﺫﻩ ﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﺍﻜﺜﺭ ﺩﻗـﺔ ﻤـﻥ ﺍﻟﻁـﺭﻕ

ﺍﻟﺴﺎﺒﻘﺔ .ﻭﺇﻀﺎﻓﺔ ﺇﻟﻰ ﺫﻟﻙ ﻓﻘﺩ ﺘﻡ ﻤﺭﺍﻋﺎﺓ ﺍﻟﻤﺤﺎﻓﻅﺔ ﻋﻠﻰ ﺍﻟﺠﻬﺩ ﺩﺍﺨل ﺍﻟﺤﺩﻭﺩ ﺍﻟﻤﺴﻤﻭﺡ ﺒﻬﺎ ،ﺒﻤـﺎ
ﻴﺘﻁﺎﺒﻕ ﻤﻊ ﺍﻟﻤﻭﺍﺼﻔﺎﺕ ﺍﻟﻘﻴﺎﺴﻴﺔ ،ﻤﻤﺎ ﺃﺩﻱ ﺇﻟﻰ ﺘﺤﺴﻴﻥ ﻭﺍﻀﺢ ﻓﻰ ﺍﻟﺠﻬﻭﺩ ﻋﻠﻰ ﻁﻭل ﺍﻟﻤﻐﺫﻴﺎﺕ،
ﺒﺎﻹﻀﺎﻓﺔ ﺇﻟﻰ ﻤﺭﺍﻋﺎﺓ ﺘﻐﻴﺭ ﺍﻻﺤﻤﺎل ﻋﻠﻰ ﺍﻟﺸﺒﻜﺎﺕ ﻭﺍﻟﺘﺤﻜﻡ ﻓﻰ ﺍﻟﻤﻜﺜﻔـﺎﺕ ﺍﻟﻤﻔﺘﺎﺤﻴـﺔ ﺒﺄﺤـﺩﺙ
ﻁﺭﻕ ﺍﻟﺫﻜﺎﺀ ﺍﻻﺼﻁﻨﺎﻋﻰ ﻭﺍﻟﺤﺼﻭل ﻋﻠﻰ ﻨﺘﺎﺌﺞ ﺠﻴﺩﺓ ﻤﻤﺎ ﺃﻋﻁﻰ ﻓﺎﻋﻠﻴﺔ ﻟﻠﻁﺭﻴﻘﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻰ

ﺍﻟﺘﻌﺎﻤل ﻤﻊ ﺃﻱ ﻨﻅﺎﻡ ﺘﻐﺫﻴﺔ ﺒﺄﻯ ﺍﺤﻤﺎل ﻤﺘﻐﻴﺭﺓ .ﻭﻗﺩ ﺒﺭﻫﻨﺕ ﺍﻟﻨﺘﺎﺌﺞ ﻋﻠﻰ ﺩﻗـﺔ ﻭﻓﺎﻋﻠﻴـﺔ ﻫـﺫﺍ
ﺍﻟﻨﻤﻭﺫﺝ ﺍﻟﺭﻴﺎﻀﻰ ﻭﺍﻟﻁﺭﻴﻘﺔ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﻓﻰ ﺍﻟﺤل ﻤﻘﺎﺭﻨﺔ ﺒﺎﻟﻁﺭﻕ ﺍﻟﻤﺴﺘﺨﺩﻤﺔ ﺒﺎﻷﺒﺤﺎﺙ ﺍﻟﺴـﺎﺒﻘﺔ
ﻓﻰ ﻨﻔﺱ ﺍﻹﻁﺎﺭ .ﻜﻤﺎ ﺘﻨﺎﻭل ﺍﻟﺒﺎﺏ ﻭﻀﻊ ﻤﻘﺘﺭﺤﺎﺕ ﻋﻥ ﺍﻟﺩﺭﺍﺴﺎﺕ ﺍﻟﺘﻲ ﻴﻤﻜﻥ ﺇﺠﺭﺍﺅﻫﺎ ﻤﺴﺘﻘﺒﻼ.

CHAPTER 1

INTRODUCTION

1. 1. Overview
Electricity distribution is the final stage in the delivery of electricity
from transmission system to consumers. Electric distribution systems are
becoming large and complex causing reactive currents to increase losses
and result in increased ratings for distribution components. The main
difference between the active and reactive components of the electric
power is that, the first can be generated only at the power stations, while
the second can be generated at the power stations by field excitation control
or at the load buses by using synchronous or static shunt capacitors or
reactors. The generation of such reactive power is called reactive power
control.

New problems then arise, how to make the generation of reactive
power at a minimum capital cost, where the shunt elements should be
located and what their size should be in order to meet the voltage
requirements for a high and low load configuration. Capacitors are widely
installed in the distribution systems for reactive power compensation to
achieve power and energy reduction, voltage regulation, and system
capacity release. The extent of these benefits depends greatly on how the
capacitors are placed on the distribution system. The problem of how to
place capacitors on the system such that these benefits are achieved and /or
maximized against the cost associated with the capacitor placement is
termed "the general capacitor placement problem" [1].
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1.2. Capacitor Placement
Capacitors have been very commonly used to provide reactive power
compensation in distribution system. The amount of compensation
provided is very much linked to the placement of capacitors in distribution
feeders as it reduces power and energy losses, increases the available
capacity of the feeders, and improves the feeder voltage profile. These
capacitors also, reduce the lagging component current, increase the power
factor of generators, improve regulation and more importantly increase the
savings and hence reduces the cost of power to consumers.

Shunt capacitors are power factor correcting devices which supply
reactive power and can boost local voltages. These shunt capacitors will be
fixed, switched (with one unit step), or controllable (with multiple steps).
For a system operating under normal conditions, the overall compensation
requirements change relative to the load profile. So, all or some portions of
these shunt compensation elements have to be controllable to give better
reactive power control and maintain voltage level within limits defined.
Many factors influence the location of the capacitors such as distribution
of loads, variation in loads, types of loads, and the load factor. Generally,
capacitors can be located at substation, distribution feeders, utility
transformers, and at loads.

1.2.1. Capacitor placement benefits
By using capacitors on distribution feeders many benefits
(technical and economical) can be achieved as follows:
 Technical benefits:
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- Reduction in active and reactive power loss in the system because
of the reduction in current reactive current flow.
- Raising average voltage levels in case of using fixed capacitors or
controllable capacitors.
- Voltage regulation improvement in case of using switchable
capacitor.
- Increasing kVA demand where the power is purchased.
- Power factor improvement.
 Economical benefits:
- Savings due to the reduction in energy losses (direct benefit).
- Revenue from higher system voltage, which increases kWh
consumption (direct benefit).
- Savings due to the reduction in peak power losses (indirect
benefit).
- Savings due to the released system and equipment capacity
(indirect benefit).

[2]

1.2.2. Problems associated with capacitor placement
 Capacitor switching transient
Switching a capacitor bank causes strong switching current
impulse. The magnitude of the voltage fluctuation caused by that
impulse depends on the power of the bank and the short circuit power
of the network. It is sometimes necessary to use damping reactors to
reduce the switching current, especially if several banks are connected
in parallel to the same busbar [2].
 Network voltages level
The capacitive reactive current supplied by capacitor banks raises
the voltage, as it passes through the network reactances. Fixed
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compensation raises the voltage level, but does not affect the
magnitude of the overall voltage fluctuation that occurs as the load
varies. When the network is at the no-load state, the voltage level may
rise excessively if there is much fixed compensation. Controllable
banks on the other hand, reduce the absolute value of voltage
fluctuation. Individual compensation has the best effect, and the
quality of the voltage improves in all parts of the network. Individual
compensation does not raise the voltage level during a small load, so
that the voltage fluctuation is reduced.
1.3. Dissertation and Objective of the Thesis
The capacitor placement problem in distribution systems involves the
determination of the number, location, type and size of the capacitors to be
placed on the distribution feeders such that the total cost of installation is
minimum and the voltage at each node of the system is within the specified
maximum and minimum limits. The capacitor placement problem is a well
known research topic that has been addressed by many authors in the past.
All approaches differ from each other by the way of their problem
formulation and problem solution methods employed where the problem is
combinatorial in nature.

1- The objective of the thesis starts with studying previous works for the
capacitor placement problem in primary radial distribution feeders.
2- The capacitor placement problem will be presented in a new
mathematical model formula where, a constrained objective function
to be maximized is the annual saving function. The capacitor
placement problem on a radial distribution feeder to determine the
size, type, and location of capacitor banks that will maximize the

4

saving derived from reduction in peak power and energy losses, and
that will minimize the capital and installation costs of capacitors
within a voltage limits will be presented.
3- One of the other objectives of the thesis is deriving a new technique
for solving the presented mathematical model based on combinatorial
heuristic and enumerative searches. The new technique will be
implemented in optimization toolbox in the MATLAB to determine
the number, location, and size of capacitor, which will be placed in
the radial distribution feeder.
4- A new idea for capacitor control strategy to solve the setting control
problem by using two individual approaches, Radial Basis Function
Neural Network (RBFNN) approach and Adaptive Neuro_Fuzzy
Inference System (ANFIS) approach will be presented.
5- Finally a predictive artificial neural network (ANN) based approach
will be designed to estimate the transient over voltages resulting from
capacitor switching. Also a capacitor switching transient limiter has a
simple configuration and no need for any additional control circuit
will be investigated.

1.4. Thesis’s Contribution
Many attempts have been made to solve this problem using individual
optimization technique and combinatorial optimization techniques. Due to
nonlinearity of the problem, most of the previous individual approaches
suffered from some unpractical assumptions such as: very restricted
reactive-load distribution such as uniform-load, the wire size of the feeder
has been usually assumed to be uniform. The proposed combinatorial
approaches are more reliable where; it can be applied to large-scale
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distribution systems. Also, it can represent the exact non-linearity of the
capacitor placement problem and can identify the optimum locations and
sizes of fixed and switched capacitors to be placed at these locations. It
considers most of the previous assumptions specially, the loading of
feeders, the practical size of the feeder, and the deviation of bus voltage
under varying load levels.

1.5. Thesis’s Outlines
Chapter 1: presents a general introduction intended for the reactive
power compensation. The most technical and economical benefits, and
problems associated with capacitor placement is presented. Finally,
dissertation objective and contribution of the thesis is introduced
Chapter 2: literatures survey for highlighting previous work concerning
the capacitor placement problem in the distribution system will be
presented. Special attention is given to the problem formulation, the
problem solution methods, and the benefits and problems resulting from the
capacitor placement.
Chapter 3: illustrates the mathematical model formulation used to
represent the capacitor placement problem. Also, the solution methodology
for the presented model to obtain the numbers, locations, and sizes of shunt
capacitors placement for radial distribution feeders will be presented
(combination of heuristic and quadratic programming).
Chapter 4: includes the proposed artificial intelligence search
techniques used in this thesis for solving the capacitor control problem and
estimating the transient overvoltages resulting from capacitor switching.
Also, a basic concept concerning switching of capacitors will be introduced
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Chapter 5: represents the capabilities of the solution framework for
solving the capacitor placement problem, using a heuristic and artificial
intelligence techniques. It is divided into three subsections:
 The first section presents the optimum capacitors locations, ratings,
total annual saving, the reduction in power loss, and the value of
voltage rise for each feeder case study at each step of compensation.
 The second section studies a capacitor control strategy to solve the
setting control problem by artificial intelligence techniques in the
feeders cases under study.
 The third section is intended for investigating the estimated peak
overvoltage under switching transients during capacitor switching
using artificial neural network. Also, proposes a rectifier type
Capacitor Energizing Transient Limiter (CETL) so as to suppress the
energizing transients without adding impedance during the steady
state.
Chapter 6: is intended for presenting overall conclusion of the thesis
and suggestions for future work.
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CHAPTER 2

LITERATURE SURVEY

2.1. Introduction
Electric distribution systems are becoming large and complex causing
the reactive currents to produce losses and result in increased ratings for
distribution components. Studies have indicated that as much as 13% of
total generated power is wasted in the form of losses at the distribution
level

[3]

. Since reduction of losses is more economical than increasing

generation, therefore losses can be reduced by connecting capacitors in
shunt to locally supply a considerable portion of the reactive power
demanded by the consumers and thereby reducing the reactive component
of branch currents.

Capacitors are widely installed in distribution systems for reactive
power compensation to achieve many benefits (technical and economical).
Technical benefits such as: power and energy loss reduction, improvement
in voltage regulation, and release the system capacity. Whereas economical
benefits classified into: direct and indirect economical benefits. Direct
economical benefits, that include saving due to the reduction in energy
losses and revenue from the higher system voltage. Furthermore, indirect
economical benefits, which include saving due to the reduction in peak
power loss and savings due to the released system and equipment capacity.
These benefits depend upon the number of capacitors, capacitors locations
on the feeders, capacitors sizes, and its connection type.
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The capacitor problem has been addressed by many authors over the
last four decades. Earlier approaches differ from each other in the way of
problem formulation and its solution method.

2.2. Capacitor Placement Problem Formulation
2.2.1.Using fixed capacitor
In early stages, the approach for solving the capacitor
optimization problem has been based on a very simple mathematical
model for the distribution network. This has been based on assuming
a radial feeder with a uniform cross section area and a uniform
distributed load, taken into consideration only the reduction in peak
power loss under fixed load condition.

2.2.1.1. Fixed capacitor with fixed load condition
The early capacitor placement problem model has been
developed by Neagle and Sampson

[4]

. The problem is defined as

determining the location and size of a given number of fixed type
capacitors to minimize the power loss for a given load level. The
assumptions adopted by them can be summarized as:
 Considering only the main feeder to be with uniform load
distribution and wire size.
 Taking into account only the loss reduction due to the
change in the reactive component of the branch current.
 Neglecting the cost of capacitors.
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Later, a more comprehensive derivation of these rules has
been improved

[5]

. It was suggested that the capacitors are of equal

size; with a four maximum number of fixed shunt capacitors. The
formulation of the problem has extended to include peak power and
energy loss reduction, and proposed a solution method to determine
the number, as well as the location and the size of capacitor [6].

The assumptions of uniform load distribution impose certain
restrictions and the calculation leads to inaccurate results. The
representation of a feeder by a number of line sections with a
combination of concentrated and uniformly distributed load,
overcomes such restrictions. This modeling method has been taken
into consideration by [7]. However, most previous work suffers from
the following viewpoints:
 Very restricted reactive-load distribution such as uniform-load
distribution or a combination of concentrated and uniformly
distributed loads has been extensively used in these methods.


The
wire size of the feeder has been usually assumed to be
uniform. Therefore, it is apparent that solutions obtained
under these assumptions, may be far from what they should
be under real circumstances.



Very
often analysis were concerned with specified cases, e.g. the
case of one capacitor bank, two capacitor banks, up to four
capacitor banks. Because of the lack of generality of those
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formulae, utility companies having different situations may
not be able to apply those results to their systems.

The capacitor problem for a given single radial feeder having
possibly many sections of different wire sizes, and for any known
reactive-load distribution along the feeder has been considered to
determine the optimum location and size of capacitor. A more
practical consideration to the distribution feeder has been made, by
normalizing the different sizes of feeder with a uniform conductor
size in order to derive the equivalent feeder [8].

A method for the selection of the optimum sizes and locations
of fixed shunt capacitors has been developed. The optimization
technique for constant feeder load has been performed through two
different approaches. In the first one, the capacitor size has been
chosen according to the released kVA consideration. Its location
along the feeder has been determined according to energy loss
consideration. In the second approach, both the capacitor size and
its location have been specified according to the energy loss
consideration. The choice of the appropriate approach depends on
the feeder load condition and the prevailing costs. In the
optimization technique for feeder load increase, the capacitor size
has been chosen according to the delayed investment for load
increase consideration, and its location has been chosen according
to energy loss and voltage drop considerations

[9]

.

2.2.1.2. Fixed capacitor with varying load condition
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The capacitors placement problem has been developed by
fully evaluating the operating costs and benefits under actual load
conditions for practical configurations involving distributed and
lumped loads

[10]

. Also, it deals with a projected load growth on the

primary feeders. The analysis has been developed under the
following assumptions:
 The losses, due to the reactive current component, are
considered.
 Practical feeders are considered where the load is distributed
and lumped, and the cross-sectional area of the feeder is not
constant.
 The maximum feeder load is limited by the maximum voltage
drop constraint.
 A general load -time curve is assumed for the feeder.
 The rating of each of the capacitor banks, in case of ncapacitor, has been assumed to be the same [10].

The optimization technique used was based on the objective
function, which takes into consideration the savings due to the
reduction of both the peak power and the energy losses minus the
cost of the installation of the capacitors. The practical feeder as a
uniformly distributed load feeder with an end-load, through the base
resistance technique has been presented. That technique converts
the non-uniformly load distribution to a uniform one, and converts
the non-uniformly wires cross section to a uniform one. The
uniform load feeder is assumed to have a uniform cross-sectional
area with a total line resistance equivalent to the base resistance.
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It was treated with the case not only as a fixed load level, but
also it has considered the effect of load growth. The voltage
constraint has also been taken into consideration. The base
resistance technique has been used. Three different cases were
considered to determine the optimum location and rating

[11]

:

Case 1: (considering peak power loss)
The case has taken into account the peak power loss only
and has concluded that the total optimum compensation level
increases as the number of capacitor increases.

Case 2: (considering energy loss)
The case has taken into account the energy loss reduction
only and has led to the following two comments:
 The reduction in the energy loss increases as the number
of capacitor banks increases.
 The optimum saving in the energy loss will be
maintained if the capacitors are located on the feeder for
each value of load growth.

Case 3 :( considering peak power and energy loss)
The case has determined the optimum size and location of
capacitors required to maximize the net difference between the
reduction of both the energy and power losses and the cost of
n

S  ap p  a e E 


i1

13

a cQ

ci

(2.1)

capacitors. The cost function for this optimization process has
presented as follows:
Where:
ap

cost of peak power ($ /kW / year) ,

∆P

reduction in peak power loss (kW),

ae

cost of energy ($ / kWh) ,

∆E

reduction in energy loss (kWh),

ac

cost of capacitor bank ($ / kVAr / year),

Qci

rating of capacitor bank

n

total number of capacitor banks.

i = 1, 2………n.

The determination of the capacitor location and its rating for the
reactive load compensation is more widespread to the reduction in
the energy loss rather than the reduction in the peak power loss for
the following reasons:
 The expression for the optimal compensation is a
function of the load factor in the case of the reduction of
the energy loss.
 For a fixed load level, the characteristics of the load
curve can be considered in the analysis through the load
factor.
 In case of the model designed using the reduction in
peak power loss method, the load is assumed to be
constant, and the peak reactive current only is
considered. This usually produces over-compensation.

A few critical nodes selected for installing capacitors to achieve
a large overall loss reduction in each feeder have been considered
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[12]

. The capital and installation costs of the compensating

capacitors have been considered and the optimal number of
capacitors (multiple of standard units) at the specific location have
been determined to attain the highest cost saving. Also, the
variations of the loads during the year have been taken into
consideration with the objective of achieving the highest reduction
of the overall losses during the entire year. Next, the decision of
whether or not to install compensating capacitors in the sensitive
nodes has been made to satisfy the condition that a net financial
gain must be attained after considering the costs of installing the
capacitors. The sensitive nodes are very small in number compared
to the total number of load nodes. To achieve a maximum dollar
saving, the following mathematical formulation was presented to be
solved to obtain the number Np of capacitors of a standard unit to be
placed in the system at a given period P during the year:

)
Where:
Pp,Np = power loss reduction in period p, using Np capacitors.
Ce = cost of 1 kWh to the power utility.
Np = number of capacitors in the system at period p of the year.
Cy = the annual cost of capacitors
Tp = period time

Kaplan

[13]

has presented a formulation of feeders with

multiple laterals and suggested a heuristic solution algorithm.
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Duran

[14]

has made attempt to solve the capacitor problem by

formulating a good number of theorems on economics of capacitor
allocation. The problem associated with determination of the
optimum number of capacitors, with standard bank size has been
eliminated by treating the sizes of capacitors as discrete variables.

