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ABSTRACT 

As the number of electric vehicles increases, fast charging becomes a necessity in the 

electric service stations; not only to reduce the charging and waiting times for electric 

vehicles whether in service or in a queue, but also to increase their commercial benefits by 

increasing their utilization rates. Fast charging stations are characterized by their high-

power consumption from the electric grids to fulfill these aforementioned aims. Times and 

periods of that consumption are indeterminate due to several uncertain parameters that are 

inherent in the electric vehicles charging process, such as their numbers, their battery 

capacities, their state-of-charge levels at time of arrivals, and their time of arrivals, which 

may all lead to a degradation in the quality of electric power delivered to the customers. 

The research presented in this thesis focuses on the impacts of fast charging stations on 

three power quality phenomena, namely voltage magnitude variations, voltage unbalance, 

and voltage fluctuation. The Markov Chain Monte Carlo is proposed to estimate the 

required energy from each fast charging station when it is utilized to charge the electric 

vehicles, considering their stochastic parameters. Two charging methods are implemented 

in this work: charging with an estimated output power and charging with an actual output 

power. The results reveal that the impact of fast charging stations on voltage fluctuation by 

either of these charging methods can lead to light flicker. When the estimated output power 

is utilized, the light flicker is higher compared to when the actual output power is utilized. 

When the operation of Fast Charging Stations causes a voltage fluctuation and light flicker, 

the FCSs may get disconnected which results in a financial loses represented by the FCS 

downtime. The FCS downtime can be avoided by mitigating the voltage fluctuation and 

light flicker. Several flicker mitigation devices are analyzed and compared based on 

different criteria. The comparison reveals that distribution static compensators considers 

the cheapest mitigation device, according to the cost per kVAr basis and the total annual 

equivalent cost. Besides, to mitigate the impact on the voltage and light flicker, a novel 

smart charging is proposed in this study in which customers can select one of three charging 

services available in the fast chargers: premium, regular, or economic charging power. The 

charging power is selected upon customer priority toward the time and cost which offers 

less control than those currently available in the literature. The proposed smart charging 

preserves the balance of customer's value of time and value of cost. The proposed smart 

charging achieves a tremendous reduction in the cost of mitigation the voltage fluctuation 

and light flicker. Annual cost of the proposed smart charging is less than the annual cost of 

distribution static compensators by a minimum of 90% to a maximum of 99 %. The 

proposed smart charging offers a compromise solution to satisfy several stakeholders with 

different interests. Thus, equipment of system’s operator, investor of fast charging station, 

nearby customers, and owners of electric vehicles will not be impacted by integrating the 

fast charging station. 

 

 

Keywords: Fast Charging Station; smart charging; voltage fluctuation; light flicker; 

DSTATCOM 
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LIST OF ABBREVIATIONS AND SYMBOLS  

Acronyms  

FCSs Fast charging stations 

EVs Electric vehicles 

PHEVs Plug-in hybrid electric vehicles 

HEVs Hybrid electric vehicles 

PBEVs Plug-in battery electric vehicles 

SVCs Static var compensators 

TSCs Thyristor switched capacitors 

FC/TCRs Fixed capacitors/thyristor-controlled reactors 

DSTATCOMs Distribution static compensators 

DVRs Dynamic voltage restorers 

UPQCs Unified power quality conditioners 

BESUs Battery energy storage units 

SCs Synchronous condensers 

VRs Voltage regulators 

ILs Incandescent lamps 

HLs Halogen lamps 

DLs Discharge lamps 

FLs Fluorescent lamps 

CFLs Compact fluorescent lamps 

LEDs Light-emitting diodes 

OLEDs Organic light-emitting diodes 

APTM  Average power time mismatch 

ASC  Average silhouette coefficient 

AWG  American wire gage 

PCA  Principle component analysis 

MCMC Markov chain Monte Carlo 

MCS Monte Carlo simulation 

SDF Standard distribution function  

ANSI The American national standard 

SOC  State-of-charge 

SSE  Sum of squares error 

  

Indices  

𝑖𝑡ℎ Index of hours 

𝑑𝑡ℎ Index for a day number 
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𝑔𝑡 Index for clusters 

𝑏𝑡ℎ Index for climate zones 

𝐶𝑡ℎ Index for cities 

𝑖 Index for FCS, 𝑖 = 1,2, … . . 𝑓 

𝑓 Total number of considered fcss 

  