Baran and Wu

[15, and 16]

have presented a non linear

optimization problem, but incorporated the following concept
directly into the model:


The distribution power flow equation.



The constraints on node voltage magnitude at

different

load levels.


The discrete nature of capacitor locations.

2.2.2. Using fixed and switched capacitor
In this case the complexity of the problem differs significantly
from that of placing only fixed capacitor as the switching time of the
switched banks represents another variable has to be determined.

A number of fixed and switched shunt capacitors have placed
on three-phase radial distribution feeder and determining the
switching time of the switched banks so as to maximize the net
savings from peak power and energy loss reductions

[17]

. Cuttion [18]

has proposed schemes using a combination of discrete tapped
capacitors, synchronous condenser and voltage regulators to achieve
an effective control over power losses and voltage. The control
problem for the non-simultaneously on /off switched capacitors has
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been modeled

[19]

. The practical realization of the continuous controls

using discrete tapped capacitors has rigorously modeled

EL-Kib

[21]

[20]

.

has developed a method to solve the same problem,

requiring that groups of capacitors will be switched together.
Furthermore,

the

method

involves

considerable

amount

of

enumeration when the number of capacitors is large.

Decomposition

through

isolated

sub-problems

has

been

developed to optimally solve the reactive power compensation in
radial distribution feeders with distorted substation voltage

[22]

.

Variables such as the size, location for both fixed and switched
capacitors, and the operation time periods for switched type
capacitors have been taken into account. The following actions have
been proposed to achieve the reactive power compensation more
practically:


Several typical load patterns of residential, commercial,

and industrial customers have identified, to simulate the
variation of daily reactive power demand at each load bus
according to the load demand and load compensation.


An objective function consisting of peak loss, energy

loss, fixed and switched type capacitor cost as well as, the
operation constraints of bus voltage profile and real
capacitor size, has been formulated with a non-linear
programming technique.
By the above procedures, a practical capacitor planning strategy
have been derived by Cho and Chen
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[23]

to solve the requirement of

fixed and switched capacitors to fit the reactive power demand of the
study feeders. The objective function for the fixed capacitors was
expressed as follow:
(2.3)

Where:
Kp

is the annual cost of per unit power loss.

Ke

is the cost of per unit energy loss.

Kc

is annual cost of per unit fixed capacitor.
is the system peak power loss with fixed capacitors.

Eloss is the total system energy loss.
Qc

is the total installed capacitor rating.
,

Vi

are the lower and upper voltage limits.

is the bus voltage before compensation.
is the bus voltage change after compensation.

The objective function of reactive power planning by including
the switched capacitors was expressed as follows:

Where:
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is the total system energy loss with the switched capacitor
off
is the total system energy loss with the switched capacitor
on.
is the system peak power loss with fixed and switched
capacitor.
Kcw is the annual cost of the per unit switched capacitor.
NT is the duration over which the switched capacitor is commited.

During the solution procedure, the load duration curve obtained
from the daily load curve of the feeder under study has been applied
to decide the proper operation time period of the switched capacitors.
Furthermore, the sensitivity index of system loss has been solved by
three- phase load flow, to determine the proper capacitor installation
location.

A general volt / var design problem which involves the optimal
real time control of the switched capacitors and voltage regulator has
been formulated by Civanlar and Grainger

[24, and 25]

. The overall

volt / var optimization problem has been decoupled into the capacitor
and the regulator sub problems, which can be solved independently.
They have assumed that each of the control components has been
acting optimally in response to load variations. These load variations
however, have been assumed deterministically known, so constraints
have been satisfied for the expected values only without any
estimation of the degree of importance or likelihood of any possible
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violation. The overall volt / var control function has been concerned
with the following points:
 Maintaining system voltage profile within a desired
bandwidth.
 Minimizing system losses through reactive power flow
control.

2.3. Classification of Capacitor Problem Solution Techniques
The problem of optimal capacitor allocation involves determining the
locations, sizes, and number of capacitors to install in a distribution system
such that the maximum benefits are achieved while all operational
constraints are satisfied at different loading levels. The solution techniques
for the capacitor allocation problem can be classified into four categories:
analytical, numerical programming, heuristics, and artificial intelligencebased (see figure 2.1).

The next sub-sections outline the published

techniques of each method and present their merits and demerits.

20

Search Techniques

Gradient Search

Enumerative Search

Direct
Method

Guided Search

Mixed Integer
Programming

Simulated
Annealing

Dynamic
Programming

Indirect
Method

Expert
System

Linear
Programming

Neural
Network

Quadratic
Programming

Fuzzy Set
Theory

Decomposed
Method

Evolutionary
System

Local Variable

Heuristic Search

Evolutionary
Programmin
g
Genetic
Algorithm

21

Adaptive Neuro - Fuzzy

Search techniques

Fig. (2.1)

2.3.1. Analytical methods
All the early works of optimal capacitor placement used
analytical methods. Those algorithms have been devised when
powerful computing resources were unavailable or expensive. These
methods rely on using information about the gradient of the function
to guide the direction of search. Gradient methods are divided
internally into two subsets; direct and indirect.
 Direct methods
This method searches for local optima by moving in the
direction related to the local gradient until it finds this local
optima point as Hill climbing method. This technique often
works, but since it only uses local information, it can be fooled
[26]

.

 Indirect methods
This method searches for local maximum or minimum point
by equating the gradient of the objective function with zero.
Maximum and minimum points can be differentiated by
checking the second derivative value; if it is greater than zero
then the point is a minimum point. If it is less than zero it is a
maximum point. These two methods have been improved and
extended but they still have lack for robustness and very
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limited domain of problems. Two main reasons for this
deficiency:
 They are local in scope, i.e. they search for the first
neighborhood optima.
 They are full dependent on the existence of derivatives.
Whoever

real

sparse

of

search

is

filled

with

discontinuities on vast multimodal space.

The pioneers of optimal capacitor placement, Neagle and
Samson

[4]

, Bae

[5]

, Cook

[6]

, and Chang

[7]

, all adopted analytical

approaches to maximize some form of the cost function. Although
simple closed-form solutions were achieved, these methods were
based on unrealistic assumptions of a feeder with a constant
conductor size and uniform loading. From those early researches, the
famous “two-thirds” rule has been established. The “two-thirds” rule
advocates for maximum loss reduction, a capacitor rated at twothirds of the peak reactive load should be installed at a position twothirds of the distance along the total feeder length. Those early
analytical methods have been easy to understand and implement.
Despite, the unrealistic assumptions made by the “two-thirds” rule,
some utilities today still implement their capacitor placement
program based on this rule and some capacitor manufacturers list this
rule in their application guides.

To achieve more accurate results, feeder models have been
improved. Grainger and Lee [8], Salama et al [10], Hassouna [11], and
Abdelsalam et al

[17]

have formulated equivalent normalized feeders,
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which considered feeder sections of different conductor sizes and
nonuniformly distributed loads. The planning of switched capacitors
has included in their algorithms, and further improved their work in
capacitors

problem by incorporating regulator placement

subsequent publication

[24, and 25]

in

. These latter analytical methods

provide realistic modeling of radial distribution feeders, and consider
the nature of varying load in distribution systems.

One drawback of all analytical methods has been the modeling of
the capacitor placement locations and sizes as continuous variables.
Therefore, the calculated capacitor sizes may not match the available
standard sizes and the calculated locations may not coincide with the
physical node locations in the distribution system. The results would
need to be rounded up or down to the nearest practical value and may
result in an over-voltage situation or a loss save less than calculated.
For a simple feeder system with evenly distributed loads, the earlier
works provide a rough rule of thumb for capacitor planning. The
more recent analytical methods are much more accurate and suitable
for distribution systems of considerable sizes, but require more
distribution system information and time to implement.

2.3.2. Numerical programming methods
As computing power became more readily available and
computer memory less expensive, numerical programming methods
have been devised to solve optimization problems. Numerical
programming methods are iterative techniques used to maximize (or
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minimize) an objective function of decision variables. The values of
the decision variables must also satisfy a set of constraints.
Examples of enumerative search are Dynamic Programming
(DP)

[27]

, Mixed Integer Programming (MIP), Linear Programming

(LP), Local Variables (LV), Quadratic Programming (QP), and
Decomposed method

[28]

. It lacks efficiency because of the large real

spaces.

 Linear programming
The linear problem is the problem that can be expressed
mathematically as follows:
cT x

Minimize:
Subject to:

Ax=b
x >= 0

Where “x” is the vector of variables to be solved, “A” is a matrix of
known coefficients, and c and b are vectors of known coefficients.
The expression “cTx” is called the objective function, and the
equations “A x = b” are called the constraints. The matrix “A” is
generally not square, hence you do not solve an LP by just inverting
“A”. The word "Programming" is used here in the sense of
"planning", the necessary relationship to computer programming was
incidental to the choice of name

[28]

.

 Mixed integer programming
A mixed-integer program (MIP) is the minimization or
maximization of a linear function subject to linear constraints. More

Minimize :

c

T X
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subject to :

Axb
lb  x  ub

explicitly, a mixed-integer program with n variables and m
constraints has the form:

Where: “x” is the minimizing function, “c” is a vector of constants in
the objective function, “A” and “b” are a matrix and vector
respectively of inequality constraints, and “lb” and “ub” represent
lower and upper bounds respectively on the minimizing function “x”.
The variables x Є I, the index subset of 1,….., n are restricted to be
integers.

 Nonlinear programming
The nonlinear programming (NLP) problem is the problem that
can be put into the form:
Minimize

F(x)

Subject to : gi(x)

=0

hj(x) ≥ 0
Where:

for i = 1, ..., m1
for j = m1+1, ..., m

where m1 ≥ 0
where m ≥ m1

“F” is the "objective function", while the various other

functions are the "constraints". (If maximization is sought, it is trivial
to do so, by multiplying “F” by “-1”). Because NLP is a difficult
field, researchers have identified special cases for study. A
particularly well studied case is the one where all the constraints “g”
and “h” are linear. The name for such a problem is ‘linearly
constrained optimization”. If, as well, the objective function is
quadratic at most, this problem is called quadratic programming
(QP). An even more special case of great importance is where the
objective function and the constraints are entirely linear; this is called
Linear Programming (LP). Another important special case, called
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unconstrained optimization, is where there are no constraints at all
[28]

. For optimal capacitor allocation, the savings function would be

the objective function and the locations, sizes, number of capacitors,
bus voltages, and currents would be the decision variables, which
must all satisfy operational constraints. Numerical programming
methods allow the use of more elaborate cost functions for the
optimal capacitor placement problem. The objective functions can
consider all the voltage and line loading constraints, discrete sizes of
capacitors, and physical locations of nodes. Using numerical
programming methods, the capacitor allocation problem can be
formulated as follows:
Maximize:
Subject to:

F = KL L – KC C

( 2.5)

V  VMAX

Where, KL L is the cost savings, which may include energy and
peak power loss reductions, and released capacity, KC C is the
installation costs of the capacitors, and V is the change in voltage
due to capacitor installation which must not exceed a maximum of
VMAX. A dynamic programming approach to the capacitor
placement problem has been proposed [29]. The previous formulation
was simple and only considers the energy loss reduction and
accounts for discrete capacitor sizes. A numerical method called the
method of local variations has been used and further has expanded
the problem to include the effects of load growth, and switched
capacitors for varying load

[30]

. Similarly, the capacitor placement

problem using mixed integer programming has been formulated by
Grainger et al

[31]

.

A nonlinear programming approach to the
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capacitor placement problem has been presented by treating the
capacitor sizes and locations as continuous variables

[20,24, and 25]

.

By inspection of all the numerical programming methods, one
can observe that the level of sophistication and the complexity of the
models increase in chronological order of their publication time. This
progression concurs with the advancement in computing capability.
At the present time, powerful computing is relatively inexpensive
and many general numerical optimization packages are available to
implement any of the above algorithms. Some of the numerical
programming methods have the advantage of considering feeder
node locations and capacitor sizes as discrete variables, which is an
advantage over analytical methods. However, data preparation and
interface development for numerical techniques may require more
time than for analytical methods. One must also determine the
convexity of the capacitor placement problem to determine if the
results yielded by a numerical programming technique are a local or
global extreme

2.3.3. Heuristic methods
Heuristics are rules of thumb that encodes a piece of
knowledge about how to solve problem in some domain. These rules
are approximate in the sense that they do not require perfect data and
the solutions derived by the system may be proposed with varying
degrees of certainty. Heuristic rules produce fast and practical
strategies that reduce the exhaustive search space and can lead to a
solution that is near optimal with confidence
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[32]

.

The basic idea of heuristic search is that, rather than trying all
possible search paths, it seeks and focuses on paths that seem to be
getting nearer the goal state. Of course, generally it can not be sure
that it is really near the goal state; it could be that it will have to take
some remarkably complicated sequence of steps to get there. But we
might be able to have a good guess. Heuristics are used to help us
make that guess.
Heuristic problem-solving involves finding a set of rules, or a
procedure, that finds satisfactory solutions to a specific problem.
Certainly, sometimes the problem addressed does not fall into any of
the neat classifications and hence there are no suitable known
solution techniques

[33]

. To use heuristic search, it will be needed an

evaluation function that scores a node in the search tree according to
how close to the target/goal state it seems to be. This will just be a
guess, but it should still be useful

[34]

.

In the field of capacitor allocation, heuristic rules produce fast and
practical strategies that reduce the exhaustive search space and can
lead to a solution that is near optimal with confidence

[32]

. Heuristic

search techniques have been introduced for distribution system-loss
reduction first by reconfiguration [35, and 36].

Civanlar et al

[35]

have presented a formula for estimating the

change in loss, caused by the transfer of a group of loads from one
feeder to another by the closing and opening of some connecting
switches.
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Tayler

and

Lubkeman

[36]

have

developed

a

feeder

reconfiguration strategy using heuristics for the removal of
transformer overloads and feeder constraint problems. The previous
ideas presented to the field of capacitor placement for reactive power
compensation in distribution feeders have been adapted [12, and

37]

.

A heuristic strategy to reduce system losses by identifying
sensitive nodes at which capacitors should be placed has been
presented

[12]

. These nodes have been determined by first identifying

the branch in the system with largest losses due to reactive currents.
Then the node, which contributes the largest load affecting the losses
in that branch, has been selected as the candidate node. The capacitor
size had the value that yields minimum system real losses. A load
flow has been performed next to ensure that no voltage violation
takes place. The process has been repeated for the next candidate
node until no further losses reduction has been achieved. This
method does not guarantee a minimization in the cost function or
maximization in the net saving function. Chis et al
the method of Abdelsalam et al

[12]

[37]

have modified

to overcome their disadvantage;

So, its technique have attained better results in loss and cost
reductions but they have been still not the best reductions that can
have been achieved.

Haque

[38]

has proposed a method of minimizing the loss

associated with the reactive component of branch currents, by
placing optimal capacitors at proper locations. The method first finds
the location of the capacitors in a sequential manner (loss
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minimization by a singly located capacitor). Once the capacitor
locations are identified, the optimal capacitor size at each selected
location for all capacitors is determined simultaneously, to avoid
overcompensation at any location, through optimizing the losssaving equations. This involves the solution of a set of linear
algebraic equations. The disadvantage of this method is that it
neglects the cost-benefit analysis which in turn, depends on the cost
of capacitor bank and energy saving. The previous heuristic
techniques have been studied and modified in order to obtain better
results

[39]

. They successfully introduced two heuristic techniques for

solving the capacitor allocation problem in radial distribution
feeders. One is based on maximum cost reduction and the other is
based on maximum loss reduction. The proposed techniques have
been applied to three practical feeders. To show how close one can
get to the optimal solution after implementing these methods, they
presented an algorithm using the variational technique to obtain the
optimal capacitor allocation, according to available standard sizes of
capacitors. A strategy for capacitor allocation handling the reduction
in the section losses by adding a voltage violation constraint has been
introduced

[40]

. This constraint has been sectional ohmic losses in

each branch of the feeder.

2.3.4. Artificial intelligence methods
The recent popularity of artificial intelligence (AI) has led many
researchers to investigate its use for power engineering applications.
In particular, Genetic Algorithms (GA), Simulated Annealing (SA),
Expert Systems (ES), Particle Swarm ( PS) , Artificial Neural
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Networks (ANN), and Fuzzy Set Theory (FST) have been
implemented in the optimal capacitor placement problem.
2.3.4.1. Expert systems
Expert Systems (ES) are meant to solve real problems which
normally would require a specialized human expert. Building an
expert system therefore first involves extracting the relevant
knowledge from the human expert. Extracting it from the expert in
a way that can be used by a computer is generally a difficult task,
requiring its own expertise. A knowledge engineer has the job of
extracting this knowledge and building the expert system
knowledge base

[41]

. ES or knowledge-based systems consist of a

collection of rules, facts (knowledge), and an inference engine to
perform logical reasoning. The ES concept has been useful for
power system problems that require decision-making, empirical
judgments, or heuristics. Most ES used in power system
engineering applications are for fault diagnosis, planning, and
scheduling

[42]

.

Salama et al [43, and 44] have developed an ES containing technical
literature expertise and human expertise for reactive power control
of a distribution system. The human expertise component of the
knowledge base contained information to guide the user to perform
reactive power control for the planning, operation, and expansion
stages of distribution systems.

32

2.3.4.2. Particle swarm
Particle swarm optimization method is a population based
evolutionary computation technique developed by Kennedy and
Eberhart

[45]

, inspired by social behavior of bird flocking or fish

schooling. It utilizes a "population" of particles that "fly" through
the problem hyperspace with given velocity. At each iteration, the
velocities of the individual particles are stochastically adjusted
according to the historical best position for the particle itself and the
neighborhood best position. Both the particle best and the
neighborhood best are derived according to user defined fitness
function. A novel approach that determines the optimal location and
size of capacitors on radial distribution system was presented

[46]

.

Tow objective functions were defined; the first one was defined as
the sum of reliability cost and investment cos. The second was
defined by adding the reliability cost, cost of losses and investment
cost.
2.3.4.3. Simulating annealing
Simulating annealing is an iterative optimization algorithm
based on the annealing of materials which involves heating and
controlled cooling of a material to increase the size of its crystal and
reduce their defects. The heat causes the atoms to become unstuck
from their initial positions (a local minimum of the internal energy)
and wander randomly through states of higher energy; the slow
cooling gives them more chances of finding configurations. With
this physical process, each step of the SA algorithm attempts to

33

replace the current solution by a random solution. The new solution
may then be accepted with a probability that depends on both the
difference between the corresponding function values and also, on a
global parameter T (called the temperature), that is gradually
decreased during the process [47].

For the capacitor allocation problem, a total cost function is
formulated instead of a saving function. Analogous to reaching a
minimum energy state of the annealing of solids, a SA to minimize
a total cost function. The design of the algorithm based on
simulated annealing consists of four important elements: a set of
allowed system configuration, a set of feasible moves, a cost
function and a cooling schedule

[47]

. The practical aspects of

capacitors, load constraints and operational constraints at different
load levels are considered by Mekhamer and Khattab

[48]

which

solved by a powerful simulated annealing approach.

2.3.4.4. Genetic algorithms
Genetic algorithm is an iterative procedure which
maintains a constant size population P(t) of candidate solutions. The
algorithm begins with a randomly selected population of function
inputs represented by strings of bits. During each iteration step,
called a generation, the structure in the current population is
evaluated and on the basis of those evaluations, a new population of
candidate solution is formed.

That is GA uses the current

population of string to create a new population such that the strings
in the new population are, an average better than those in the
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current population. The idea is to use the best elements from the
current population to help from the new population. If this is done
correctly, then the new population will, on average, be better than
the old population. Three processes: selection, crossover, and
mutation are used to make the transition from one population
generation to the next [49].

Boone and Chiang

[50]

have devised a method based on GA to

determine optimal capacitor sizes and locations. The sizes and
locations of capacitors have been encoded into binary strings and
then crossover has been performed to generate a new population.
This problem formulation only considered the costs of the
capacitors and the reduction of peak power losses.

Chung and Leung

[51]

have presented a method based on genetic

algorithm approach for the optimal shunt capacitor sizes and their
placement in radial distribution systems. They have considered the
harmonic distortion due to the presence of nonlinear power
electronic devices. The algorithm has been based on a GA solution
technique to minimize cost under the additional constraints of
maximum limit in harmonic distortion factor. A harmonic distortion
calculation is embedded in the GA solution routine to enhance the
optimal capacitor allocation solution.

A nested procedure was proposed to solve the optimal
capacitor placement problem for distribution networks

[52]

. At the

outer level, a reduced sized genetic algorithm was adopted aimed at

35

maximizing the net profit associated with the investment on
capacitor banks. At the inner level, power losses are minimized for
the remaining loading conditions, taking into account the capacitor
steps determined at the outer level.

GA was applied to select the optimum values of fixed and
switched shunt capacitors required to be placed on a radial
distribution network under varying load conditions so as to
minimize the energy loss while keeping the voltage at load buses
within the specified limit by taking the cost of the capacitors into
account

[53]

. It was considered the capacitors as a constant

impedance load in the optimization problem. Also, convergence
criteria of genetic algorithm based on "the difference between best
fitness and average fitness" of population has been proposed.

A GA was used to find the optimal solution of dimension,
location and control capacitor banks in distribution networks,
attempting a compromise between precision and execution time in
obtaining global optimal results. The optimization process takes
into account the energy loss at distribution feeders, costs of the
capacitor banks including installation and voltage constraints. The
calculation of energy losses is based on load profiles measurements
[54]

.

2.3.4.5. Artificial neural networks
An Artificial Neural Network (ANN) is the connection of
artificial neurons which simulates the nervous system of a human
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brain. ANNS are useful for mapping nonlinear relationships
between inputs and outputs. An ANN typically consists of three
types of layers: an input layer, one or more hidden layers, and an
output layer. The ANN accepts known input data and minimizes the
difference between the known outputs and the generated outputs
[55]

.

ANN has been used for the real time control of capacitors in
order to minimize the energy losses. In

[56]

an ANN technique for

the optimal control of switched capacitors have been used by
Santoso and Tan. Two neural networks have been used. The first
neural network has been used to predict the load profile, from a set
of previous load values obtained from direct measurement at
various buses. The second neural network has been used to select
the optimal capacitor tap positions based on the load profile as
predicted by the first network. The first network has been trained
with a set of prerecorded load profiles and the second network has
been trained to maximize the energy loss reduction for a given load
condition. Once both networks have been trained, iterative
calculations have been no longer required and a fast solution for a
given set of inputs can be provided.

The algorithm based on ANN has been tested on a 30-bus test
system. To reduce the complexity of the training, the test case has
been separated into six smaller subsystems. Two-staged ANN have
been trained and shown to yield satisfactory results for on-line
implementation of a small example system. An ANN has been
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developed for the control of capacitors installed on distribution
network for the purpose of reducing the power losses in feeders [57].

2.3.4.6. Fuzzy set theory
The concept of fuzzy set theory has been introduced by
Zadeh

[58]

. Fuzzy logic is a tool to help in the creation of systems

which need to solve nonlinear problems and it is based on fuzzy set
theory. In fuzzy set theory, an element has a membership value to a
particular set. The membership value expresses the strength of the
relationship between the set and the element. This membership
value is comprised within the [0,1] interval, “0” meaning no set
membership and “1” meaning full set membership.

Chin

[59]

has used FST and assigned three membership

functions to describe power loss, bus voltage deviation, and
harmonic distortion. A decision variable to determine nodes for
capacitor placement has then been calculated by taking the
intersection of the three membership functions for each node in the
distribution system. The nodes with the greatest decision values are
selected for capacitor installation. No mathematical optimization
procedure has been performed by Chin

[59]

to calculate capacitor

sizes to be placed in the nodes selected by the fuzzy procedure.

A combination of fuzzy-GA method to resolve the capacitor
placement problem has been presented

[60]

. The problem

formulation has considered three distinct objective functions related
to minimize the total cost for energy loss and capacitors to be
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installed, as well as decreasing the deviation of bus voltage and
improving the margin loading of feeders. The presented formulation
has been a multi-objective and non-differentiable optimization
problem. These objective functions have first been formulated in
fuzzy sets to assess their imprecise nature before introducing a
fuzzy satisfying method based on the GA to derive the optimal
solution.

A novel approach has been presented to determine suitable
candidate nodes in distribution system for capacitor placement

[61]

.

Voltages and power loss reduction indices of distribution system
nodes are modeled by fuzzy membership functions. [62] has
developed a fuzzy based approach for the placement of the shunt
capacitor banks with considering harmonic distortions. In [63]
voltage and real power loss index of distribution system nodes are
modeled by fuzzy membership function. A fuzzy inference system
containing a set of heuristic rules was designed to determine
candidate nodes suitable for capacitor placement in distribution
system.

In the previous section, various capacitor placement techniques are
discussed. It has been found that the classical methods (analytical,
numerical, and heuristic) are simpler but have disadvantages like poor of
qualitative constraint, weak convergence, and slow computation with large
variables. Also, they need unpractical assumptions to solve the capacitor
placement problem. On other hand, Artificial intelligence methods are fast
and versatile. These methods are suitable for nonlinear and large system
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but every method has advantages and disadvantages as shown in table
(2.1). The combination of various artificial intelligence methods like:
probabilistic reasoning, fuzzy logic, neural network, and evolutionary
computation forms the core of soft computing, an emerging approach to
building hybrid intelligent systems capable of reasoning and learning in an
uncertain and imprecise environment.

Table (2.1): Comparison of Artificial Intelligence methods

Comparison Item

ES

Knowledge representation

FS

NN

GA

R. good Good

Bad

R. bad

Uncertainty tolerance

R. bad

Good

Good

Good

Imprecision tolerance

Bad

R. bad

Good

Good

Adaptability

Bad

R. bad

R. bad

Good

Learning ability

Bad

Bad

Good

Good

Explanation ability

Good

Good

Bad

R. bad

Knowledge discovery

Bad

R. bad

Good

R.good

Maintainability

Bad

R. good Good

R.good

(R : rather)

2.4. Problems Associated with Capacitor Switching
Power quality has been a topic of constant study as both electric
utilities and end users of electrical power are becoming increasingly
concerned about it. There has recently been a great emphasis on feeding
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industry with more automation and more modern electronically controlled
equipment. This equipment is more sensitive to deviations in the supply
voltage, if compared with the previous one.
One of the major concerns in power system restoration is the occurrence of
over voltages as a result of switching procedures. These can be classified as
transient overvoltage, sustained over voltages, and harmonic resonance
overvoltage. Transient over voltages are a consequence of switching
operations on long transmission lines, or the switching of capacitive
devices. The magnitude and shape of the switching over voltages vary with
the system parameters and network configuration. Even with the same
system parameters and network configuration, the switching over voltages
is highly dependent on the characteristics of the circuit breaker operation
and the point on wave where the switching operation takes place [64].

Installation of the switched capacitor banks achieves a several benefits
for the electric distribution system. However, the capacitor bank switching
provokes transient over voltages due to frequent capacitor switching and
causes critical disturbances. This switching over-voltage levels ranges from
1.1 – 1.6 pu. Historically, capacitor-switching transients have not been a
concern for a supplier because they are usually below the level at which
surge protection devices will operate (1.8 pu. and above). In a case where
customer equipment is affected by a switched capacitor, the customer needs
to know its identity and position in order to take preventive measures

[65]

.

Identification of the capacitor position that has caused the transient was
addressed by [66]. They have presented an analytical solution and have
developed an approximation technique for this solution. The capacitor
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position has determined as a function of the equivalent impedance from a
customer to the capacitor and thus the knowledge of system parameters was
needed. Hensley et al

[67]

have mentioned some factors that influence the

amplification of the transient switching voltage like:

 The size of switched capacitor,
 The short circuit capacity at the location where the capacitor is
inserted,
 The power of the customer’s transformer and the characteristic of the
customer’s load.

Meera et al

[68]

has a worth noted that high transient currents can occur,

reaching values superior to ten times the capacitor nominal current with
duration of several milliseconds. Some factors that influence the intensity
of the transients have been regarded like: load current value during bank
switching, the order in which the utility banks are switched, industry
capacitor size, localization of the utility banks along the feeder and
synchronization of capacitor switching

[69]

. By regarding the previous

factors, it was observed that:

 Regarding synchronous closing, it was observed that transient
voltages were reduced when switches were closed at zero voltage.
 The over voltage transients were mitigated when the capacitor banks
were inserted at a higher load current condition.
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CHAPTER 3
THE MATHEMATICAL MODEL FORMULATION AND
SOLUTION METHODOLOGY

3.1. Introduction
Capacitors have been commonly used to provide reactive power
compensation in distribution systems. The installation of shunt capacitors
provides supplementary benefits, such as improvement of the voltage
profile, power factor and stability of the distribution system. The problem
of optimal capacitor allocation and sizing for maximizing cost savings has
called the attention of researchers for several decades. A myriad of
algorithms of very different nature and degree of sophistication addressing
this topic are available in many published literatures. Earlier approaches
generally differ in problem formulation, model assumptions, and solution
methodology. In general, sophisticated algorithms consider in their
formulations one or more of the following modeling refinements: varying
loads, discrete capacitor sizes, non-linear capacitor costs, radial feeder with
laterals, network operational constraints (e.g. voltage, load flow limits,
etc.), switched capacitors and switching times. The presented work extends
that concept to present general, applicable, and yet simple procedure for
implementation. The suggested approach extends its applicability through
the insertion of some previous assumptions. The proposed model is
applicable for,
 Any radial distribution feeder with and without lateral.
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 Any real and reactive power distribution along a feeder of uniformly or concentrated - distributed load.
 Any number of load-points.
 The availability of standard capacitor sizes and its cost has been
considered to determine numbers, sizes, types, and locations of
capacitor banks which will result in greatest saving and confirm to
voltage regime.

The optimal capacitor placement is a constrained optimization problem
where the objective function to be optimized is an annual saving function.
In other words, optimal capacitor placement on a real distribution feeder
determines the sizes, types, and locations of capacitor banks that will
maximize the saving derived from reduction in peak power and energy
loss, and that will minimize the capital and installation costs of capacitors.
Usually, the optimization criterion is the minimization of active power and
energy losses, subject to node voltage constraints, while taking into
consideration cost and monetary saving due to capacitor placement.
Accordingly, it is required to obtain maximum net saving. This saving
function can be written mathematically as:
S  a p Δ PL  a e Δ E L  a c Q c

(3.1)

Subject t o constraints :
vm  vc  vM

Where:
ac; the annual cost coefficient for the capacitor bank ($ / kVAr /year)
vc; the column matrix of the voltages at all buses after compensation
vM; the vector of the maximum limit of the buses voltages.
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vm; the vector of the minimum limit of the buses voltages.
ap; the annual cost coefficient of peak power loss ($ / kW/year).
Qc; the value of the standard capacitor size.
ae; the energy cost coefficient ($ / kWh).
S; the total annual saving.
∆PL; the peak power loss reduction.
∆EL; the energy loss reduction

3.2. Capacitor Placement Problem Model Formulation
Before starting with the development of the mathematical model, the
main assumptions to be considered are listed below:
1. The forecasted active and reactive powers provided by the load
duration curve represent fundamental frequency powers. This is a
valid assumption since additional powers at harmonic frequencies
are negligible
2. The actual load -time curve is represented by the peak reactive
load.
3. The feeder under test constitutes a balanced three - phase system
so that a single phase representation is applicable.
4. Losses only due to the reactive current component are considered.
5. Disregard the growth factors such as load growth, growth in load
factor and change in both the cost of power and the cost of
energy.

3.2.1. Reduction in power loss:
As the losses due to the active component of the load currents
slightly affected by the placement of capacitors, so we will focus only
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on the losses due to the reactive currents. The total peak power loss
for a distribution system with “n” buses before compensation is given
by, see details in appendix (A):
PLo = ipt R ip + iqt R iq

(3.2)

Where:
PLo; the power loss in the distribution system before capacitors
addition.
ip ; the vector of the active component of the feeder load currents.
iq; the vector of the reactive component of the feeder load currents.
R ; the feeder sections resistances matrix (n  n) , where n is the total
number of buses

And the peak power loss after the addition of capacitors PLc , is given
by:
PLc =
=

ipt R ip + ( iqt - ict ) R ( iq - ic )
ipt R ip +

iqt R iq + ict R ic - 2 iqt R ic

(3.3)
From equations (3.2) and (3.3) the following can be deduced:
PLc = PLo + ict R ic - 2 iqt R ic

(3.4)

PLc (t) = PLo (t) + ict R ic - 2 iqt (t) R ic

(3.5)

So that the reduction in power losses in the system due to the
compensation of the reactive component of the load currents will be
∆PL(t) = PLo (t) - PLc (t)

=

2 iqt (t) R ic - ict R ic

(3.6)
and the reduction in the peak power loss will be given by:
P̂
L

c

 P̂
L

o

 i c t R i c  2î q t R i c

ΔP̂  2î q t R i c  i c t R i c
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(3.7)
(3.8)

Where:
PLc ; t he power loss after reactive power compensation
ic ; the vector of the shunt capacitors currents.
; the reduction in the power loss due to compensation.
; the peak power loss reduction
î q ; the vector of the peak reactive component of the load

currents.

3.2.2. Reduction in energy loss
The reduction in the energy losses in the system due to the
reactive power compensation of the reactive component of the feeder
is given by;
E 



T

0



T t

t
 P    2 i q R i c  i c R i c  dt
0

t

t



 2 i q (av) R i c  i c R i c T

ΔE

L

t    2 i c t R


i q av   i c t R i c  T


(3.9)

Where:
iq(av); vector of the average reactive component of load currents.
T ; total time period for saving per year (T=365*24= 8760 hour).
ΔE L ; the total reduction in energy loss due to compensation

3.2.3. Saving due to reduction in both energy and power loss
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Calculating the reduction of both peak power and energy loss,
will facilitate determination of the saving due to both factors which
will be given as:
S = S1 + S2

(3.10)

S  a p ΔPL  a e ΔE L

Where:
S1; the annual saving due to the peak power loss reduction
S2 ; the annual saving due to the total energy loss reduction.

3.2.4. Voltage drop reduction
Many advantages can be obtained by the installation of
capacitors into a distribution power system. The effective line current
is reduced, and consequently the voltage drops due to the active and
reactive component of currents decreased, which results in busvoltages improvement. Furthermore, the power factor improvement
further decreases the effect of reactive line voltage drop. The voltage
drop for any feeder section can be calculated before capacitor
installation by the following equation;
Vd = r ip + x iq

(3.11)

and the voltage drop after capacitors insertion into the distribution
system by the following equation;
Vd = r ip + x iq – x ic
Where:
Vd; the feeder sections voltage drop .
r;

the feeder sections resistances.

x ; the feeder sections reactances.
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(3.12)

ip , iq ,and ic are the active component of currents, reactive component
of currents and the shunt capacitor currents respectively , which flow
through the feeder sections.
The benefits gained from voltage drop calculation based on the
above equations, will be the basis for choice of capacitor installation.
After the application of the capacitors, the system yields a voltage
improvement due to the power factor improvement and a reduction in
the effective line current. Therefore, the voltage drops due to current
components are minimized. From the previous equations, the feeder
voltage rise due to installation of the capacitors:
vr = X ic

(3.13)

Where:
X ; the matrix of the feeder reactances (see appendix A)
vr ;

the column matrix of the buses voltages rise

3.2.5. Capacitor installation cost
Assuming a set of shunt capacitors are located at a set of load
points, each capacitor will generate a loading current ici (where
1,2,3,…….…………n).

i =

The objective of the capacitor placement is to

reduce the power and energy losses and keep voltages within
constraints to realize minimum cost.

Considering investment cost, there are a finite number of
standard sizes that are integer multiplies of the smallest size “Qco”.
The cost per kVAr varies from one size to another. Generally, larger
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sizes are cheaper than a set of smaller ones.

Let the maximum

permissible capacitor size (Qc max ) be:
Qc max = L (Qco )
Where the maximum capacitor size should not exceed the reactive
load and “L” is an integer. Hence, at each selected location, there are
“L” sizes to choose from. Commercially available capacitor sizes with
$ / kVAr are used in the analysis assuming a life expectancy of ten
years (the placement, maintenance, and running costs are neglected).
See available three-phase capacitor sizes and its cost coefficient in
appendix A.

Capacitor installation cost can be obtained once the capacitor
bank size is known. Therefore the capacitor size can be determined as:
Qc = ick vck

(3.14)

Where:
Qc ; the value of the standard capacitor size.
ick ; the value of the capacitor current at the compensated bus k.
vck ; the voltage of the compensated bus k.

The annual cost of the capacitor bank, which installed at "n" buses can
be given by the following equation:
S3 = ac vt ic

$ / year

(3.15)

Where:
S3 ; the annual cost of the capacitor bank ($ / Year).
vt ; the transpose of the column matrix of the buses voltages .

3.2.6. Annual saving objective function
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The optimal location and sizing of shunt capacitors in the
electric distribution network is a non-linear problem. However, as it
will be seen next, this problem can be (under certain analysis)
presented in quadratic form and solved by using quadratic
programming. The objective function formulated in this thesis to
maximizing the total annual saving by minimizing "the cost of
capacitor installation minus the saving resulted from the reduction of
both energy and power loss" considering the voltage constraints.
So, the objective function will be :
Minimize

F = S3 - (S1+ S2 )

(3.16)

By substituting from equations (3.8), (3.9), (3.10), and (3.15) into
equation (3.16) the following equation will be obtained:





t
t
t
t
t
F  a c v i c  a p  2 î q R i c  i c R i c   a e 2i q (av) R i c  i c R i c T (3.17)



t
t
t
t
t
F  (a p i c R i c  a e Ti c R i c )  a c v i c  2 a p î q R i c  a e Ti q (av) R i c  (3.18)



Subject to the voltages constraints:

Where:
Δ v m  X ic  Δ v M

where

the voltage

constraint
vm  vc  vM

and
v c  v co  X i c
Δ v m  v m  v co
Δ v M  v M  v co
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vc; the column matrix of the voltage at all buses after compensation.
vco; the column matrix of the voltage at all buses before compensation.
∆ vM ; the vector of the difference between maximum limit of voltage
and the voltage at all buses before installing capacitor.
∆ vm; the vector of the difference between minimum limit of the
voltage and the voltage all buses before installing capacitor.