Parameters  

𝛬𝑦 The total annual equivalent cost, $/𝑦𝑒𝑎𝑟 

ℂ𝑦 The annual equivalent cost of capital invested, $/𝑦𝑒𝑎𝑟 

ℳ𝑦 The annual equivalent cost of maintenance, $/𝑦𝑒𝑎𝑟 

𝜁 The first cost of installed flicker mitigation device, $ 

𝒮 The estimated salvage value at the end of the device useful life, $ 

𝜇′ The capital recovery factor 

ℓ′ The single-payment discount factor 

𝜆 The fixed charge rate, % 

𝜂 The useful life in years (flicker mitigation device lifetime), years 

𝛤 The cost per unit of installed flicker mitigation device, $/𝑘𝑉𝐴𝑟  

𝛺 The salvage value per kvar at the end of 𝜂, $/𝑘𝑉𝐴𝑟  

𝜑 The operating range of the flicker mitigation device, 𝑀𝑉𝐴𝑟  

𝛤𝑈𝑃𝑄𝐶  The per unit cost of the Unified Power Quality Conditioner, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀  The per unit cost of the Distribution Static Compensator, ($/𝑘𝑉𝐴𝑟) 

𝛤𝑇𝑆𝐶  The per unit cost of the Thyristor Switched Capacitor, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐹𝐶𝑇𝐶𝑅  
The per unit cost of the Fixed Capacitors/Thyristor Controlled Reactors, 
($/𝑘𝑉𝐴𝑟) 

𝛤𝐷𝑉𝑅 The per unit cost of the Dynamic Voltage Restorer, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐹𝑆𝐶  The per unit cost of the Fixed Series Capacitor, ($/𝑘𝑉𝐴𝑟) 

𝜑𝑈𝑃𝑄𝐶  The operating range of the Unified Power Quality Conditioner, 𝑀𝑉𝐴𝑟 

𝜑𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀  The operating range of the Distribution Static Compensator, 𝑀𝑉𝐴𝑟 

𝜑𝑇𝑆𝐶  The operating range of the Thyristor Switched Capacitor, 𝑀𝑉𝐴𝑟 

𝜑𝐹𝐶𝑇𝐶𝑅  
The operating range of the Fixed Capacitors/Thyristor Controlled Reactors, 

𝑀𝑉𝐴𝑟 

𝜑𝐷𝑉𝑅 The operating range of the Dynamic Voltage Restorer, 𝑀𝑉𝐴𝑟 

𝜑𝐹𝑆𝐶  The operating range of the Fixed Series Capacitor, 𝑀𝑉𝐴𝑟 

𝛾 The maintenance cost in percent of the first cost, (%)  

𝒩𝐵𝑃𝐸𝑉  Number of electric vehicles in the system 

𝑥𝑝𝑒𝑛 
Share of electric vehicles with respect to the total number of vehicles in the 

system, 10% - 50% 

𝑛ℎ𝑜𝑢𝑠𝑒  Number of residential houses in the system, 750 houses 

𝑛𝑐𝑎𝑟  Number of vehicles per house, 2 vehicles/house  

𝑘𝑤ℎ𝐹𝐶𝑆 Energy required for vehicle 𝑣 from FCS, kwh 
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𝐿𝐹𝐶𝑆 Length of time with vehicle 𝑣 connected to the fast charger, minute 

𝜇𝑣 Battery capacity of vehicle 𝑣, kwh 

𝜂𝐹𝐶𝑆 Efficiency of the fast charger, % 

𝜗 Factor to convert hour into minutes 

𝛽𝑡
𝑝
 Premium charging power, kw 

𝛽𝑡
𝑟 Regular charging power, kw 

𝛽𝑡
𝑒 Economic charging power, kw 

𝒩𝑡
𝑝

 Number of PEV that charging using premium charging power at time 𝑡 

𝒩𝑡
𝑟  Number of PEV that charging using regular charging power at time 𝑡 

𝒩𝑡
𝑒  Number of PEV that charging using economic charging power at time 𝑡 

𝛽 Maximum charging power per port, kw 

𝑝 Factor to set the upper limits of premium charging power, % 

𝑝 Factor to set the lower limits of premium charging power, % 

𝑟 Factor to set the upper limits of regular charging power, % 

𝑟 Factor to set the lower limits of regular charging power, % 

𝑒 Factor to set the upper limits of economic charging power, % 

𝑒 Factor to set the lower limits of economic charging power, % 

𝒩𝐵𝑃𝐸𝑉  Number of PBEV in the system 

𝛬𝐹𝐶𝑆 Share of PBEV that uses FCS, 𝑝. 𝑢. 

𝜂𝑠 
Share of PBEV with small battery capacity 𝑠 charges at the FCS at time 𝑡, 
𝑝. 𝑢. 

𝜂𝑚 
Share of PBEV with medium battery capacity 𝑚 charges at the FCS at time 

𝑡, 𝑝. 𝑢. 

𝜂𝑙 
Share of PBEV with large battery capacity 𝑙 charges at the FCS at time 𝑡, 
𝑝. 𝑢. 