Now, the proposed mathematical model will be presented in a
quadratic programming form, by using equation (3.17):
F

t

t

t

t

 (a p  a e T) i c R i c  (2 a p î q R  2 a e T i q (av) R  a c v ) i c

(3.19)

From the previous equation, the objective function will be given by:
Minimize

F

 1 i ct Q i c  c t i c
2

(3.20)

Subject to:
X ic  Δ v M
Δvm  X ic

Where:
Q  2 ( a p  a eT ) R
c

t

t

t

t

 ( a c v - 2 a p î q R  2 a e T i q (av) R )
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3.3. Mathematical Model Solution Methodology
A method for real time control of capacitors in a distribution system to
reduce the total power loss and to improve the voltage profile will be
produced. Various algorithms have been proposed to solve the capacitor
placement problem due to the discrete nature of the capacitor bank
switching, as well as the nonlinear power flow problem. In this thesis, the
optimization problem will be solved using combinatorial heuristic and
quadratic programming search strategies to find the actual location and size
of each capacitor. In the presented heuristic method, only a number of
critical nodes, named sensitive nodes are selected for installing the
capacitors, in order to achieve a large overall loss reduction in the system,
combined with optimum saving. This is based on the idea that the number
of sensitive nodes is relatively small compared to the total number of
system nodes, which will considerably reduce the size of the problem. The
sensitive nodes are defined as the nodes that need a largest value of
capacitor current to achieve the maximum annual saving of the objective
function within the voltage constraints. The sensitive nodes will be a prime
location for both fixed and switched capacitors bank. The capital cost of the
capacitor will be considered where the capacitor values are often assumed
as continuous variables and its costs are considered as proportional to
capacitor size in a nonlinear manner. However, commercially available
capacitors are discrete capacities and are tuned in discrete steps. The
method outlined below, effectively implemented the proposed approach for
solving this problem:
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Step 1:
Running the load flow program for the original uncompensated
feeder using power-world simulator package.

Step 2:
Assuming that all buses will be compensated and solving the
quadratic objective function by substituting the data of the feeder and
assuming initial capacitors cost as the average cost of all available
standard sizes for the studied feeder. This value will be corrected
later after finding the nearest standard capacitor to the resulting size.

Step 3:
Solving the quadratic saving function with its voltage constraint
using optimization toolbox (MATLAB R2009b program). The bus
which has the largest value of capacitor current (ic) will be selected
for compensation and is called a sensitive bus (k1)

Step 4:
Solving the quadratic saving function with the sensitive bus only (not
all buses) and evaluate the capacitor size, which optimizes the saving
function.

Step 5:
Taking the nearest standard capacitor size to the evaluated value
(Qc1) and the corresponding exact annual capacitor cost value (ac) to
determine the real annual savings. Where, the actual (ac Qc1) is used.
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Step 6:
With the optimal (Qc1) placed at bus (k1), repeat the previous steps to
select the next bus (k2) where the next optimal Qc2 will be placed.

Step 7:
With (Qc1) and (Qc2) placed at buses (k1) and (k2), total savings are
calculated and the process is repeated iteratively until the total
savings reach a peak value, that will be the optimum compensation
scheme for the feeder and also, the optimum number of capacitors,
which mean that the cost of installation of a new additional capacitor
will decrease the peak value of the annual saving. A summary for the
above mentioned steps has been given in a flow-chart form, Fig
(3.1).

Step 8:
repeating steps (from one to seven) for a given load levels for all
feeder buses so that the annual saving is maximized, without
violating standard or special voltage limits, to get the optimum
capacitor size for the assumed load profiles.
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Read system data (υ =1)

Put the saving function in the quadratic
form with its constraints
Assuming capacitors at all buses and
solve the objective saving function
Determine the sensitive bus, which have the
largest capacitor current
Solve the presented model with the sensitive
bus only to get the required capacitor size

Connect the nearest standard value of
capacitor at the sensitive bus
Calculate the actual net saving
Y

υ=
υ+1

N

Additional
saving  0

Consider the previous step

Print results

Fig. (3.1): Capacitors locations and sizes determination flow-chart
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3.3.1. Quadratic problem optimum solution algorithm
In the quadratic problem (QP), the objective function is a
quadratic with the same linear constraints as the linear programming
problem. This problem is defined as:

Minimize

1 T
T
x Qxc x
2

F (x) 

subject t o
Axb
l b  x  ub

The above problem is known as a quadratic programming problem,
where “F(x)” is the minimizing function, “x” is the vector of variable
to be solved, “Q” and “c” are a matrix and vector of constants
respectively in the objective function, “A” and “b” are a matrix and
vector respectively of inequality constraints, and “lb” and “ub”
represent lower and upper bounds respectively on the minimizing
function F(x). Note that the highest order term is squared and that all
the constraints are linear functions

[28]

.

It will be assumed that a feasible solution exists and that the
constraint region is bounded. When the objective function “F (x)” is
strictly convex for all feasible points, the problem has a unique local
minimum which is also the global minimum. A sufficient condition to
guarantee strictly convexity is for “Q” to be positive definite.
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The optimality conditions for the constrained problems which
based on Lagrange multiplier and Kuhn Tucker approaches are used to
treat constrained problems. It is important to distinguish between local
and global optima. A local optimum arises when one finds a point
whose value in the case of a maximum exceeds that of all surrounding
points but may not exceed that of distant points. The second derivative
indicates the shape of functions and is useful in indicating whether the
optimum is local or global. The second derivative is the rate of change
in the first derivative. If the second derivative is always negative
(positive) that implies that any maximum (minimum) found is a global
result [70].

The optimality conditions for equality constrained optimization
problems involve the Lagrangian and associated optimality conditions.
The solution of problems with inequality constraints and/or variable
sign restrictions relies on Kuhn-Tucker theory

[71]

. The general first-

order necessary conditions will be now specialized to the quadratic
program. These conditions are sufficient for a global minimum when
“Q” is a positive definite; otherwise, the most we can say is that they
are

necessary.

Excluding the

non negativity conditions,

the

Lagrangian function for the quadratic program is;
L(x, µ) = c x + ½ xTQ x + µ (A x – b)
where the variables “μ” is an m-dimensional row vector called
Lagrange multipliers. The Karush-Kuhn-Tucker (KKT) conditions for
a local minimum are given as follows;
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L
 0, j  1,...., n
x j

cx Q A0

T

(3.21)

L
 0, i  1,...., m
 i

Ax-b0

(3.22)

xj

L
 0, j  1,...., n
x j

T

T

T

x ( c  Q x  A )  0

(3.23)

 i g i ( x)  0, i  1,...., m

μ ( A x - b)  0

(3.24)

x j  0, j  1,...., n

x0

(3.25)

 i  0, i  1,...., m

μ 0

(3.26)

To put equations (3.21) to (3.26) into a more manageable form we
introduce nonnegative surplus variables y n to the inequalities in
(3.21) and nonnegative slack variables v m to the inequalities in
(3.22) to obtain the equations:
cT + Q x + ATµT– y = 0
And

A x – b + v = 0.

The KKT conditions can now be written with the constants moved to
the right-hand side.
Q x + ATµT – y = – cT
(3.27)
Ax+v=b

(3.28)

x 0, µ 0, y 0, v 0

(3.29)

yT x = 0,

(3.30)

µv=0

The first two expressions are linear equalities, the third restricts all the
variables to be nonnegative, and the fourth prescribes complementary
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slackness. The simplex algorithm can be used to solve (3.27) – (3.30)
by treating the complementary slackness conditions (3.30) implicitly
with a restricted basis entry rule. The procedure for setting up the
linear programming model follows:
 Let the structural constraints be equation (3.27) and (3.30)
defined by the KKT conditions.
 If any of the right-hand-side values are negative, multiply the
corresponding equation by –1.
 Add an artificial variable to each equation.
 Let the objective function be the sum of the artificial variables.
 Put the resultant problem into the simplex form.

The goal is to find the solution to the linear program that
minimizes the sum of the artificial variables with the additional
requirement that the complementarily slackness conditions be satisfied
at each iteration. If the sum is zero, the solution will satisfy (3.27) –
(3.30).

To accommodate (3.30), the rule for selecting the entering variable
must be modified with the following relationships in mind.
xj and yj are complementary
i and vi are complementary

for j = 1, . . . , n
for i = 1, . . . , m

The entering variable will be the one whose reduced cost is most
negative provided that its complementary variable is not in the basis or
would leave the basis on the same iteration. At the conclusion of the
algorithm, the vector x defines the optimal solution and the vector µ
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defines the optimal dual variables. This approach has been shown to
work well when the objective function is positive definite, and
requires computational effort comparable to a linear programming
problem with m + n constraints, where m is the number of constraints
and n is the number of variables in the quadratic problem. Positive
semi-definite forms of the objective function, though, can present
computational difficulties. Van De Panne

[72]

presents an extensive

discussion of the conditions that will yield a global optimum even
when “f (x)” is not positive definite. The simplest practical approach
to overcome any difficulties caused by semi-definiteness is to add a
small constant to each of the diagonal elements of “Q” in such a way
that the modified “Q” matrix becomes positive definite. Although the
resultant solution will not be exact, the difference will be insignificant
if the alterations are kept small.
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CHAPTER 4

CAPACITOR SWITCHING AND TRANSIENT OVERVOLTAGE
DETECTION TECHNIQUES

4.1. Introduction
Several

search

techniques

have

been

developed

to

solve

the capacitor control problem. In this chapter, the proposed search
techniques used for capacitor control and transient detection will be
presented. The artificial neural network and the adaptive neuro-fuzzy
inference system will be discussed in details. Neural network and fuzzy
logic are natural complementary tools in building intelligent system. While
neural networks are low level computational structure that performs well
when dealing with raw data, fuzzy logic deals with reasoning on a higher
level, using linguistic information acquired from domain experts. However,
fuzzy system lake the ability to learn and cannot adjust themselves to a new
environment. On the other hand, although neural networks can learn, they
are opaque to user. The adaptive neuro-fuzzy system can combine the
parallel computation and learning abilities of neural networks with the
human-like knowledge representation and explanation abilities of fuzzy
system.

4.2. Artificial Neural Network
The basic principles of Artificial Neural Networks (ANNs) and their
structures are discussed in this section, as well as the factors influencing the
decision to use Radial Basis Functions in this thesis. The structures and
mathematical bases of the implemented network are discussed in detail.
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The training methods provided are introduced, and the specific algorithm
used is described.

4.2.1. The basics and types of neural networks
Neural networks are composed of simple elements operating in
parallel. These elements are inspired by biological nervous systems.
As in nature, the network function is determined largely by the
connections between elements. The inputs to a neuron include its bias
and the sum of its weighted inputs (using the inner product). The
output of a neuron depends on the neuron’s inputs and on its transfer
function. There are many useful transfer functions. A single neuron
cannot do very much. However, several neurons can be combined into
a layer or multiple layers that have great power. The architecture of a
network consists of a description of how many layers a network has,
the number of neurons in each layer, each layer’s transfer function,
and how the layers connect to each other. The best architecture to use
depends on the type of problem to be represented by the network.

We can train a neural network to perform a particular function by
adjusting the values of the connections (weights) between elements.
Commonly neural networks are adjusted, or trained, so that a
particular input leads to a specific target output. The network is
adjusted, based on a comparison of the output and the target, until the
network output matches the target. Typically many such input/target
pairs are used, in this supervised learning, to train a network.
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ANNs have been appeared as general mathematical modules
simulating biological nervous systems. In the simple mathematical
form of the neuron, the influence of the synapses are included by
connection weights that regulate the influence of the corresponding
input signals, and the non-linear behavior produced by neurons is
presented by an activation function, which is usually the sigmoid,
Gaussian-shaped, triangle-metric function, and others. The neuron
output is overall calculated by the weighting of inputs sum signals,
being processed by the activation function. The learning ability of an
intelligent neuron is done by adapting the weights in accordance to the
selected learning method. Most applications of neural networks fall
into the following categories:
• Prediction: to predict the output variables using input values
• Classification: to process the classification stage using input
values
• Data Association: it is as classification, plus recognizing data
that has errors
• Data conceptualization: process the inputs to group
relationships can be figured out.

A typical multilayered neural network and artificial neurons are
illustrated in Figure (4.1). Each neuron is distinguished by an activity
level; presenting the polarization status of a neuron; an output value;
presenting the firing rate of the neuron; a set of input connections;
presenting synapses on the neuron and its dendrite. In addition, bias
value; presenting an inherent serene level of the neuron, and finally a
set of output connections; presenting a neuron’s axonal terms. Those
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components of the unit are described mathematically by real values.
Thus, each connection owns a synaptic weight, strength, which
defines the effect of the incoming input on the unit activation limit.
The negative and positive weights can be used. Referring to Figure
(4.1), the signal flow from inputs x1,……,xn is considered to be
unidirectional, shown via arrows, like is an output neuron’s signal
flow (O). The signal of the neuron output (O) is determined by the
following expression:
(4.1)
Where wj is the weight vector and the function f(net) is pointed to an
activation transfer function. The variable net is defined as a sum
product of the weight with input vectors:
(4.2)

Fig. (4.1) neuron architecture and a multi layer neural network.

T is transpose of a matrix and in simple form the output O is computed
as
(4.3)
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Where

is called the threshold level and that node kind is named a

linear threshold unit. The feature of the neural network is significantly
a function of the interaction between the different neurons. The main
architecture contains three neuron layers types:
1. Input
2. Hidden
3. Output
In feed-forward networks, the signal flow is directed from the input
to output layers, by constraint of the feed-forward direction. The data
processing can be distributed over the multiple layers, but no feedback
connections, that is, connections extending from the units outputs to
units inputs in the identical or former layers.

Recurrent networks have feedback connections. Conflicting with
feed-forward networks, the dynamical characteristics of the network
are essential. In some states, the unit's activation values subject to a
relaxation action such that the system will extract a stable state that
these activations are constant evermore. In some uses, the activation
levels changes of the output neurons are essential, such that the
dynamical behavior defines the network output.

There are many other neural network architectures such as Elman
network, adaptive resonance theory maps, competitive networks, and
others, depending on the characteristics and field of the application. A
neural network should be structured for that the use of input set
develops the required set of outputs. There are many methods to adapt
the strengths of the connections. The first technique is to adapt the
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weights in an explicit way based on a priori knowledge. Another
technique is to learn the neural network through supplying it
teachering patterns and adapting it to modify the weights based on
some learning rules. The learning process of neural networks can be
classified into three distinct sorts of learning:
1. Supervised
2. Unsupervised
3. Reinforcement
In supervised learning, an input vector is represented at the inputs
nodes with a set of required performance; each node has one, at the
output layer. A forward path is activated and the errors or
discrepancies, between the desired and real response for each node in
the output layer, are determined. These values are then used to
calculate weight changes in the network according to the governing
learning rule. The original of supervised learning is due to that the
required signals on individual output neurons are available by an
external teacher. The famous shapes of this technique are the back
propagation training, delta rule, and perceptron rule.

In unsupervised learning or self-organization, an output unit has a
training to respond to clustered pattern with the input. In that
paradigm, the system is assumed to detect statistically clear
characteristics for the input population. While in the supervised
learning paradigm, there is not any priori categories set that the
patterns are classified; rather, the system must produce its own
organized self-map.
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Reinforcement learning depends on learning the actions that should
be done and the way to do the actions, by maximizing a well signal.
The learner does not define the actions, as in most versions of training,
but instead must detect the actions undergoing the most reward by
activating them. In the most motivating and challenging situations,
orders can affect not only the direct reward, but also the next step and,
through that, the subsequent rewards. Those two attribute trial and
error option, and shifted reward are the most significant characteristics
of reinforcement learning [73].

4.2.2. The radial basis neural network
The radial basis networks can be designed very quickly in two
different ways. The first design method finds an exact solution, by
creating radial basis networks with as many radial basis neurons as
there are input vectors in the training data. The second method finds
the smallest network that can solve the problem within a given error
goal. Typically, far fewer neurons are required by making use of the
second method. However, because the number of radial basis neurons
is proportional to the size of the input space and the complexity of the
problem, radial basis networks can still be larger than backpropagation
networks. Radial basis networks may require more neurons than
standard feed-forward back propagation networks, but often they can
be designed in a fraction of the time it takes to train standard feedforward networks. They work best when many training vectors are
available. Here is a radial basis network with R inputs.
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Fig (4.2): radial basis network with R inputs.

Notice that the expression for the net input of a "radbas" neuron is
different from that of neurons in other networks. Here the net input to
the "radbas" transfer function is the vector distance between its weight
vector w and the input vector p, multiplied by the bias b. (The
box in this figure accepts the input vector p and the single row
input weight matrix, and produces the dot product of the two). The
transfer function for a radial basis neuron is:
radbas (n) = e-n2

Fig. (4.3) Radial basis function

The radial basis function has a maximum of 1 when its input is 0.
As the distance between w and p decreases, the output increases.
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Thus, a radial basis neuron acts as a detector that produces 1 whenever
the input p is identical to its weight vector p. The bias b allows the
sensitivity of the "radbas" neuron to be adjusted.

4.2.2.1. Network architecture
Radial basis networks consist of two layers: a hidden radial
basis layer of S1 neurons, and an output linear layer of S2 neurons.

Fig. (4.4) Radial Basis Network Architecture

The

box in this figure accepts the input vector p and the
1,1

input weight matrix IW , and produces a vector having S

1

elements. The elements are the distances between the input vector
1,1

and vectors IW , formed from the rows of the input weight matrix.
1

The bias vector b and the output of ||dist|| are combined with
element-by-element multiplication. We can understand how this
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network behaves by following an input vector p through the
2

network to the output a . If we present an input vector to such a
network, each neuron in the radial basis layer will output a value
according to how close the input vector is to each neuron’s weight
vector. Thus, radial basis neurons with weight vectors quite
different from the input vector p have outputs near zero. These
small outputs have only a negligible effect on the linear output
neurons. In contrast, a radial basis neuron with a weight vector
close to the input vector p produces a value near 1. If a neuron has
an output of 1 its output weights in the second layer pass their
values to the linear neurons in the second layer. In fact, if only one
radial basis neuron had an output of 1, and all others had outputs of
0’s (or very close to 0), the output of the linear layer would be the
active neuron’s output weights. This would, however, be an
extreme case. Typically several neurons are always firing, to
varying degrees.

Now let us look in detail at how the first layer operates. Each
neuron's weighted input is the distance between the input vector and
its weight vector. Each neuron's net input is the element-by-element
product of its weighted input with its bias. Each neuron's output is
its net input passed through radbas. If a neuron's weight vector is
equal to the input vector (transposed), its weighted input is 0, its net
input is 0, and its output is 1. If a neuron's weight vector is a
distance of spread from the input vector, its weighted input is
spread, its net input is (0.8326), and therefore its output is 0.5. The
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output of the first layer for a feed forward network net can be
obtained with the following code:
a {1} = radbas (netprod (dist (net.IW{1,1},p),net.b{1}))

The basic model of multi-layer neural networks utilizes either
sigmoid or threshold neurons. These Threshold Logic Units (TLUs)
generate a signal, or “fire,” when the sum of their input signals
exceeds a certain level. Radial Basis Function (RBF) neural
networks operate on a somewhat different principle. Instead of
having threshold units with a single value against which to compare
accumulated sums of input signals, each RBF neuron has a set of
values called a “reference vector” for comparison with an input set
of the same cardinality. The driving formula of each neuron used in
this work is the multivariate Gaussian function:
(4.4)
Where x is the input vector for the neuron, tj is the set of reference
values, σj is the standard deviation (σ2 is the variance) of the
function for each of the centers (j), and the value r (||x - tj||) is the
Euclidean distance between a center vector and the set of data
points

[73]

. The output of each neuron is reflective of the similarity

between input and reference vectors according to the “bell” curve
showed in fig. (4.3). A high degree of similarity produces an output
(φ) that approaches 1. It should be understood that the Gaussian
function is not the only selection available for RBF networks. Other
formulas considered are:
• The thin-plate-spline function:
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φ(r) = r2log(r)

(4.5)

• The multi-quadric function:
φ(r) = (r2 + β2)½

(4.6)

• And the inverse multi-quadric functions:
φ(r) = 1/(r2 + β2)½

(4.7)

The justification for using the standard Gaussian units for this
thesis work is found in the property of the networks using this
formula to effectively make local adjustments; they adapt to new
data without significantly altering the results generated from the
input patterns that have already been learned. This local refinement
property makes it ideal for use on data with a considerable number
of input fields and a large set of records.

4.2.2.2. Training methods
4.2.2.2.1 Output layer – the delta rule
The networks employed in the thesis consist of two types of
neurons, the Gaussian units of the hidden layer and the linear unit
of the output. The training of the output weights can be
accomplished by using the Delta Rule, a common technique for
adjusting the values of single-layer perceptrons and feed-forward
networks. The formula employed is:
wj (n+1) = wj(n) + μ1Δw

(4.8)

Where w is the weight connecting a hidden unit with the output
layer, j is the hidden unit to which the weight is connected and n is
the current epoch, or iteration index of the training set. The learning
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constant employed by the network for the delta rule is designated
by μ1, and Δw is the change in weight generated by the error term.
This error term ei is a function:
ei = Ti – Zi

(4.9)

Where Ti is the target value and Zi is the obtained value from the
network, the linear sum of all outputs from the Gaussian layer:
(4.10)
M is the number of neurons in the system and φ(r) is defined
before. The error term e is used to determine the Δw value using the
following equation:
(4.11)
where N is the total number of input patterns from the data set.

4.2.2.2.2. Hidden layer 1 – movable centers
While using the Delta rule to modify output weights may prove
sufficient for many applications, data consisting of high dimensions
require more sophisticated techniques to obtain a reasonable degree
of classification accuracy. A refinement of network training
involves modifying the reference vectors contained within the
Gaussian neurons in order to more accurately reflect the input
patterns to which they are exposed. This provides a set of more
significant φ values from the hidden layer to be summed by the
output layer for classification and prediction. In a similar manner to
the Delta rule, the formula for changing the reference vector t
within a neuron is reflected by the formula:
tj(n+1) = tj(n) + μ2Δt

(4.12)
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As before, the n value is the epoch, and the Δt indicates the change
based upon the error term. The μ2 is the learning constant for this
phase of the training. The Δt value is obtained from the function:
(4.13)
The φ′ value is the first derivative of the Gaussian function:

4.2.2.2.3. Hidden layer 3 – adjustable sigma
The sigma value of the RBF units determines the “spread” of the
bell curve by which the input vectors are compared, the radius of
the decision boundary for grouping patterns. A large σ results in a
wide spread, and large areas of identified input values. This can
generate good training results if there are few outputs and a large
range of acceptable values. On the other hand, this will also
generate a lot of “false positives” when the network is actually
used. Conversely a small σ considerably narrows the range of
deviation for identifiable input patterns, giving fewer false
positives. The drawback is that acceptable values will be missed
frequently, particularly if the pattern of expected outputs has a high
degree of variability. Manually adjusting sigma values allows a
considerable difference in network performance to be detected and
a method of allowing the system to automatically adjust its spread
in response to the patterns of data on which it is being trained is
provided by the following formula:
σj (n+1) = σj (n) + μ3Δσ

(4.15)
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The Δσ multiplied by the learning constant μ3 in order to provide
the change in the sigma per epoch is defined as follows, using the
same φ′ value:
(4.16)
During the actual implementation of the networks used for this
thesis, three levels of training are used. The first stage involves
training only the output weights, and the other two methods add
moveable centers and adjustable sigmas cumulatively.

4.2.2.2.4. Training Algorithm
The basic method of training for the system of networks used
during this research follows the following steps:
1) The input vector is applied to the hidden layer of
Gaussian neurons.
2) The resulting φ values are multiplied by the output
weights and summed at the output layer.
3) The output is compared with the expected value for that
input vector.
4) This error term is used to determine how much the
system’s parameters are to be adjusted in the following
steps.
5) The Delta Rule is applied to the output weights.
6) If level 2 or 3 training is selected, Equation (4.12) is used
to modify the reference vectors of each of the M neurons
of the network.
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7) If level 3 training is being used, the sigma value of each
RBF unit is altered according the adjustment Equation
(4.15).
8) If the error rate is above the acceptable level, or if the
number of epochs run is less than a predetermined limit,
steps 5 to 7 are repeated [74].

4.3. Adaptive Neuro-Fuzzy Inference System
The acronym ANFIS derives its name from Adaptive Neuro-Fuzzy
Inference System. The basic idea behind these neuro-adaptive learning
techniques is very simple. These techniques provide a method for the fuzzy
modeling procedure to learn information about a data set, in order to
compute the membership function parameters that best allow the associated
fuzzy inference system to track the given input/output data. This learning
method works similarly to that of neural networks. Using a given
input/output data set, a fuzzy inference system (FIS) is constructed and its
membership function parameters are tuned (adjusted) using either a back
propagation algorithm alone, or in combination with a method of least
squares type, this is called the hybrid method. This allows fuzzy systems to
learn from the data they are modeling.

4.3.1. Fuzzy if-then rules and inference systems
In 1965, Zadeh

[58]

presented the theory of fuzzy logic to

present obscurity in linguistics and for more implementing and
expressing human inference knowledge and ability in a natural way.
Fuzzy logic begins by the theory of a fuzzy set. A fuzzy set is
considered as a set that no crisp defined boundary or limit. It can
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contain elements with a membership with partial degree. A
Membership Function (MF) is a plot that maps each input point in the
space to a membership degree value, which is between 0, 1. Input
space is usually named as the universe of discourse. The fuzzy set is
different from the normal set in expressing the degree that an element
becomes in a set. Hence, the feature of a fuzzy set membership is
permit to own a value between 0 and 1, referring to the membership
degree for an element in a certain set. If X is a group of elements
pointed to by x, then if a fuzzy set A in X is related to ordered:
A = {(x, μA (x))/ x

X}

(4.17)

μA(x) is the membership function of the linguistic variable x in A that
moves X in the membership space M, for values between 0, 1. A is
crisp and μA is coherent to the activation function in a crisp set.
Triangulated-shape and trapezoidal-shape membership functions
are the most simple membership functions based on straight lines.
Some of the other shapes are Gaussian, generalized bell, sigmoidal,
and polynomial-based curves.

4.3.1.1. Fuzzy if-then rules
Fuzzy if-then rules or fuzzy conditional statements are
expressions of the form IF A THEN B, where A and B are labels or
fuzzy sets characterized by appropriate membership functions.
Due to their concise form, fuzzy if-then rules are often employed to
capture the imprecise modes of reasoning that play an essential role
in the human ability to make decisions in an environment of
uncertainty and imprecision. An example that describes a simple
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fact is if pressure is high, then volume is small where volume and
pressure are linguistic variables

[75]

, high and small are linguistic

values or labels that are characterized by membership functions.

Another form of fuzzy if-then rule, proposed from TakagiSugeno

[75]

. By using Takagi and Sugeno’s fuzzy if-then rule, the

resistant force on a moving object can be described as follows:
2

If velocity is high, then force =k*velocity
However, the consequent part is described by a non-fuzzy
equation of the input variable, velocity. Both types of fuzzy if-then
rules have been used extensively in both modeling and control.
Through the use of linguistic labels and membership functions, a
fuzzy if-then rule can easily capture the spirit of a “rule of thumb”
used by humans. From another angle each fuzzy if-then rule can be
viewed as a local description of the system under consideration.
Fuzzy if-then rules form a core part of the fuzzy inference system to
be introduced below.
4.3.1.2. Fuzzy inference systems
Fuzzy inference systems are also known as fuzzy-rule-based
systems, fuzzy models, Fuzzy Associative Memories (FAM), or
fuzzy controllers when used as controllers. Basically a fuzzy
inference system is composed of five functional blocks, as
presented in figure (4.5).
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Fig. (4.5) Fuzzy inference system
i) Rule base containing a number of fuzzy if-then rules,
ii) Database which defines the membership functions of the fuzzy
sets used in the fuzzy rules,
iii) Decision-making unit which performs the inference operations
on the rules,
iv) A fuzzification interface which transforms the crisp inputs into
degrees of match with linguistic values,
v) A defuzzification interface which transforms the fuzzy results of
the inference into a crisp output.

Usually, the rule base and the database are jointly referred to as
the knowledge base. The steps of fuzzy reasoning (inference
operations upon fuzzy if then rules) performed by fuzzy inference
systems are:
1. Compare the input variables with the membership
functions on the premise part to obtain the membership
values (or compatibility measures) of each linguistic
label. This step is often called fuzzification.
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2. Combine (through a specific T-norm operator, usually
multiplication or min) the membership values on the
premise part to get firing strength (weight) of each rule.
3. Generate the qualified consequent (either fuzzy or crisp)
of each rule depending on the firing strength.
4. Aggregate the qualified consequents to produce a crisp
output. This step is called defuzzification.

Most fuzzy inference systems can be classified in three types:
Type 1: The overall output is the weighted average of each rule’s
crisp output induced by the rule’s firing strength and output
membership functions. The output membership functions used in
this scheme must be monotonically non-decreasing.
Type 2: The overall fuzzy output is derived by applying “max”
operation to the qualified fuzzy outputs, each of which is equal to
the minimum of firing strength and the output membership function
of each rule. Various schemes have been proposed to choose the
final crisp output based on the overall fuzzy output; some of them
are center of area, bisector of area, mean of maxima, maximum
criterion, etc.
Type 3: Takagi and Sugeno’s fuzzy if-then rules are used. The
output of each rule is a linear combination of input variables plus a
constant term, and the final output is the weighted average of each
rule’s output.
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Fig.(4.6) Commonly used fuzzy if-then rules

Figure. (4.6) utilizes a two-rule two-input fuzzy inference
system to show different types of fuzzy rules and fuzzy reasoning
mentioned above. Be aware that most of the differences come from
the specification of the consequent part (monotonically nondecreasing or bell-shaped membership functions or crisp function)
and thus the defuzzification schemes (weighted average, centroid of
area, etc) are also different [76].

4.3.2. Adaptive networks
This clause introduces the architecture and learning procedure
of the adaptive network, it is in fact a superset of all kinds of feed
forward neural networks with supervised learning capability. An
adaptive network, as its name implies, is a network structure
consisting of nodes and directional links through which the nodes are
connected. Moreover, part or all of the nodes are adaptive, which
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means each output of these nodes depends on the parameter (s)
pertaining to this node and the learning rule specifies how these
parameters should be changed to minimize a prescribed error measure.
The basic learning rule of adaptive networks is based on the gradient
descent and the chain rule. However, due to the state of artificial
neural network research at early work failed to receive the attention it
deserved. Since the basic learning rule is based on the gradient method
which is notorious for its slowness and tendency to become trapped in
local minima, here we propose a hybrid learning rule which can speed
up the learning process substantially. Both the batch learning and the
pattern learning of the proposed hybrid learning rule are discussed
below.

4.3.2.1. Architecture and basic learning rule
An adaptive network, figure (4.7), is a multi-layer feed
forward network in which each node performs a particular function
(node function) on incoming signals, as well as a set of parameters
pertaining to this node. The nature of the node functions may vary
from node to node, and the choice of each node function depends
on the overall input-output function which the adaptive network is
required to carry out. Note that the links in an adaptive network
only indicate the flow direction of signals between nodes and no
weights are associated with the links.

To reflect different adaptive capabilities, both square and circle
nodes are used in an adaptive network. A square node, adaptive
node, has parameters while a circle node, fixed node, has none. The
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parameter set of an adaptive network is the union of the parameter
set of each adaptive node. In order to achieve a desired input-output
mapping, these parameters are updated according to given training
data and a gradient-based learning procedure described below.

Fig. (4.7) Adaptive network

4.3.2.2. Hybrid learning rule
Here, a hybrid learning rule will be proposed which
combines the gradient method and the least squares estimate to
identify parameters. For simplicity, assume that the adaptive
network under consideration has only one output:
(4.18)
where is the set of input variables and S is the set of parameters. If
there exists a function H ◦ F is linear in some of the elements of S,
then these elements can be identified by the least squares method.
More formally, if the parameter set S can be decomposed into two
sets
S= S1 ⊕ S2

(4.19)

(where ⊕ represents direct sum) such that H ◦ F is linear in the
elements in S2, then upon applying H to eq. (4.19) we have
(4.20)
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which is linear in the elements in S2. Now given values of elements
of S1, P training data can be plugged into eq. (4.20) and a matrix
equation can be obtained:
AX= B

(4.21)

Where X is an unknown vector whose elements are parameters in
S2. Let |S2|=M, then the dimensions of A, X and B are P×M, M×1
and P×1, respectively. Since P (number of training data pairs) is
usually greater than M (number of linear parameters), this is an over
determined problem and generally there is no exact solution to eq.
(4.21). Instead a least squares estimate (LSE) of X, X*, is required
to minimize the squared error ||AX-B||2. This is a standard problem
that forms the grounds for linear regression, adaptive filtering and
signal processing. The most well-known formula for X* uses the
pseudo-inverse of X :
(4.22)
Where AT is the transpose of A, and (AT A)-1 AT is the pseudoinverse of A if AT A is non singular. While eq. (4.22) is concise in
notation, it is expensive in computation when dealing with the
matrix inverse and, moreover, it becomes ill-defined if AT A is
singular. As a result, sequential formulas are employed to compute
the LSE of X. this sequential method of LSE is more efficient
(especially when M is small) and can be easily modified to an
online version, as it will be presented below, for systems with
changing characteristics. Specifically, let the ith row vector of
matrix A defined in eq. (4.22) be

and the ith element of B be

, then X can be calculated iteratively using the sequential formulas :
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(4.23)
Where Si is often called the covariance matrix and the least squares
estimate X* is equal to Xp. The initial conditions to bootstrap eq.
(4.23) are X0=0 and S0=γI, where γ is a positive large number and I
is the identity matrix of dimension M×M. When dealing with multioutput adaptive networks (output in eq. (4.18) is a column vector),
eq. (4.23) still applies except that

is the i-th row of matrix B.

Now the gradient method can be combined and the least squares
estimate to update the parameters in an adaptive network. Each
epoch of this hybrid learning procedure is composed of a forward
pass and a backward pass. In the forward pass, input data are
supplied and functional signals go forward to calculate each node
output until the matrices A and B in eq. (4.21) are obtained, and the
parameters in S2 are identified by the sequential least squares
formulas in eq. (4.20). After identifying parameters in S2, the
functional signals keep going forward till the error measure is
calculated. In the backward pass, the error rates (the derivative of
the error measure w.r.t. each node output) propagate from the
output end toward the input end, and the parameters in S1 are
updated by the gradient method in equation:
(4.24)
(4.25)
Where, E is the overall error measure, P is the number of the entries
of the training data sets, and a is the parameter pertaining to the
nodes of the network For given fixed values of parameters in S1, the
parameters in S2 found are guaranteed to be the global optimum
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point in the S2 parameter space due to the choice of the squared
error measure. Not only can this hybrid learning rule decrease the
dimension of the search space in the gradient method, but in
general, it will also cut down substantially the convergence time.
Take, for example, one-hidden-layer back-propagation neural
network with sigmoid activation functions. If this neural network
has p output units, then the output in eq. (4.18) is a column vector.
Let H(·) be the inverse sigmoid function
(4.26)
Then, eq. (4.20) becomes a linear (vector) function such that each
element of H(output) is a linear combination of the parameters
(weights and thresholds) pertaining to layer 2. In other words,
S1 = weights and threshold of hidden layer,
S2 = weights and threshold of output layer.
Therefore, the back-propagation learning rule can be applied to tune
the parameters in the hidden layer, and the parameters in the output
layer can be identified by the least squares method. However, it
should be kept in mind that by using the least squares method on
the data transformed by H(·), the obtained parameters are optimal in
terms of the transformed squared error measure instead of the
original one. Usually, this will not cause practical problem as long
as H(·) is monotonically increasing [76].

4.3.3. Adaptive network-based fuzzy inference system
The architecture and learning rules of adaptive networks have
been described in the previous section. Functionally, there are almost
no constraints on the node functions of an adaptive network except
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piecewise differentiability. Structurally, the only limitation of network
configuration is that, it should be of feed forward type. Due to these
minimal restrictions, the adaptive network’s applications are
immediate and immense in various areas. In this clause, a class of
adaptive networks is proposed which are functionally equivalent to
fuzzy inference systems. The proposed architecture is referred to as
ANFIS, standing for Adaptive-Network-based Fuzzy Inference
System. The decomposition of the parameter set is described in order
to apply the hybrid learning rule.

4.3.3.1. Adaptive neuro-fuzzy inference system architecture
For simplicity it is assumed that the fuzzy inference system
under consideration has two inputs x and y one output z. Suppose
that the rule base contains two fuzzy if-then rules of Takagi and
Sugeno’s type:
Rule 1: If x is A1 and y is B1 then f1=p1x + q1 y+r1
Rule 2: If x is A2 and y is B2 then f2=p1x + q2 y+r2
Then the type-3 fuzzy reasoning is illustrated in figure (4.8.a) and
the corresponding equivalent ANFIS architecture is shown in figure
(4.8.b).
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Figure (4.8) (a) Type-3 fuzzy reasoning, (b) Equivalent ANFIS
(type-3)

The node functions in the same layer are of the same function
family as described below [77]:
Layer-1 (fuzzification layer): Every node in this layer has a node
function
(4.27)
is the membership grade of a fuzzy set A ( = A1, A2, or B1 or B2)
and it specifies the degree to which the given input x (or y) satisfies
the quantifier A. Usually the node function can be any
parameterized function. A Gaussian membership function is
specified by two parameters c (membership function center) and σ
(membership function width). Parameters in this layer are referred
to premise parameters. Usually
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(x) is chosen to be bell-shaped

with maximum equal to 1 and minimum equal to 0 such as the
generalized bell-function
(4.28)
Or the Gaussian function
(4.29)
Where {ai , bi ,ci} is the parameter set. As the values of this
parameter set change, the bell functions vary accordingly, thus
exhibiting various forms of membership functions on linguistic
label A1. In fact, any continuous and piecewise differentiable
functions, such as commonly used trapezoidal or triangular-shaped
functions, are also qualified candidates for node functions in this
layer. Parameters in this layer are referred to as premise parameters.
Layer-2 (rule firing strength layer): Every node in this layer
multiplies the incoming signals and sends the product out. Each
node output represents the firing strength of a rule.
(4.30)
In general any T-norm operator that performs fuzzy AND can be
used as the node function in this layer.
Layer-3: Every i-th node in this layer calculates the ratio of the i-th
rule’s firing strength to the sum of all rules firing strength.
(4.31)
Layer-4 (rule consequent layer): Every node i in this layer is with a
node function:
(4.32)
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Where

is the output of layer 4, and {pi , qi , ri}is the parameter

set. A well established way is to determine the consequent
parameters using the least means squares algorithm.
Layer-5 (rule inference layer): The single node in this layer
computes the overall output as the summation of all incoming
signals.
(4.33)
Figure (4.9) shows a 2-input, type-3 ANFIS with 9 rules. Three
membership functions are associated with each input, so the input
space is portioned into 9 fuzzy sub-spaces, each of which is
governed by a fuzzy if-then rule. The premise part of a rule
delineates a fuzzy subspace, while the consequent part specifies the
output within this fuzzy subspace.