𝛼𝑡,𝑏𝑐,𝑝
𝑑𝑒  

Share of PBEV that have battery capacity 𝑏𝑐 charged using premium 

charging power at FCS at time 𝑡 and required departure time of 𝑑𝑒, 𝑝. 𝑢. 

𝛼𝑡,𝑏𝑐,𝑟
𝑑𝑒  

Share of PBEV that have battery capacity 𝑏𝑐 charged using regular 

charging power at time 𝑡 and required departure time of 𝑑𝑒, 𝑝. 𝑢. 

𝛼𝑡,𝑏𝑐,𝑒
𝑑𝑒  

Share of PBEV that have battery capacity 𝑏𝑐 charged using economic 

charging power at time 𝑡 and required departure time of 𝑑𝑒, 𝑝. 𝑢. 

𝒱𝐹𝐶𝑆
𝑠  Number of PEV with small battery capacity uses the FCS 

𝒱𝐹𝐶𝑆
𝑚  Number of PEV with medium battery capacity uses the FCS 

𝒱𝐹𝐶𝑆
𝑙  Number of PEV with large battery capacity uses the FCS 

ℒ𝑝𝑜𝑟𝑡𝑠 Number of ports in the fast charging station 

𝒱𝐹𝐶𝑆,𝑝
𝑣  A set of PEVs uses the premium charging power 

𝒱𝐹𝐶𝑆,𝑟
𝑣  A set of PEVs uses the regular charging power 

𝒱𝐹𝐶𝑆,𝑒
𝑣  A set of PEVs uses the economic charging power 

𝑠𝑜𝑐𝑡
𝑣 State-of-charge of vehicle 𝑣 at time 𝑡, % 

𝑠𝑜𝑐𝑡−1
𝑣  State-of-charge of vehicle 𝑣 at time 𝑡 − 1, % 

𝜇𝑣 Battery capacity of vehicle 𝑣, kwh 
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𝜗 Factor to convert hour into minutes 

𝜇𝑠 Capacity of small battery, 𝑘𝑤ℎ 

𝜇𝑚 Capacity of medium battery, 𝑘𝑤ℎ 

𝜇𝑙 Capacity of large battery, 𝑘𝑤ℎ 

𝑠𝑜𝑐𝑑𝑒𝑠,𝑝
𝑣  

Desired state-of-charge at the departure time 𝑡𝜈
𝑑𝑒 Of vehicle 𝑣 charging by 

premium power, % 

𝑠𝑜𝑐𝑑𝑒𝑠,𝑟
𝑣  

Desired state-of-charge at the departure time 𝑡𝜈
𝑑𝑒 Of vehicle 𝑣 charging by 

regular power, % 

𝑠𝑜𝑐𝑑𝑒𝑠,𝑒
𝑣  

Desired state-of-charge at the departure time 𝑡𝜈
𝑑𝑒 Of vehicle 𝑣 charging by 

economic power, % 

𝑠𝑜𝑐𝑡,𝑝
𝑣  State-of-charge of vehicle 𝑣 charging by premium power at time 𝑡, % 

𝑠𝑜𝑐𝑡,𝑟
𝑣  State-of-charge of vehicle 𝑣 charging by regular power at time 𝑡, % 

𝑠𝑜𝑐𝑡,𝑒
𝑣  State-of-charge of vehicle 𝑣 charging by economic power at time 𝑡, % 

𝑡𝜈
𝑑𝑒 The departure time of vehicle 𝑣 

𝛤 Relative voltage changes caused by FCS at point-of-common, % 

△𝒰 Voltage variation at point-of-common coupling, 𝑘𝑉 

𝒰𝑝𝑐𝑐 Nominal voltage at point-of-common, 𝑘𝑉 

△ 𝑆 Apparent power variation at point-of-common coupling, 𝑘𝑉𝐴 

△𝔓 Active power load change at point-of-common coupling, 𝑘𝑤 

△𝔔 Reactive power load change at point-of-common coupling, 𝑘𝑉𝐴𝑟 

△ 𝛪 Current load change at point-of-common coupling, 𝐴𝑚𝑝 

𝜃 Network impedance angle, degree 

𝜒𝑝𝑐𝑐  Network reactance at point-of-common, ohms 

𝑟𝑝𝑐𝑐  Network resistance at point-of-common, ohms 

ℱ 
Flicker time represents the flicker impression of a single voltage change, 

second  

𝜑 
Factor represents the waveform shape of voltage fluctuation, rectangular 

change  

ℓ Factor to comply with the flicker curve (Figure 9.8)  

𝛾 Coefficient to describe the source of disturbance  

𝜉 Summation of all flicker times, minute 

𝛺 Number of voltage dips per minute 

𝜁 Total time interval of all flicker times, second 

𝒯𝑝 The time it takes to charge 1kwh by premium power, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝒯𝑟  The time it takes to charge 1kwh by regular power, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝒯𝑒 The time it takes to charge 1kwh by economic power, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝛤𝑝 The per unit cost of the premium charging, ($/𝑘𝑤ℎ) 