Fig.(4.9) a)2-input type-3 ANFIS with 9 rules, b) Corresponding
fuzzy subspaces
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4.3.3.2. Hybrid learning algorithm
From the proposed type-3 ANFIS architecture Figure (4.9)
it is observed that given the values of premise parameters, the
overall output can be expressed as linear combinations of the
consequent parameters. More precisely, the output f in Figure (4.9)
can be rewritten as:
(4.34)

which is linear in the consequent parameters (p1, q1, r1, p2, q2 and
r2). As a result we have:
S = set of total parameters,
S1 = set of premise parameters,
S2 = set of consequent parameters,
H(·) and F(·) in eq. (4.20) are the identity function and the function
of the fuzzy inference system, respectively. Therefore the hybrid
learning algorithm developed in the previous paragraphs can be
applied directly. More specifically, in the forward pass, the error
rates propagate backward and the premise parameters are updated
by the gradient descent. As mentioned earlier, the consequent
parameters thus identified are optimal (in the consequent parameter
space) under the condition that the premise parameters are fixed.
Accordingly, the hybrid approach is much faster than the strict
gradient descent. However, it should be noted that the computation
complexity of the least squares estimate is higher than that of the
gradient descent. In fact, there are four methods to update the
parameters, as listed below according to the computation
complexities:
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1- Gradient descent only: all parameters are updated by
the gradient descent
2- Gradient descent and one pass of LSE: the LSE is
applied only once at the very beginning to get the
initial values of the consequent parameters and then
the gradient descent takes over to update all
parameters
3- Gradient descent and LSE: this is the proposed
hybrid learning rule
4- Sequential LSE only: the ANFIS is linearized w.r.t.
all parameters and the extended kalman filter
algorithm is employed to update all parameters [78].

4.4. Capacitor Control Strategy
It has been found that the quadratic programming proposed technique
can solve the capacitor placement problem considering fixed capacitor
only. Therefore, a trained RBFNN and ANFIS will provide a
computationally efficient two ways to solve the capacitor control problem
in real time. It is proposed to solve the optimal capacitor control problem
by designing two special RBFNN and ANFIS configurations and training
them by using results obtained from the first quadratic programming
approach. Firstly, the optimum locations and sizes of capacitors will be
determined for various load profiles using heuristic and quadratic
programming solution methods and secondly, the capacitors switching
states have to be estimated. The available data in distribution feeders are
only the peak values of loads at each bus. Load profile is the combination
of each load levels at each bus for the distribution system. The training load
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patterns were obtained by forming possible combinations of load levels
(50%, 60%, 70%, 85%, 90% and 100% of peak values) at each bus.

The aim is to find the optimal dispatch schedule for capacitors in a
distribution system based on the forecasted loads of each bus, so that the
total annual saving can be maximized. The control approach will select the
optimal capacitor tap positions based on the load profiles. An individual
two approaches (RBFNN and ANFIS) are provided for each capacitor
installed on the distribution systems. During training, each approach
(RBFNN and ANFIS) accepts load pattern of all buses as input and the
corresponding capacitors setting as output.

To demonstrate the

effectiveness of the proposed methods for control of the installed
capacitors, a sample tested data for load profile will be applied as input to
the (RBFNN and ANFIS) to get the results of control for the installed
capacitors. See figures (4.10) and (4.11).
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Fig.(4.10) Proposed RBFNN architecture for capacitor control
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Fig. (4.11) ANFIS model structure with load profile input

4.5. Switching Overvoltage in Power System
Switching overvoltage is one of the internal overvoltages which
generate many changes in the operating conditions of network. There are a
great variety of events that would initiate a switching surge in a power
network, whenever a switch in an electric circuit is opened or closed; this is
true for transmission as well as, distribution circuits. The interruption by
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switching operations of a circuit having inductance and capacitance may
result in transient oscillations that can cause overvoltage on the systems.

4.5.1. Basic concept concerning switching of capacitors
During the switching of shunt capacitor banks, high magnitude
and high frequency transients can occur

[79]

. The transient is

characterized by a surge of current having a high magnitude and a
frequency as high as several hundred Hertz. There is also a transient
overvoltage on the bus, caused by the surge of inrush current coming
from the system source. Basics concepts concern to capacitor
energization are explained in Figure (4.12)

Fig. (4.12): Diagram of line energization switching transient
In the Figure (4.12) the inductance L represents the leakage
inductance of transformer, and the inductance of line. The resistance R
includes all series resistance of the line and transformer. The voltage
across the capacitor C represents the voltage at the open circuit end of
the line which is included in the scope of study. The circuit performance
after switch on can be expressed as:
(4.35)
The apply voltage Vs(t) beyond the switching instant is:
(4.36)
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The expression for voltage across the line capacitance is:

Where:

Fig. (4.13): circuit with L-C loop

Basics concepts concern to capacitor switching are explained in
figure (4.13), where resistances were neglected for simplification. When
the first capacitor C1 is energized (closing S1) the current and voltage in
the capacitor are given respectively by Vedam and Sarma [79]:
VC1(t)=V-[V-VC1(0)]sinω1t

(4.38)
(4.39)

V: Switch voltage at S1 closing.
Vc1(0):Initial voltage at C1.
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Natural frequency.
: Surge impedance.

Energizing the second bank C2 when the first bank C1 is already
energized is called back-to-back switching, and is simulated by closing
switch S2 when C1 is already operating in steady state. A circuit with
two loops L-C, each one with a natural oscillation frequency of
(

), presents voltage amplification when the frequencies have

close values. An increase of the amplification of the voltage when the
surge impedance of the second loop becomes larger than the surge
impedance of the first loop was also verified. The resulting inrush to C2
is a high-frequency transient which primarily involves the series
combination of C1, L2, and C2, driven by the voltage VC1(0) on C1 at
the instant S2 is closed. The voltage on the capacitor C2 can be
represented by [79, and 80]:

Where:
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The amplified voltage at the remote capacitor is composed of three
components: the source voltage and two oscillatory components φ1and φ
2.

4.5.2. Transient overvoltage detection
Switching of capacitor banks results in transient at the switched
capacitor bank location and at other locations in the power system.
Voltage transients due to the switching operations of the capacitors at the
transformer stations result in amplified overvoltages that propagate to the
downstream distribution feeders. These overvoltages are compounded by
the distorted harmonic waveforms generated by the customer's nonlinear loads and amplified; causing low voltage power electronic devices
to fail or the variable speed drives to trip out

[83]

. The magnitude and

shape of the switching overvoltages vary with the system parameters and
network configuration. Even with the same system parameters and
network configuration, the switching overvoltages are highly dependent
on the characteristics of the circuit breaker operation and the point-onwave where the switching operation takes place. In this thesis Power
System Blockset (PSB), a MATLAB/Simulink-based simulation tool is
used for computation of switching overvoltages

[84]

. Also, presents the

ANN application for estimation of overvoltage peaks under switching
transients during capacitor energization. Radial basis function is selected
as ANN structure. A tool such as proposed in this work that can give the
maximum switching overvoltage will be helpful to the operator. It can be
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used as training tool for the operators. Operators can investigate various
cases for capacitor banks switching without time simulation and select
best case which causes minimum overvolatges. The proposed ANN is
expected to learn many scenarios of operation. To give the maximum
peak overvoltages in a shortest computational time that is the
requirement during online operation of power systems. In the proposed
ANN we have considered the most important aspects, which influence
the transient overvoltages such as:
 Voltage at capacitor bus before switching.
 Feeder length.
 Closing time of the circuit breaker poles (switching angle).
 Capacitor bank capacity.

This will help to train the proposed approach to select the proper
condition of capacitor switching with transients appearing safe within the
limits (figure (4.14)). The steps for switching overvoltages evaluation
and estimation are listed below:
1) Determine the characteristics of capacitor bank that must be
energized.
2) Run PSB simulation.
3) Determine the peak overvoltage.
4) Repeat the above steps with various system parameters to learn the
artificial neural network.
5) Test of artificial neural network with different system parameters.
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Fig.(4.14) Proposed ANN architecture for transient overvoltage detection
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CHAPTER 5 : APPLICATION OF THE SUGGESTED
APPROACHES ON RADIAL DISTRIBUTION FEEDERS

5.1. Introduction
The presented mathematical model will be applied for the study of the
optimal capacitor placement problem. An application for this approach of
solution is applied for six feeder cases. The first case is a nine bus radial
distribution feeder, rated at a voltage of 23 kV. The system is shown in Fig
(5.1). The feeder bus loads and the line constants are shown in Table (A.1)
in appendix A. The second case is a 22-bus radial distribution feeder, with
a rated voltage of 11 kV and consists of 22 buses with no laterals
(branches). The system is shown in Fig (5.5). Furthermore the feeder bus
loads and line constants are illustrated in Table (A.2) [39].

The capacitor size and locations are placed with the following
constraints:
 The maximum capacitor size should not exceed the total reactive
loads of the case under study.
 Minimum capacitor bank size is 150 kVAr.
 The voltage improvement due to capacitor installation must be
greater than the voltage drop due to the reactive component of
current, which will be the lower voltage constraints.
 The voltage drop in distribution feeder will be reduced by the
addition of capacitors.
 Capacitors will be modeled as constant current injection.
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5.2. Capacitors Locations and Sizes Results
The capabilities of the solution framework for solving the capacitor
allocation problem, using a heuristic technique, are presented in this
section. It is divided into two subsections. The first sub-section presents the
optimum capacitors locations, ratings, total annual saving, the reduction in
power loss, and the value of voltage rise for each feeder case study at each
step of compensation.

The second sub-section is intended to show a comparison between the
optimum net saving results from the presented heuristic method and the
other approaches, which presented by other researcher for the same studied
feeders. Several cases have been considered for investigation of the method
of solution. These study cases are illustrated in the following sub-sections.
5.2.1. First feeder case
A 23 kV nine- bus radial distribution feeder is considered for study in
this case. The cost coefficient for the peak power loss reduction and energy
loss reduction

ap , ae is assumed to be 168 $ / kW and 0.03 $ / kWh

respectively following previous workers [52 ].

1

2

3

4

5

2437

1718

6

7

8

9

S.
S.

1896

1037

1845

788

1152

989

258 kVA

Fig. (5.1):The single line diagram for the 9-buses radial feeder
-
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It has been considered that the maximum capacitor size should not
exceed the reactive load for reactive power compensation. Therefore, for
the considered case the maximum capacitor size shall not exceed 4186
kVAr (the total reactive load for the studied feeder). This results in 27
possible capacitor sizes as shown in appendix Table ( A.3 ) with their
corresponding cost / kVAr / year. The values of the 27 choices are derived
by assuming a life expectancy of ten years (the placement, maintenance,
and running costs are neglected).

-

Solution steps and required data



Applying load flow solution on the nine bus feeder, before
compensation the total power losses is 783.8 kW, the bus voltages
(p.u), the load currents, and the feeder power factor has been
determined.



Assuming initial capacitor cost as the average cost of all available
standard capacitor sizes for the studied feeder. So that ac equals to
0.212 $ / kVAr /year.

 Feeder data (in matrix and vector forms) can be determined and
inserted in the saving objective function.


Solve the quadratic objective function problem with its voltage
constraints using Matlab, it is deduced that bus 4 is the sensitive bus
with a capacitor size of 2270 kVAr.
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Therefore, the nearest standard size of capacitor is 2250 kVAr and the
corresponding exact capacitor cost value ac equals to 0.197 $ / kVAr /
year.



The insertion of a value of 2250 kVAr capacitor at bus 4 will give a
reduction in the annual cost by 8700 $ / year.



Load flow has been performed for the resulted new load currents and
buses voltages following the first compensation step.



Repeating the previous steps considering the last conditions, the
second bus to be compensated has been determined to be bus 5,
requiring an optimum capacitor size equal to 1350 kVAr, giving an
additional saving of 2900 $ / year.



Following the solution procedure, the next compensated bus has been
determined to be bus 9, requiring an optimum capacitor size of 450
kVAr with an additional saving of 800 $ / year.



At this point the total capacitors size equal 4050 kVAr and adding
other capacitors will exceed the total reactive load (4186 kVAr) so,
the overall savings reach its maximum value where, the cost of
installing a new capacitor from this point will offset the benefits.
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Table (5.1): The 9-buses test feeder results at each compensation step
Compensation Steps

Loss reduction
Annual saving

Before compensation
Compensation step 1
Bus (4), (2250 kVAr)
Compensation step 2
Buses (4,5) (2250,1350 kVAr)
Compensation step 3
Buses (4,5,9) (2250, 1350, 450 kVAr)

0

0

54.00

8700

71.50

11600

73.90

12400

Table (5.2): Per unit bus-voltages at each compensation step

Bus

Bus voltage (p.u)
Bus voltage (p.uBus
) voltage (p.u)
Bus voltage (p.u )

number

Before

step 1

step 2

Step 3

compensation

Bus 1

0.993

0.995

0.996

0.997

Bus 2

0.987

0.992

0.995

0.996

Bus 3

0.963

0.973

0.979

0.981

Bus 4

0.948

0.961

0.969

0.972

Bus 5

0.917

0.93

0.942

0.947

Bus 6

0.907

0.92

0.932

0.937

Bus 7

0.889

0.902

0.914

0.92

Bus 8

0.854

0.872

0.884

0.901

Bus 9

0.838

0.851

0.864

0.881
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Fig (5.2): Annual saving against compensation steps, 9-bus feeder
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3

Fig (5.3): Power loss reduction against compensation steps,
9- bus feeder

Bus Voltage (p.u)

1.00
Three Capacitors Installed
Two capacitors Installed
One capacitor installed
Before Com penstion

0.95

0.90

0.85

0

2

4

6

8

10

12

14

16

18

20

22

24

26

Feeder Bus Location (km )

Fig (5.4): Feeder bus-voltages along its length for each
compensation step-

9-bus feeder case

Tables (5.1) and (5.2) present the results of this case, which includes the
optimum feasible values of capacitor location, capacitor ratings, reduction
in power loss, and the bus voltages (p.u). Figs (5.2) - (5.4) show the
variations of the annual saving, the reduction in power loss, and buses
voltage improvement at each location step of a fixed capacitor. General
comments can be deduced from those illustrations and are given as follow:


In general, there is an increase in the annual saving with the increase
of the number of installed fixed capacitors. A marked annual saving is
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produced in the first compensation step, relative to the following
compensation steps.


As the number of capacitor installed increases the reduction in power
loss and the feeder power factor show also an increase.



The effect of installing the third fixed capacitor on the nine bus feeder
is not appreciable for the total annual saving, but its effect for bus
voltage improvement is appreciable, the voltage of the end bus was
increased by 5 % of the rated voltage for this case.



In this feeder case, the voltage of the end bus has not reached 0.9 p.u,
where the reactive load is small compared with the active load.
However, increasing the end bus voltage to 0.9 p.u will make the feeder
over compensated and will decrease the gained annual saving.

5.2.2. Second feeder case
The second Case study is an 11 kV radial distribution feeder,
consisting of 22-bus without lateral. The single line diagram is presented in
figure (5.5). The power factor and the load factor are assumed to be 0.82,
0.65 respectively

[39]

. The total active and reactive loads are 2482.96 kW

and 1733.12 kVAr, respectively.
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2.596 km

0.178

0.9

1.247

0.837

0.475

0.831

0.831 0.831

0.475

0.713 0.457 1.306

S.S

26

22

28

212

0.356

369

44

0.357

36

271

0.238

41

46

260

0.119

271

124

0.119

241

24

0.238 0.119

41

41

306

272

0.119

126

154

0.356

73 kVA

Fig. (5.5):The single line diagram for the 22-buses radial
–
feeder

-Solution steps and required data
Applying load

flow

solution

on the

22-bus

feeder,

before

compensation, the total power losses for this case is 157.15 kW and 278.41
kVAr. Therefore, the bus-voltages have been determined for the load
conditions considered for this case.



Assuming initial capacitor cost as the average cost of all available
standard capacitor sizes (capacitor size should not exceed the reactive
load of the feeder). For this feeder case, ac is the average of an 11
possible capacitor sizes and equals to 0.252 $ / kVAr /year.

 Feeder data (in matrix and vector forms) can be determined and
inserted in the saving objective function.
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Solving the quadratic objective function problem with its voltage
constraints, using Matlab, it has been deduced that bus 15 is the
sensitive bus with a capacitor size of 1010 kVAr. And the nearest
standard size of capacitor is 1050 kVAr and the corresponding exact
capacitor cost value will be ac = 0.228 $ / kVAr / year.



The insertion of a value of 1050 kVAr capacitor at bus 15 will give a
reduction in the annual cost by 8275 $ / year.



Load flow has been performed for the resulted new load currents and
bus voltage following the first compensation step.



Repeating the previous steps considering the last conditions, the
second bus to be compensated has been determined to be bus 7,
requiring an optimum capacitor size equal to 450 kVAr, giving an
additional saving of 890 $ / year.



Following the solution procedure, the next compensated bus has been
determined to be bus 4, requiring an optimum capacitor size of 150
kVAr with an additional saving of 105 $ / year.



At this point the overall savings reach the maximum value, in other
words the cost of installing a new capacitor from this point will offset
the benefits (installing capacitor at bus 8 will decrease the total annual
saving by 20 $ / year) see figure (5.9).
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Tables (5.3) and (5.4) present the results obtained for this case, which
includes the optimum feasible values of capacitor location, capacitor
ratings, reduction in power loss, and the bus-voltages (p.u) of the feeder
after each compensation step. Figures (5.6) - (5.8) show the increasing of
the annual saving, the reduction in power loss, and the buses-voltages
improvement for each compensation step. Although the effect of the third
capacitor on the total annual saving is very small, however its effect is
relatively beneficial due to the increase of the voltage at the end bus to 0.95
p.u.