𝛤𝑟 The per unit cost of the regular charging, ($/𝑘𝑤ℎ) 

𝛤𝑒  The per unit cost of the economic charging, ($/𝑘𝑤ℎ) 

𝔥 The per hour PBEV Fast charging cost, ($/ℎ) 

𝒞 The per minutes PBEV Fast charging cost, ($/𝑚𝑖𝑛. ) 
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ℂ𝑚𝑎𝑥  The maximum cost of charging a PBEV from FCS, $ 

𝛤𝐹𝐶𝑆 The per unit cost of fast charging, $/𝑘𝑤ℎ 

𝑆𝑜𝐶𝑚𝑎𝑥  The maximum allowable SOC for any PBEV, 𝑝. 𝑢. 

𝑆𝑜𝐶𝑚𝑖𝑛 The minimum allowable SOC for any PBEV, 𝑝. 𝑢. 

ℓ A percent to determine the maximum SOC, 𝑝. 𝑢. 

ℓ A percent to determine the minimum SOC, 𝑝. 𝑢. 

𝜇𝑣 Capacity of a PBEV battery, 𝑘𝑤ℎ 

𝜇𝑠 Capacity of a small battery, 𝑘𝑤ℎ 

𝜇𝑚 Capacity of a medium battery, 𝑘𝑤ℎ 

𝜇𝑙 Capacity of a large battery, 𝑘𝑤ℎ 

𝒱𝑆
𝐹𝐶𝑆 A set of PEVs with small battery capacity uses the FCS 

𝒱𝑚
𝐹𝐶𝑆 A set of PEVs with medium battery capacity uses the FCS 

𝒱𝑙
𝐹𝐶𝑆 A set of PEVs with large battery capacity uses the FCS 

𝕋𝑚𝑎𝑥  
The maximum time it takes a PBEV to be charged, from its minimum to its 

maximum state-of-charge, using FCS, (𝑚𝑖𝑛. ) 

𝒯𝐹𝐶𝑆 
The per unit time it takes to charge a PBEV, from its minimum to its 

maximum state-of-charge, using FCS, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝑞𝑖 
The 25th percentile of charging energy per charging event of FCS 𝑖 in a 

year, (𝑘𝑤ℎ) 

𝑞𝑖 
The 50th percentile of charging energy per charging event of FCS 𝑖 in a 

year, (𝑘𝑤ℎ) 

𝑞
𝑖
 

The 75th percentile of charging energy per charging event of FCS 𝑖 in a 

year, (𝑘𝑤ℎ) 

𝑢𝑙𝑖
𝑚𝑎𝑥 

The maximum of charging energy per charging event of FCS 𝑖 in a 

year, (𝑘𝑤ℎ) 

𝑙𝑙𝑖
𝑚𝑖𝑛  

The minimum of charging energy per charging event of FCS 𝑖 in a 

year, (𝑘𝑤ℎ) 

𝑄 
The average value of the first quartile of charging energy per charging event 

in a year, for 𝑓 number of fcss, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

Q 
The average value of the second quartile of charging energy per charging 

event in a year, for 𝑓 number of fcss, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

𝑄 
The average value of the third quartile of charging energy per charging 

event in a year, for 𝑓 number of fcss, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

UL𝑚𝑎𝑥 
The average value of the maximum of charging energy per charging event 

in a year, for 𝑓 number of fcss, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

LL𝑚𝑖𝑛 
The average value of the minimum of charging energy per charging event in 

a year, for 𝑓 number of fcss, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

𝛯 
The average number of annual charging events in 𝑓 number of fcss, 

(𝑒𝑣𝑒𝑛𝑡/𝑦𝑒𝑎𝑟) 

𝜀𝑖 The number of annual charging events in FCS 𝑖 

℧ 
The estimated 25th percentile value of annual charging energy for a FCS, 
(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

℧ 
The estimated 50th percentile value of annual charging energy for a FCS, 
(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

℧ 
The estimated 75th percentile value of annual charging energy for a FCS, 
(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

℧𝑚𝑎𝑥  
The estimated maximum value of annual charging energy for a FCS, 
(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 
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℧𝑚𝑖𝑛 
The estimated minimum value of annual charging energy for a FCS, 
(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

∁𝑅𝑒𝑏  
The 25th percentile annual rebate paid to customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

∁𝑅𝑒𝑏  
The median annual rebate paid to customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

∁
𝑅𝑒𝑏

 
The 75th percentile annual rebate paid to customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

∁𝑚𝑎𝑥
𝑅𝑒𝑏  

The maximum annual rebate paid to customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

∁𝑚𝑖𝑛
𝑅𝑒𝑏  

The minimum annual rebate paid to customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

𝓇 A uniform random number  

𝜂𝑠𝑚 Share of PBEV that utilize smart charging power at FCS, 𝑝. 𝑢. 