Table (5.3): The 22-buses test feeder results at each compensation step
Annual saving
Loss reduction

Compensation Step
Before compensation
Compensation step 1
Bus (15) , 1050kVAr
Compensation step 2
Bus (15, 7) = (1050, 450) kVAr
Compensation step 3
Bus (15, 7, 4) = (1050, 450, 150) kVAr
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0

0

47.88

8275

55.60

9165

57.90

9270

Annual
saving($)

9 500
9 250
9 000
8 750
8 500
8 250
8 000
7 750
7 500
7 250
7 000
0

1

2

3

4

Number of installed capacitor

Fig (5.6): Annual saving against compensation steps - 22-bus feeder case.
60

Loss
Reduction 55
(kW)

50
45
40
35
30
25
20
15
10
5
0
0

1

2

3

Number of installed capacitor

Fig (5.7): Power loss reduction against compensation steps - 22-bus feeder
case.
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Table (5. 4): Per unit bus-voltages at each compensation step,
22-bus feeder case
Bus number
Bus voltage
(p.u) before

Bus voltage (p.u)
Bus voltage
step 1

Bus voltage (p.u)

( p.u)

compensation

step 3
step 2

Bus 1

0.978

0.985

0.988

0.989

Bus 2

0.976

0.984

0.987

0.988

Bus 3

0.965

0.977

0.982

0.984

Bus 4

0.954

0.971

0.977

0.979

Bus 5

0.946

0.966

0.974

0.976

Bus 6

0.941

0.963

0.971

0.974

Bus 7

0.935

0.960

0.970

0.973

Bus 8

0.929

0.957

0.967

0.970

Bus 9

0.924

0.956

0.966

0.969

Bus 10

0.921

0.954

0.964

0.967

Bus 11

0.917

0.953

0.963

0.966

Bus 12

0.911

0.949

0.959

0.962

Bus 13

0.905

0.948

0.958

0.961

Bus 14

0.904

0.948

0.958

0.961

Bus 15

0.903

0.947

0.957

0.959

Bus 16

0.903

0.947

0.957

0.959

Bus 17

0.902

0.946

0.956

0.958

Bus 18

0.902

0.946

0.956

0.958

Bus 19

0.901

0.945

0.955

0.957

Bus 20

0.901

0.945

0.955

0.957

Bus 21

0.900

0.944

0.954

0.956

Bus 22

0.894

0.938

0.948

0.950
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0.96
0.94
0.92
0.90
0.88
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Feeder Bus Location (km)

Fig (5.8): Feeder bus-voltages along its length for each
compensation step- 22-bus feeder case.
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2000

5.2.3.

Comparison study
In this section a comparison between the proposed approach and

other approaches will be presented for the same feeder cases and same
constants and coefficients. Tables (5.5), (5.6) and Figures (5.10)-(5.13)
illustrate a comparison between the results obtained by the previous
work Mekhamer et al

[39]

and the results obtained by the proposed

combinatorial heuristic and quadratic programming approach. It is
concluded from the tables and figures that the presented combinatorial
approach resulted in optimum total annual saving better than the other
approaches maintaining the buses voltage within acceptable limits.

Table (5.5): Comparison for proposed and other approaches- first case
Solution method

Qc location

Qc size kVAr

Method1 [39]
Method2 [39]
Method 3 [39]
Proposed method

Nodes 4,9,7
Nodes 4,9,8
Nodes 4,5,9
Nodes 4,5,9

4050, 600,300
3750,600,300
1350,1950,450
2250,1350,450

ΔP
kW
70.8
71.7
72.9
73,9

annual
saving $
10932
11123
11442
12400

Total
annual
saving 13000
($)
12500

12000
11500

11000
10500
10000

M1

M2

M3

presented approach

--

Fig (5.10): Total annual saving comparison —9 buses feeder
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76

power loss rduction

74
72
70
68
66
64
62
60
M1

M2

M3

proposed M

solution metod

Fig (5.11): Power loss reduction comparison, 9-buse feeder
Table (5.6): Comparison for proposed and other approaches- second case
Method

Qc location

Method 1
Method 2
Method 3
Proposed method

Nodes 22,8
Nodes 22,8
Nodes 9, 15, 7
Nodes 15,7,4

Qc size kVAr
1350, 450
1200, 450
150,1200,450
1050,450,150

ΔP
kW
53
54.8
57.2
57.9

annual
saving $
8517
8887
9215
9270

Total
annual
saving 9200
($)
9000

8800
8600

8400
8200
8000

M1

M2

M 3 presented approach

--

Fig (5.12): Total annual saving comparison- 22-buses feeder
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60
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Power Loss Reduction

56
54
52
50
48
46
44
42
40
M1

M2

M3

Proposed M

Solution Method

Fig (5.13): Power loss reduction comparison, 22-buse feeder

The results obtained in this section leads to the following conclusion and
comments:

 The presented combinatorial approach resulted in optimum total
annual saving greater than the other approaches.

 In this thesis, the presented approach caused more improvement in
the power loss reduction.
 For the first and second feeder cases, the installed capacitive loads for
the comparison case are greater than the feeder reactive loads.
 The voltage improvement and voltage constraints has been
considered in this work
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5.3. Capacitor Switching Techniques Implementation and Results
In this section, two artificial intelligence techniques for solving the
capacitor control problem in radial distribution feeders have been
presented; one is based on radial basis neural network and the other is
based on adaptive neuro-fuzzy inference system. The proposed techniques
have been applied to 23 kV, 30-bus radial distribution system shown in
Fig.(5.14 ). The data of the system including loads are given in appendix
table (A.4). It is not possible to monitor loads at all buses continuously. To
achieve this objective, the system is divided into six subsystems. The
available data in distribution feeders are only the peak values of loads at
each bus. Load profile is the combination of each load levels at each bus
for the distribution system. The training load patterns were obtained by
forming possible combinations of load levels (50%, 60%, 70%, 85%, 90%
and 100% of peak values) at each subsystem. Firstly, the optimum
locations and sizes of capacitors will be determined for various load
profiles using heuristic and quadratic programming solution method and
secondly, the capacitors switching states will be estimated. To demonstrate
the effectiveness of the proposed approaches, the sample data has been
applied to get results of control of capacitors test. To test the proposed
methods, the existing set of optimal capacitors in different taps in table
(5.7) will be used [56].
Table (5.7) Capacitor kVAr at different tap positions
Tap position
C1
(Bus 13)

C2
(Bus 15)

C3
(Bus 19)

C4
(Bus 23)

C5
(Bus 25)

1
2

875
700

875
700

500
425

750
750

600
525

3

525

525

350

750

450

4

350

350

275

750

375
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Fig. (5.14): single line diagram for the 30-bus test feeder

Table (5.8) and (5.9) show the capacitor size real value and optimum tap
position respectively for 20 various load profiles using the first proposed
solution method. For the capacitor control problem, the training process
and test process are used (5, 10, and 15) samples and 5 samples
respectively.

Table (5.8): Capacitor real value for different load profile

Load profile as % of peak load (SS)

capacitors size real value

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

1

1

1

1

0.5

0.5

875

875

500

750

600

0.5

0.5

0.5

1

0.5

0.5

377

428

357

750

450

1

1

0.5

0.5

0.85 0.85 850

861

423

750

600

0.5

0.5

1

1

1

617

500

750

600

1

410
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0.5

1

0.5

1

0.5

0.5

381

740

377

750

457

1

1

0.5

0.5

0.9

0.9

869

861

442

750

600

0.5

0.5

0.5

0.5

0.9

0.9

414

440

356

750

600

1

1

0.5

0.5

0.85 0.7

840

865

374

750

600

1

1

0.5

0.5

0.6

0.6

831

830

342

750

592

0.6

0.5

0.5

0.5

0.9

0.9

488

481

358

750

600

0.9

0.6

0.5

0.5

0.9

0.9

746

605

380

750

600

0.9

0.9

0.6

0.5

0.9

0.9

769

804

430

750

600

0.6

0.6

0.6

0.9

0.9

0.9

494

514

500

750

600

0.9

0.9

0.9

0.9

0.9

0.85 788

875

500

750

600

0.5

0.5

0.5

0.5

0.7

0.7

393

404

336

750

600

0.5

0.5

0.5

0.5

0.6

0.6

392

388

284

750

562

0.9

0.9

0.9

0.9

0.9

0.9

789

875

500

750

600

0.5

0.5

0.5

0.9

0.7

0.7

435

495

401

750

600

0.6

0.9

0.9

0.9

0.9

0.9

475

830

500

750

600

1

1

1

0.5

0.7

0.7

780

830

500

750

600

Table (5.9): Capacitor tape position for different load profile

Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

1

1

1

1

0.5

0.5

1

1

1

1

1

0.5

0.5

0.5

1

0.5

0.5

4

4

2

1

1

1

1

0.5

0.5

0.85 0.85 1

1

2

1

1

0.5

0.5

1

1

1

2

1

1

1

1

4
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0.5

1

0.5

1

0.5

0.5

1

2

3

1

3

1

1

0.5

0.5

0.9

0.9

4

1

2

1

1

0.5

0.5

0.5

0.5

0.9

0.9

1

3

3

1

1

1

1

0.5

0.5

0.85 0.7

4

1

3

1

1

1

1

0.5

0.5

0.6

0.6

1

1

3

1

1

0.6

0.5

0.5

0.5

0.9

0.9

4

3

3

1

1

0.9

0.6

0.5

0.5

0.9

0.9

2

3

3

1

1

0.9

0.9

0.6

0.5

0.9

0.9

2

1

2

1

1

0.6

0.6

0.6

0.9

0.9

0.9

3

3

1

1

1

0.9

0.9

0.9

0.9

0.9

0.85 1

1

1

1

1

0.5

0.5

0.5

0.5

0.7

0.7

4

4

3

1

1

0.5

0.5

0.5

0.5

0.6

0.6

4

4

4

1

2

0.9

0.9

0.9

0.9

0.9

0.9

1

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

3

2

1

1

0.6

0.9

0.9

0.9

0.9

0.9

3

1

1

1

1

1

1

1

0.5

0.7

0.7

1

1

1

1

1

5.3.1. Radial basis neural network estimated results
The RBNN will be used with limited patterns to compare results. In
this case, 5 separate RBNN will be used to estimate the tape setting of the
corresponding capacitors. Each network has 6 input nodes corresponding to
the number of subsystems, 1 output unit corresponding to capacitor tap
position, and 36 hidden units. Tables (5.10) , (5.11), and (5.12) show
results of capacitors control that obtained from RBNN during the 5 testing
samples with 5, 10, and 15 input training samples respectively. From
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tables, the outcome results show that the RBNN give good result at testing
when it was trained with 15 samples.

Table (5.10): RBNN outcome results for 5 input training samples
Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

0.5

0.5

0.5

0.5

0.6

0.6

3

3

3

1

2

0.9

0.9

0.9

0.9

0.9

0.9

3

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

3

2

1

3

0.6

0.9

0.9

0.9

0.9

0.9

4

2

1

1

1

1

1

1

0.5

0.7

0.7

1

1

1

1

1

Table (5.11): RBNN outcome results for 10 input training samples
Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

0.5

0.5

0.5

0.5

0.6

0.6

4

4

4

1

2

0.9

0.9

0.9

0.9

0.9

0.9

2

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

3

3

1

2

0.6

0.9

0.9

0.9

0.9

0.9

4

1

1

1

1

1

1

1

0.5

0.7

0.7

1

1

2

1

1

Table (5.12): RBNN outcome results for 15 input training samples
Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

0.5

0.5

0.5

0.5

0.6

0.6

4

4

3

1

1
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0.9

0.9

0.9

0.9

0.9

0.9

2

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

4

2

1

2

0.6

0.9

0.9

0.9

0.9

0.9

3

1

1

1

1

1

1

1

0.5

0.7

0.7

1

1

2

1

1

5.3.2. ANFIS implementation and results
The ANFIS will be used with limited patterns to compare result. In
this case, 5 separate ANFIS will be used to estimate the tape setting of the
corresponding capacitor. Each one has 6 input nodes corresponding to the
number of subsystems, 1 output unit corresponding to capacitor tap
position. ANFIS structure has been created using order genfis1 in Matlab
[78]

. The order designs initial Sugeno type fuzzy inference system using

sub-clustering. It has been chosen 12 “gaussmf” membership functions for
inputs. Using Matlab order ANFIS for neuro-fuzzy system training, which
uses hybrid learning algorithm to identify the membership function
parameters of single-output, Sugeno type FIS. A combination of leastsquares and back propagation gradient descent methods are used for
training FIS membership function parameters to model the set of
input/output data. Also, it has been employed 100 training epochs for
training. Number of nodes: 177, number of linear parameters: 84, number
of nonlinear parameters: 144, total number of parameters: 228, number of
training data pairs: 5, 10, 15, and number of fuzzy rules: 12. Trained neurofuzzy system (ANFIS) next was tested on training and testing data (see
Figs. (5.15) – (5.18) for the first capacitor C1).

Tables (5.13) , (5.14), and (5.15) show results of capacitors control that
obtained from ANFIS during the 5 testing samples with 5, 10, and 15 input
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training samples respectively. From tables, the outcome results show that
the ANFIS give good result at testing when it was trained with 15 samples.

Fig.(5.15):Training data,Fis output (C1),15 input sample

Fig.(5.16):ANFIS model structure (C1), 15 input sample
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Fig.(5.17): Surface viewer i/p,o/p data (C1), 15 input sample

Fig.(5.18): Rules viewer (c1), 15 input sample
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Table (5.13): ANFIS outcome results for 5 input training samples
Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

0.5

0.5

0.5

0.5

0.6

0.6

4

4

4

1

4

0.9

0.9

0.9

0.9

0.9

0.9

1

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

3

3

1

3

0.6

0.9

0.9

0.9

0.9

0.9

4

2

1

1

1

1

1

1

0.5

0.7

0.7

1

1

2

1

2

Table (5.14): ANFIS outcome results for 10 input training samples
Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

0.5

0.5

0.5

0.5

0.6

0.6

4

4

4

1

2

0.9

0.9

0.9

0.9

0.9

0.9

2

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

3

3

1

3

0.6

0.9

0.9

0.9

0.9

0.9

4

3

1

1

1

1

1

1

0.5

0.7

0.7

1

1

3

1

1

Table (5.15): ANFIS outcome results for 15 input training samples
Load profile as % of peak load (SS)

capacitors tap position

SS1

SS2

SS3

SS4

SS5

SS6

C1

C2

C3

C4

C5

0.5

0.5

0.5

0.5

0.6

0.6

4

4

4

1

2

0.9

0.9

0.9

0.9

0.9

0.9

1

1

1

1

1

0.5

0.5

0.5

0.9

0.7

0.7

4

3

2

1

1

0.6

0.9

0.9

0.9

0.9

0.9

2

1

1

1

1

1

1

1

0.5

0.7

0.7

1

1

1

1

1
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5.3.3. Capacitor switching comparison study
To compare results, limited pattern that obtained from previous
works has been used. The training and testing processes are used 15 and 5
samples respectively. Table (5.16) and Figures (5.19) – (5.23) show results
of real capacitor size that obtained from [56] and the proposed ANFIS and
neural network estimated techniques.
Table (5.16): Capacitor setting comparison, 30-buses feeder
Case

Optimal capacitor setting (kVAr)
Optimum results [56]

1
2
3
4
5

392
789
435
475
780

c1

c2

c3

c4

388
875
495
830
830

284
500
401
500
500

750
750
750
750
750

562
600
600
600
600

NN. Results

c5
350
700
350
525
875

c1

c2

c3

c4

350
875
350
875
875

350
500
425
500
425

750
750
750
750
750

600
600
525
600
600

ANFIS results
c5

c1
350
875
350
525
875

800

Col 1: optimum value
Col 2:NN results
Col 3: ANFIS results

capacitor setting

400

200

0
1

2

3

4

5

controled capacitor

Fig. ( 5.19): Case 1 capacitor setting value comparison
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c3

c4

350 275 750 600
875 500 750 600
525 425 750 600
875 500 750 600
875 500 750 600

case 1

600

c2

c5

case 2
1000
Col 1: optimum value
Col 2:NN results
Col 3: ANFIS results
800

capacitor setting

600

400

200

0
1

2

3

4

5

controled capacitor

Fig. (5.20): Case 2 capacitor setting value comparison
case 3
800

Col 1: optimum value
Col 2:NN results
Col 3: ANFIS results

700

capacitor setting

600

500

400

300

200
1

2

3

4

5

controled capacitor

Fig. (5.21): Case 3 capacitor setting value comparison
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case 4
1000
Col 1: optimum value
Col 2:NN results
Col 3: ANFIS results

capacitor setting

800

600

400

200
1

2

3

4

5

controled capacitor

Fig. (5.22): Case 4 capacitor setting value comparison

case 5
1000
Col 1: optimum value
Col 2:NN results
Col 3: ANFIS results

capacitor setting

800

600

400

200
1

2

3

4

5

controled capacitor

Fig. (5.23): Case 5 capacitor setting value comparison
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In the comparison of the two techniques, the error is accepted as the
difference between the obtained output and the target output. In training of
the data, ANFIS gives results with the minimum total error compared to
RBNN. The learning duration of ANFIS is very short than neural network
case. It implies that ANFIS reaches to the target faster than neural network.
When a more sophisticated system with a huge data is imagined, the use of
ANFIS instead of neural network would be more useful to overcome faster
the complexity of the problem. So it can be said that ANFIS is better
system for the capacitor control problem than neural networks.

5.4. Transient Overvoltage during Capacitor Switching
One of the major concerns in the power system restoration is the
occurrence of overvoltages as a result of switching procedures. These can
be classified as transient overvoltages, sustained overvoltages, and
harmonic resonance overvoltages. This research concentrates on the
estimation of transient overvoltages during capacitor energization.

5.4.1. First case study
The first sample feeder considered for explanation of the proposed
technique is the 9-bus radial distribution feeder with a 23 kV taken as a
base voltage and 20 MVA as a base power. Simulation presented here is
performed using PSB, the MATLAB simulink –based simulation tool. In
the proposed method first, studied system must be converted to
equivalent circuit (i.e., values of equivalent resistance, equivalent
inductance, and equivalent capacitance are calculated). These values are
used in PSB with other parameters (switching time, capacitor bus
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voltage, and capacitor capacity) to calculate the transient overvoltage
during switching.

Using the PSB, we can change these parameters and get the resulted
transient overvoltage. These parameters and the resulted transient
overvoltages are used as a pair of input / output training data to RBNN.
An RBNN is programmed by presenting it with training set of input/
output patterns from which it can learn the relationship between the
inputs and outputs. Figs. (5.24) - (5.28) show the switching transient at
bus 4 when capacitor is energized using PSB.

Fig. (5.24) Switching transient voltage at bus 4 of 9-bus radial feeder
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Fig. (5.25): Simulated phase to phase voltages during energizing of
capacitor bank

Fig. (5.26):Simulated currents during energizing of capacitor bank

134

Fig. (5.27): Inrush voltage and current,closing near the peak voltage

Fig. (5.28): Inrush voltage and current, closing near zero closing
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The results of PSB show that, the largest value of the voltage and the
current occurs when switching near the voltage peak. The values of the
voltage reached 2.04 p.u. and the current reached 1.198 p.u.

For testing trained RBNN, values of voltage at capacitor bus (bus 4)
before switching, switching angle, and capacitor capacity are varied and
in each case, overvoltage peak values are calculated from trained RBNN.
Table (5.17) contains some sample training data for the 9-bus feeder to
train the RBNN and table (5.18) contains samples of testing data which
presents the small error percent.

Table (5.17): RBNN samples training data, 9-buses feeder

V (P.U)

S.A. (deg.)

C (kVAR)

VPSB (P.U)

0.948

90

2250

1.103

0.951

75

2100

1.0916

0.96

45

1800

1.081

0.969

30

1350

1.07

0.975

10

1050

1.052

V: capacitor bus voltage before switching, S.A.: switching angle, C:
shunt capacitor capacity, VPSB: transient overvoltage calculated by power
system blockset- matlab simulink program.
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Table (5.18): RBNN samples testing data, 9-buses feeder

V (P.U)

S.A. (deg.) C (kVAR)

VRBNN

VPSB (P.U) Error %

(P.U)
0.955

50

1950

1.081

1.085

0.360

0.963

30

1500

1.072

1.074

0.186

0.972

20

1200

1.061

1.064

0.281

VRBNN: the output transient overvoltage estimated by trained RBNN

Fig. (5.29) shows the small difference between the transient
overvoltage calculated by the power system blockset simulink and the
estimated overvoltage by the RBNN.
Col 1: V (PSB) P.U.
Col 2 : V (RBNN) P.U.