ℛ𝑅𝑒𝑣 
The 25th percentile annual revenue from customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑅𝑒𝑣 
The median annual revenue from customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

ℛ
𝑅𝑒𝑣

 
The 75th percentile annual revenue from customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑚𝑎𝑥
𝑅𝑒𝑣  

The maximum annual revenue from customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑚𝑖𝑛
𝑅𝑒𝑣  

The minimum annual revenue from customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑅𝑒𝑣,𝑟 Revenue from a customer when the regular charging power is utilized, $ 

∁𝑅𝑒𝑏,𝑟 Rebate paid to a customer when the regular charging power is utilized, $ 

𝑝𝑜𝑝 Optimal factor to set the limit of premium charging power, 𝑝. 𝑢. 

𝑟𝑜𝑝 Optimal factor to set the limit of regular charging power, 𝑝. 𝑢. 

ℛ𝑅𝑒𝑣,𝑒 Revenue from a customer when the economic charging power is utilized, $ 

∁𝑅𝑒𝑏,𝑒 Rebate paid to a customer when the economic charging power is utilized, $ 

𝑆𝑆𝐸 Sum of squares error,  

𝐴𝑃𝑇𝑀 Average power time mismatch,  

𝐴𝑆𝐶 The average silhouette coefficient 

𝑃𝑀𝐸𝐼 The Peak Magnitude Error Index, % 

𝑃𝑇𝐸 The Peak Time Error, hour 

𝑀𝐴𝑃𝐸 The Mean Absolute Percentage Error, % 

  

Variables  

𝜄𝑛 + 𝑗𝜍𝑛 Line impedance between buses n and n+1, ohm 

𝑖𝑛∠𝛼 Line current flows out of bus n after DSTATCOM installed, ampere 

𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀  Current injected by DSTATCOM, ampere 

∠ (𝜗𝑛+1 +
𝜋

2
) Phase angle of current injected by DSTATCOM, degree 

𝑄𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀  Reactive power injected by the DSTATCOM, kvar 

𝑈𝑛+1∠�̅�𝑛+1 Voltage at bus n+1 before DSTATCOM installed, volt 
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𝑈𝑛+1∠𝜗𝑛+1 Voltage at bus n+1 after DSTATCOM installed, volt 

𝑈𝑛∠𝜗𝑛 Voltage at bus n after DSTATCOM installed, volt 

𝑃𝑛 + 𝑗𝑄𝑛 Constant load connected at bus n, kw+ kvar 

𝑃𝑛+1 + 𝑗𝑄𝑛+1 Constant load connected at bus n+1, kw+ kvar 

𝑉𝑛
𝑖𝑡𝑟 The line-to-neutral voltage of node n in the current iteration, volt 

𝑉𝑛
𝑖𝑡𝑟−1 The line-to-neutral voltage of node n in the previous iteration, volt 

𝑉𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 The nominal phase voltage of node n, volt 
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Chapter 1. Introduction 

1.1 Motivation 

The number of electric vehicles is growing. According to [1], more than 700 million 

passenger vehicles existed in the world in 2010 and this number is forecasted to 

increase to 1.1 billion by 2030 and to 1.5 billion by 2050. In order to meet the energy 

demand required to use these vehicles, either petroleum production must increase to 

200% or automobiles will need to be operated by different means [1]. The first option 

is not preferable as a long-term solution; this is not only because it will lead to an 

exhaustion of the world’s fossil fuel resources, but it will also increase the pollution 

caused by Internal Combustions Engines which are used in conventional vehicles. In 

2016, nearly 70% of the total petroleum consumed in the United States (US) (13.89 

million barrels/per day) [2] were used for transportation with highway vehicles 

sharing nearly 60%. Figure 1.1 shows the carbon dioxide emissions for the world 

along with the US in one side and the transportation emissions for the US on the 

other side. The figure indicates that more than 28% of the transportation emission 

was produced by the passenger vehicles and trucks on US highways in 2016. Also, 

the uncertainty of oil prices, as depicted in Figure 1.2, is another motivation in 

finding alternative means to operate vehicles worldwide. Among the varying 

technologies (e.g. biofuels, compressed natural gas, hydrogen) that might be utilized 

to substitute fuel in vehicles, electricity will be a front-runner in powering the fleet 

of automobiles worldwide. According to [3], by 2040, it is predicted that electric 

vehicles (EVs) will share 33% of the global fleet and 55% of all new car sales. In 
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fact, according to statistics, EVs are currently on the road and sales have grown each 

year. Several factors are attributed to this increase including: an increase in battery 

capacity, a reduction in battery price, incentives to EVs buyers, and developing 

infrastructure whether in private (e.g. home charger) or public (commercial charger) 

places. 