TRANSIENT OVER VOLTAGE

1.10

1.05

1.00

0.95

0.90

0.85

0.80
1000

1200

1400

1600

1800

2000

2200

C (kVAR)

Fig. (5.29) transient overvoltages comparison results, 9-bus feeder
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As discussed above for an existing system the main factors which
affect the peak values of switching overvoltage are capacitor bus voltage,
switching time, and capacitor capacity. Here it should be mentioned that
a single parameter often cannot be regarded independently from the
other important influencing factors. The magnitude of the overvoltages
normally does not depend directly on any single isolated parameter and a
variation of one parameter can often alter the influence of another
parameter. So an RBNN can help to estimate the peak values of
switching overvoltages which will be helpful to the operator. The
presented neural network gives the peak overvoltages in a shortest
computational time which is the requirement during online operation of
power systems.

5.4.2. Second case study
In this section, the proposed algorithm is demonstrated for a portion
of 39-bus New England test system listed in

[85]

. The simulations are

undertaken on a single phase representation. The sample system considered
for explanation of the proposed methodology is a 400 kV network. The
normal peak value of any phase voltage is 400√2/√3 kV and this value is
taken as base for voltage p.u. In the system studies 400 kV line-to-line base
voltage and the base power is considered 100 MVA. Fig. (5.30) shows a
radial portion of 39- bus New England test system.

Fig. (5.30): Studied system for case 2
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In the proposed method, studied system must be converted to
equivalent circuit, i.e., values of equivalent resistance, equivalent
inductance, and equivalent capacitance are calculated. These values are
used in PSB with other parameters to calculate the transient overvoltage
during switching.

First, equivalent circuit of this system, seen behind bus 16, is
determined and values of equivalent resistance, equivalent inductance,
and equivalent capacitance are calculated Fig. (5.31). In this case,
equivalent parameters are 0.00385 p.u., 0.03129 p.u., and 2.0674 p.u.,
respectively.

Fig. (5.31): Equivalent circuit for tested case

These values are used in PSB with other parameters (switching time,
capacitor bus voltage, and capacitor capacity) to calculate the transient
overvoltage during switching Fig. (5.32). Using the (PSB), we can
change these parameters and get the resulted transient overvoltage.
These parameters and the resulted transient overvoltages are used as a
pair of input / output training data to RBNN.

For testing trained ANN, values of voltage at capacitor bus (bus 19)
before switching, switching angle, and capacitor capacity are varied and
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in each case, overvoltages peak values are calculated from trained ANN.
Table (5.19) contains some sample training data for the tested case to
train the RBNN and table (5.20) contains samples of testing data. It can
be seen from the results in Fig. (5.33) that, the ANN is able to learn the
pattern and give results with acceptable accuracy.

Fig. (5.32): Voltage at bus 19 after capacitor switching

Table (5.19): RBNN samples training data, 39-buses case
V (P.U)

S.A. (deg.)

C (MVAR)

VPSB (P.U)

0.778

20

30

1.258

0.947

20

30

2.219

1.006

20

30

2.379

0.856

30

30

1.519

0.997

30

30

2.091

0.884

15

40

1.859

0.892

65

5

1.270

0.901

45

15

1.365

0.902

75

5

1.187

0.905

55

40

2.241
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Table (5.20): RBNN samples testing data, 39-buses case

V (P.U)

S.A. (deg.) C

VRBNN

(MVAR)

VPSB (P.U) Error %

(P.U)

0.768

10

17

1.084

1.102

1.72

0.831

50

35

1.632

1.586

2.74

0.895

90

33

1.849

1.824

1.35

0.937

30

12

1.28

1.24

3.3

2.0
1.8
1.6

Vp.u

1.4
1.2
1.0
0.8

V (PSB)
V (ANN)

0.6
0

1

2

3

4

5

case number

Fig. (5.33) transient overvoltages comparison results, 9-bus feeder

From the results obtained from the scheme of this method it can be
concluded that results are close to results achieved from the conventional
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method and is applicable in predicting the overvoltages of the other case
studies within the range of training set.

5.5. Suppression of the Capacitor Switching Transient
Capacitor switching transients are harmful to the capacitor and the
switching device. For reducing these transient phenomena,

a

Capacitor

Energizing Transient Limiter (CETL) will be proposed. The proposed
CETL can automatically provide high impedance at the instant of capacitor
energizing, thus, the switching transients can be effectively suppressed.
The operating condition of the proposed circuit can be divided into two
states: the charging suppressive mode and the steady state with its initial
transient. During the charging suppressive mode, a pair of diode strings
conducts automatically and then the DC reactor provides high impedance at
the instant of switching on in order to suppress the capacitor energizing
transients. During the steady state with its initial transient, all diodes of the
bridge rectifier conduct simultaneously and the limiter freewheels;
therefore the limiter acts as a short circuit and has no effect.
The capacitor’s energizing transients will shorten the lifetime of the
capacitor and damage the contacts of the switching device such as a circuit
breaker or electromagnetic switch. Thus, some standards have been
formulated to restrict the magnitude, times and duration of the energizing
transients [86, and 87]. To date, there are several approaches for suppression of
the capacitor’s switch-on transients:
 Series current limiting reactor [88].
 Switch pre-insertion resistor/inductor [88, and 89].
 Synchronous closing control method [90,
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and 91]

.

 Power electronics control method [92].

The above approaches work in one of two ways; Either they increase
the line impedance at the instant of switching on, or they close the switch
when the magnitude of the voltage across the switch is zero. Approaches 1
and 2 belong to the way 1 and the others to 2. However, it is necessary to
consider that the fixed reactor may cause system resonance and raise the
rated voltage of the capacitor, in case of approach 1. Besides approach 1,
the other methods need to have an additional control circuit, which will
increase the cost and complexity and reduce reliability. Hence, this
research proposes a rectifier type CETL so as to suppress the energizing
transients without adding impedance during the steady state. The
configuration of the proposed limiter has been widely used as a fault
current limiter to suppress the power system fault current when a fault
occurs in the power transmission network [90, and 91] and has also seen use as
an inrush current limiter to restrain the transformer inrush current

[93]

. The

advantages of the proposed limiter are listed as follows:

 Although the DC reactor is used to suppress the energizing
transients, there is no system-resonance problem, and the addition of
the reactor does not necessitate an increased voltage rating of the
capacitor in the steady state.
 The configuration of the circuit is simple and reliable.
 There is no need for any additional control or detection circuit, and
thus the cost is low.
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5.5.1. Principle of the circuit operation
As for mitigating the energizing transients to avoid damage to the
three-phase capacitor, the proposed CETL is inserted into each phase to
suppress the inrush current and transient overvoltage, as shown in Figure
(5.34). For the sake of simplification, the single-phase circuit is analyzed
to describe the operating principle of the proposed circuit, as shown in
Figure (5.35). A CETL is mainly composed of a DC reactor, which is
made from a silicon steel iron core inductor, a bridge rectifier and a DCbias voltage source. Its two operation states are described as follows.

Fig. (5.34): Installation of the CETL in a three-phase distribution system.

Fig. (5.35): Single-phase circuit diagram of CETL.
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The CETL with a full-wave rectifying compensating voltage system is
generally installed at the customer’s side, and in each phase of a threephase power system. The system diagram is shown in Figure (5.36),
where CH and CL stand for the capacitance of the switched utility HV
capacitor bank and the customer LV PFC capacitor, respectively.

Fig. (5.36): Location of the proposed CETL
 Charging suppressive mode
When a pair of diode strings (D1 and D3 or D2 and D4) conducts at
the instant of switching on, the capacitor current flows through DC
reactor Ld , and the magnitudes of the inrush current and transient
overvoltage will be suppressed greatly. The circuit diagram is
shown in Figure (5.37).
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Fig. (5.37): Circuit diagram of CETL in the charging suppressive
mode.

 Steady state with its initial transient
After completing the suppression of energizing transients, DC
reactor Ld discharges because of the energy consumption of its coil
resistance and the forward voltage drop in a pair of diode strings, and
then all diodes (D1 to D4) turn on simultaneously. During this
discharging period, the CETL freewheels and the DC reactor is
bypassed automatically; thus the CETL acts as a short circuit and has
no effect. The capacitor current flows through the path of the turn-on
diodes, as shown in Figure (5.38).
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Fig. (5.38): The CETL in the steady state with its initial transient
when id is equal to or higher than the peak of ic.

After the DC reactor has been discharged, the DC reactor current
reaches the capacitor current, and the DC reactor charges and
discharges repeatedly in the steady state without the use of a DC-bias
voltage source. As a result, the waveform of the capacitor current is
distorted. For the lessening of the current distortion the DC reactor is
placed in series with a DC-bias voltage source, whose supply is a
full-wave rectifying voltage obtained from a step-down potential
transformer; this set-up will overcome the voltage drop in the DC
reactor and that in one pair of rectifier diode strings and keep the
bridge diodes conducting continuously. The DC reactor current,
supplied by the bias voltage source, is similar to a DC current with
negligible ripple, and it leads to a short circuiting of Ld . To adjust
the magnitude of the DC reactor current so that it will be equal to or
slightly higher than the peak value of the capacitor current, the CETL
then acts as a short circuit and has no effect in the steady state.
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CHAPTER 6
CONCLUSION

6.1. Introduction
A mathematical model has been developed for full economical and
technical evaluation for capacitor placement in radial distribution
systems. The presented algorithm treated with any radial distribution
feeders to achieve maximum annual saving resulting from reduction in
both energy and peak power losses, the optimal capacitor placement is
limited by voltage constraints to decrease the voltage drop and
avoiding over voltage problems. The capacitor placement problem has
been formulated as the maximization of the savings resulted from
reduction in both peak power and energy losses considering capacitor
installation cost and maintaining the buses voltage within acceptable
limits. After an appropriate analysis, the optimization problem was
formulated in a quadratic form.

6.2. Solution Methodology for Capacitor Placement Problem
Firstly, the optimum locations and sizes of capacitors have been
determined for various load profiles using heuristic and quadratic
programming solution methods. A new combinatorial heuristic and
quadratic programming technique has been presented to solve the
capacitor placement problem by means of MATLAB software.
Heuristic rules have been developed to determine the probable
capacitor locations in a distribution system. A quadratic programming
search technique has been proposed to determine the optimum
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locations from these probable capacitor locations and the sizes of
capacitors at these locations.

The proposed strategy was applied on two different radial
distribution feeders with 9 and 22-buses respectively. For both tested
cases, the proposed methodology delivered better solutions indicated
by optimizing annual savings. The results have been compared with
previous works. The comparison showed the validity and the
effectiveness of this strategy.

Secondly, the capacitors switching state has been estimated. So,
two artificial intelligence techniques for predicting the capacitor
switching state in radial distribution feeders have been presented; one
is based on RBNN and the other is based on ANFIS. The proposed
techniques have been applied to 23 kV, 30-bus radial distribution
system. The ANFIS technique gives results with the minimum total
error compared to RBNN. The learning duration of ANFIS was very
short than neural network case. It implied that ANFIS reaches to the
target faster than neural network. So it can be said that ANFIS is
better system for the capacitor control problem than neural networks.

Thirdly, an artificial intelligence (RBNN) approach for estimation
of transient overvoltage during capacitor switching has been
presented. The PSB, a MATLAB simulink based simulation tool has
been used for computation of transient overvoltages. These results
have been used as a training tool for the artificial intelligence
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approach to give the estimated overvoltages with a minimum error in
a short computational time.

Finally, a capacitor switching transient limiter has a simple
configuration and no need for any additional control circuit has been
presented. The CETL can automatically insert into the circuit and
provide high impedance to reduce the switching transients when the
capacitor is energized.

6.3. Advantage of the Proposed Algorithm
1- The proposed combinatorial approaches are more reliable
where; it can be applied to large-scale distribution systems.
2- It can achieve global optimal solution.
3- More practical than other methods where realistic sizes and
locations for shunt capacitors are considered.
4- No voltage violation, due to the addition of capacitors, is
allowed by the algorithm.
5- When this method was applied to a studied feeder cases, it
provided better saving results compared to other methods.
6- ANFIS is better system for the capacitor control problem than
neural networks.
7- A good results for estimating transient overvoltages with a
minimum error in a short computational time using radial basis
neural network.
8- The proposed CETL can automatically provide high impedance
at the instant of capacitor energizing, thus, the switching
transients can be effectively suppressed.
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6.4. Proposed Future Work
 Modifying the mathematical model to consider harmonic
distortion.
 Modifying the mathematical model to consider the switched
capacitor in the objective saving function.
 Developing a solution method for the capacitor placement
problem based on adaptive hybrid system.


Identification

of

capacitor

switching

transients

with

consideration of uncertain system and component parameters.
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APPENDIX A
MATHEMATICAL MODEL DEDUCTION AND TABLES OF
STUDIED FEEDERS DATA
A.1.Calculation of the active power loss before compensation
v = Z i = it Z

(A.1)

s = v i*

(A.2)

s = it Z i *

(A.3)

i = ip – j iq

s

(A.4)

=

p

–

j

q

(A.5)
Z=R+jX
p – j q = ( itp

(A.6)
–

j itq ) ( R + j X ) ( ip + j iq )

(A.7)
The active power loss equal the real part of the right hand side of
equation ( A.7 ) So that :
PLo = itp R ip + itq R iq
(A.8)

where :
Z : the feeder impedance matrix .
j X : the feeder reactance matrix .
R : the feeder resistance matrix .
i : the column vector of total currents flowing into each node .
i * : the conjugate of the column vector of currents.
it : the transpose of the column vector of currents.
v : the column vector of voltage at each bus.
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PLo : the active power loss before compensation.
ip : the column vector of the active component of current.
itp

: the column vector transpose of the active component of current.

iq

: the column vector of the reactive component of current.

itq : the column vector transpose of the active component of current.
A.2.System parameter matrices:
 Resistance and reactance feeder matrix:
 R1

 R1
R
 1
 R1

 .
 .

 .
 .

 .
R
 1

 X1

 X1
X
 1
 X1

 .
 .

 .
 .

 .
X
 1
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.

.

.
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.
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.
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.
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X6

.

.

.

Where
R1 = r1 , R2 = r1 + r2 , R3 = r1 + r2 +r3 ,
Rn = r1 + r2 +r3 +…………+rn
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R1 

R2 
R3 

R4 

R5 
R6 

. 
. 

. 
Rn 

X1 

X2 
X3 

X4 

X5 
X6 

. 
. 

. 
X n 

r1 , r2 ,r3 ,…………,rn
feeder.

the feeder sections resistance for “n” section

X1 = x1 , X2 = x1 + x2 , X3 = x1 + x2 +x3 ,
Xn = x1 + x2 +x3 +…………+xn
x1 , x2 ,x3 ,…………,xn the feeder sections reactance for “n” section
feeder.
 Voltages and Currents Vectors

 iq1 
 
 iq 2 
i 
 q3 
 . 
 
.
iq   
 . 
 
 . 
 . 
 
 . 
i 
 qn 

 ic1 
 
 ic 2 
i 
 c3 
 . 
 
.
ic   
 . 
 
 . 
 . 
 
 . 
i 
 cn 

 v1 
 
 v2 
v 
 3
 . 
 
.
v 
 . 
 
 . 
 . 
 
 . 
v 
 n

ip1
 
ip2
i 
 p3
.
 
.
ip  
.
 
.
.
 
.
i 
 pn

where :
iq1, iq2 iq3, ………… …... iqn are the load reactive currents.
ip1, ip2 ip3, …………...…….. ipn are the load active currents.
ic1, ic2 ic3, ………..... icn are the installed capacitor currents.
v1, v2 v3, ………………….. vn are the bus voltages.
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Table (A.1): Nine-bus feeder data

Feeder

R

X

P

Q

Section no

ohm / phase

Ohm / phase

(kW)

(kVAr)

0-1

0.1233

0.4127

1840

460

1-2

0.0140

0.6051

980

340

2-3

0.7463

1.2050

1790

446

3-4

0.6984

0.6084

1598

1840

4-5

1.9831

1.7276

1610

600

5-6

0.9053

0.7886

780

110

6-7

2.0552

1.1640

1150

60

7-8

4.7953

2.7160

980

130

8-9

5.3434

3.0264

1640

200
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Table (A.2): The 22 - bus feeder data

Feeder

R

X

Length

Sec End

Section no ohm / phase

Ohm / phase

km

load kVA

0-1

0.53

0.778

2.596

26

1-2

0.037

0.071

0.178

22

2-3

0.224

0.428

0.9

28

3-4

0.262

0.499

1.247

212

4-5

0.176

0.335

0.837

44

5-6

0.1

0.19

0.475

271

6-7

0.174

0.332

0.831

260

7-8

0.174

0.332

0.831

271

8-9

0.174

0.332

0.831

124

9-10

0.1

0.19

0.475

24

10-11

0.15

0.285

0.713

272

11-12

0.096

0.183

0.457

154

12-13

0.274

0.522

1.306

73

13-14

0.075

0.142

0.356

126

14-15

0.025

0.048

0.119

306

15-16

0.025

0.048

0.119

41

16-17

0.05

0.096

0.238

41

17-18

0.025

0.048

0.119

241

18-19

0.025

0.048

0.119

46

19-20

0.05

0.096

0.238

41

20-21

0.075

0.143

0.357

36

21-22

0.075

0.143

0.356

369
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Table (A.3) : Possible Choice of Capacitor sizes and Cost ($ / kVAr)
No.
1
2
3
4
5
6
7

Capacitor size
Qc ( kVAr )
150
300
450
600
750
900
1050

Capacitor cost
$ / kVAr
0.5
0.35
0.253
0.22
0.276
0.183
0.228

8

1200

0.17

9
10

1350
1500

0.207
0.201

11
12

1650
1800

0.193
0.187

13
14

1950
2100

0.211
0.176

15
16
17
18
19

2250
2400
2550
2700
2850

0.197
0.170
0.189
0.187
0.183

20

3000

0.180

21

3150

0.195

22
23

3300
3450

0.174
0.188

24
25

3600
3750

0.170
0.183

26
27

3900
4050

0.182
0.179
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Table (A.4): The 30 - bus feeder data
Feeder

R

X

Section no

ohm / phase

Ohm / phase

P

Q

(kW) (kVAr
)

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
8-15
15-16
16-17
6-18
18-19
19-20
6-21
3-22
22-23
23-24
24-25
25-26
26-27
1-28
28-29
29-30

0.5096
0.2191
0.3485
1.1750
0.5530
1.6625
1.3506
1.3506
1.3259
1.3259
3.9709
1.8549
0.7557
1.5389
0.4752
0.7282
1.3053
0.4838
1.5898
1.5389
0.6048
0.5639
0.3432
0.5728
1.4602
1.0627
1.5114
0.4659
1.6351
1.1143

1.7030
0.0118
0.3446
1.0214
0.4806
0.9365
0.7608
0.7608
0.7469
0.7469
2.2369
1.0449
0.4257
0.8669
0.4131
0.4102
0.7353
0.4206
1.3818
0.8669
0.5257
0.5575
0.3393
0.4979
1.2692
0.9237
0.8514
0.0251
0.9211
0.6277
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0
522
0
936
0
0
0
0
189
0
336
657
783
729
477
549
477
432
672
495
207
522
1917
0
1116
549
792
882
882
882

0
174
0
312
0
0
0
0
63
0
112
219
261
243
159
183
159
144
224
165
69
174
639
0
372
183
264
294
294
294