 

Figure 1.1 Carbon Emission from Fossil Fuel Combustion in the Transportation Worldwide 

and in the U.S. 

Among these factors, public charging stations (e.g. Fast Charging Stations (FCSs)) 

represent the key in not only increasing the reliability of this new technology, but 

also in supporting the use of EVs for long-distance travel. FCSs must be supplied 

with high power relying mainly on the electric power system not only to minimize 

the charging time required to recharge EVs with large battery capacity, but to also 

fulfil the needs of other highway EVs. However, FCSs may increase the burden on 

the electric grids and affecting their voltage quality. In order to address the impact of 
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FCSs on the electric power distribution system, the following questions related to the 

stochastic nature of the EV charging process must be taken into consideration: what 

is the battery capacity of EVs? What is the battery State-Of-Charge (SOC) at its time 

of arrival? What is the EV time of arrival at the FCS? What is the rated power of the 

FCS? Admittedly, there is no certain answer for any of the first three questions. As a 

result, the effect of FCSs on the electric distribution system is quantified 

probabilistically. 

 

Figure 1.2 Prices of a Gallon of Gasoline and Barrel of Crude Oil 

1.2 Problem Statement 

From the perspective of stakeholders, FCSs are intended to meet various objectives 

such as reducing the charging and waiting time of EVs and supporting long-distance 

trips; with these needs met, the public will be able to rely on and adopt such 

technology [4]. From the perspective of the distribution power system, EVs are a 

major challenge due to the uncertainty in their consumption patterns or time of 
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demand, considering the distribution grid is mainly designed to serve specific 

patterns of electric power consumption. Although EVs are considered as mobile 

electric load, their impact on the electric power distribution system varies based on: 

the period of charging, the instant of charging, and the power drawn from the grid 

[5]. An FCS requires high power to charge EVs in a short period of time which may 

inflict stress on the aging electric power distribution system infrastructure currently 

in place.  Most FCSs are connected to the primary distribution system to fulfill the 

EVs expectation; however, this may lead to potential problems on distribution 

networks leading to violation to the existing standard. The aim is to investigate the 

quality of the service voltage in the presence of FCSs in the distribution grids. 

1.3 Research Objectives 

This main objectives of the research in this these can be outlined as follows: 

▪ Quantify the impact of the FCSs on the voltage fluctuation and light flicker 

and reduce that impact by mitigation technology selected based on defined 

criteria. 

▪ Propose a smart charging approach that has three characteristics: able to 

mitigate the impact of the FCS on the light flicker, able to preserve the 

balance of customer's value of time and value of cost, and not costly.  

▪ Highlight impact of the FCS on the system when the output power of FCSs 

are estimated, and when the output power of FCSs are actual. 
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▪ Developing probabilistic residential and commercial load profiles at different 

climate zones whereas these profiles are utilized to represent the base load in 

the system. 

1.4 Dissertation Outline 

Chapter 2 surveys the previous work related to the impacts of FCSs and outlines the 

existing techniques used to mitigate such impacts. 

Chapter 3 discusses the impacts of voltage fluctuation on the lighting technology.  

Chapter 4 introduces and compares different mitigation technologies utilized to 

reduce the voltage fluctuation and light flicker.   

Chapter 5 introduces an overview of the electric power distribution system, starting 

from the upstream components at the substation down to the customer service line, 

and the energy storage systems. 

Chapter 6 proposes new probabilistic models for two types of loads: commercial and 

residential loads in different climate zones. These loads are utilized in the electric 

distribution system under study. 

Chapter 7 proposes probabilistic models for two methods of charging: when the 

power profile of FCS is estimated and when the power profile of FCS is real.  

Chapter 8 develops and modifies the test system to encompass fast charging stations, 

commercial loads, and residential houses. Different scenarios were applied to 

quantify and mitigate the impact of the FCSs. 
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Chapter 9 presents the novel smart charging approach to mitigate the voltage 

fluctuation and light flicker. Also, uncontrolled charging method is modelled and 

compared with the smart charging.  

Chapter 10 proposes a generic cost of the smart charging under different penetrations.   

Chapter 11 highlights the key findings, research contributions, and outlines potential 

future works.  
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Chapter 2. Literature Review 

The aim of this chapter is to survey previous works related to the impact of fast 

charging station on electric power quality in the electric power distribution systems. 

2.1 Introduction 

The previous works shed light on EVs and their charging methods. Most of these 

works focused on the impact of home EV charging stations on the electric power 

distribution systems and their components [6]–[21]. Some studied looked at the 

impact of FCSs on electric power distribution systems and their components [20]– 

[46]. Although home chargers and FCS are connected to the distribution system, their 

output power varies considerably in favor of FCS. Moreover, FCSs are intended for 

commercial use and most FCSs are located close to the highways in order to be 

available to many customers contrary to the home chargers which are private and 

only used in the homes [22]. Electric vehicles battery packs can be charged with 

either an on-board or off-board charger. The former method uses low charging 

power, while the latter method uses high charging power [23]. The aim of this chapter 

is to survey previous works related to FCSs and their impact on the electric power 

quality. Several charging methods, their corresponding configurations, and their 

maximum output power are shown in Table 2-1. 

2.2 Fast Charging Station 

According to the literature, a FCS can be supplied by an AC power bus [24], DC 

power bus [25], or hybrid AC-DC power buses [26]. The impact of fast charging 

stations is generally studied on the electric power distribution system, on the MV 
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power distribution network as in Europe and most of the world,[27]–[32] and on the 

LV power distribution network as in North America [33]–[35]. Installing the FCS in 

LV is preferable because it will reduce energy loss by reducing the required 

line/cable (length) in LV and hence minimize the operating and installation costs 

[36]. Both the benchmark distribution test system [37] and the real system [38] are 

utilized to address the impact of fast charging stations. Different time resolutions 

were considered in quantifying the impact of FCS ranges from an hourly basis [39] 

to a per minute scale [40]. The objective of previous works related to fast charging 

stations can be categorized into three aspects: 1) optimum planning [41]–[44], 2) 

robust design for power components [45], and power quality issues [46]–[49]. The 

previous works related to the impact of FCSs on power quality is reported below. 

 
Figure 2.1 shows different aspects utilized to structure the current chapter.  

Aspects considered in reviewing 
previous works 

Volateg 
Assessment, 

i.e.,

Voltage 
Variation

Voltage 
Unbalance

Volatge 
Fluctuation

Charging 
Parameters, 

i.e.,

Type of EVs

Arrival Time 
at FCS

Daily Distance 
Travelled

Time Scale 

Output Power 
of FCS

Mitigation 
Technology, 

i.e.,

Energy 
Storage

Mechanical 
Energy 
Storage

Electrostatic 
Energy Storge

Chemical 
Ebergy 
Storage

Dstatcoms
Smart 

Charging
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Table 2-1 Different Charging Levels and their Characteristics [50] 

Charger 

Level  

Port Terminal 

Voltage 

Maximum  

Power kW 

Required 

Charging Time 

System-Level  

Connection 

AC Level 1 120 V, 1-ph 2 10-13 H Residential/Commercial 

Secondary Customer 

120 and 240 V 

AC Level 2 240 V, 1-ph 20 1-4 H 

AC Level 3 240 V, 3-ph 43.5 ~1 H 

DC Level 1 200-450 V 36 0.5 – 1.44 H 
Commercial Primary 

Customer 480 V 
DC Level 2 200-450 V 96 0.2 – 0.58 H 

DC Level 3 200-600 V 200 ~10 M 

2.3 Previous Works Discussing the Impact of FCS on Voltage Quality 

From the FSC point of view, transportation systems and electric power systems are 

influenced by both driving behavior and charging behavior of electric vehicles [20]. 

Different parameters may be utilized to model these two patterns leading to shape 

the FCS demand profile which, in turn, may adversely affect several power quality 

phenomena such as voltage magnitude variation, voltage unbalance, and voltage 

fluctuation. These parameters include the arrival time at the FCS, the battery 

capacities of EVs, their daily distance travelled, and the output power of the FCS. In 

this work, the aforementioned power quality phenomena, charging, and driving 

parameters are utilized to differentiate and compare between the previous works in 

relation to FCSs. Moreover, time resolutions are another aspect that may influence 

the quantification method and its findings, which distinguishes it from the previous 

works. Finally, there are two approaches to quantifying the impact of FCS on the 

electric power quality: the deterministic approach and the probabilistic approach. The 

FCS demand profile is a function of different parameters, as explained previously; 

these parameters are stochastic (random) in nature and thus, the probabilistic 

approach is proposed in this work to quantify the impact of FCSs on the electric 

voltage quality in the electric power distribution systems.  
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2.3.1 The Impact of FCS on Voltage Magnitude Variations 

The work in [35] uses FCSs rated at 50 kW to highlight their impact on the 

distribution system when different penetration levels of EVs are utilized. The 

findings show that voltage deviations will increase as the penetration level of EVs is 

increased. However, the results of the voltage deviations were not compared to the 

standard.  The work in [49] investigated the effect of  EV charging stations on power 

quality. The findings point out that the voltage deviation is within the limit of the 

European standard EN 50160 [51]. Similarly, the work in [52] compares only the 

voltage deviation to the EN 50160 [51]. Likewise, the work in [31] explores the effect 

of increasing the penetration level of EVs on the voltage drop. The findings show 

that the voltage drop on the further bus in the system is within the allowable limit, 

compared to the standard. However, studies [31], [49], [52] do not consider the 

voltage unbalance or voltage fluctuation and light flicker. The impact of using ultra 

FCSs on voltage deviation is discussed in [47]. The results are compared to these 

standards [53], [54]. The authors conclude that the deviation is 3% and satisfies both 

standards. However, the voltage fluctuation and light flicker were not considered. 

2.3.2 Impact of FCS on Voltage Unbalance 

The work in [48] aims to analyze the power quality issues of FCS. The study relies 

on data extracted from a monitor placed at a FCS. Voltage deviation and voltage 

unbalance are investigated and compared to the national standards. Results reveal 

that voltage deviation is slightly affected by EVs, whereas voltage unbalance is 
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mostly affected by the on-board charging mode, which requires single-phase 

chargers. However, voltage fluctuation was not considered in this study. 

2.3.3 Impact of FCS on Voltage Fluctuation and Light Flicker 

The work in [32] aims to quantify the influence of FCSs on the voltage profile of the 

electric power distribution system by studying the effect of adding a FCS. The 

findings indicate the presence of voltage fluctuation when a FCS is installed. The 

study in [32] proposed the installation of capacitors to remove the voltage fluctuation, 

which improved the feeder voltage, but voltage fluctuation remained. However, the 

findings were not compared to the standards. In [24], the authors state that the 

demand on FCSs may lead to voltage flickering in the distribution system. Therefore, 

a stochastic FCS profile for EVs is generated, aiming to quantify their impacts on a 

real distribution network. In the test-bed distribution grid, three FCSs are deployed 

in the system where each one consists of four chargers, assuming that their charging 

power level is a 250 kW/ charger. The resultant charging profiles from these fast 

chargers are a function of the arrival time of EVs to the stations, their battery size, 

and their state-of-charge. The arrival time for 500 cars at a petrol gas station in a day 

is used to generate the probability distribution of the time of arrival to these three 

FCSs.  According to [24], the results of voltage flickers are compared with [55] and 

show that voltage flickers are produced by the FCS where the extreme value is almost 

2%. Based on their findings, the authors propose that the adverse impacts of FCSs 

on the grid bus voltages can be eliminated by integrating an energy storage system. 
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However, the proposed solution was not investigated. Furthermore, in this study, the 

results of voltage flickering were not compared to the standard. 

2.4 Parameters Utilized to Shape the Charging Profile at FCS 

2.4.1 Types of EVs Charged at FCS 

The work in [56] relies on MCS to model different parameters, such as the EVs’ state 

of charge. The authors only consider EVs with small battery capacities. The impact 

of FFC rated as 50 kW is experimentally analyzed in [26]. The results indicate that 

the period to charge an EV from a FCS with a low SOC level is less than the period 

if the SOC level is high (e.g. 80%-100%). The work considers only EVs with small 

battery capacities. Similarly, the work in [38] and [57] utilize one type of EV with a 

small battery capacity of 24 kWh to address the impact of FCSs on the voltage 

profile. In contrast, the work in [58] selects different types of EVs such as vans, 

SUVs, and light trucks which all have small battery capacities ranging from 3.47 – 

11.2 kWh. In [35], two parameters are utilized: battery capacity and energy 

consumption, to investigate the impact of  DC Fast Charging Station on coordinated 

and uncoordinated grid-to-vehicle and vehicle-to-grid modes. Different vehicle types 

with different operating modes are simulated to represent the first parameter, while 

the second parameter is represented by modelling a user behavior whereby the user 

behavior is extracted from the national household travel survey [59]. Only vehicles 

with small battery capacities are explored in this study. In [52], the impact of EV 

charging stations is addressed on a real medium voltage distribution system. Private 

charging, fast charging stations are considered in the study. Different penetration 
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levels of electric vehicles are examined. However, the paper assumes that all vehicles 

have the same battery capacity corresponding to 24 kWh. The findings of the paper 

confirm that the impact of the charging stations on the distribution power system is 

a function of the EVs’ penetration level and that these impacts can be minimized by 

regulating the process of the charging. 

2.4.2 Modelling EVs Arrival Time at the FCS 

The work in [60] relied on the Markov Chain with discrete state-space to model the 

charging stations, whereby the arrival times to the charging station are derived from 

a Poisson process. The authors in [32] and [38] project the arrival time at gas stations 

to generate the arrival times at FCSs. In [61], the charging curves of the EVs are 

based on unjustified random arrival times at the FCS. Furthermore, the work in [57] 

assumes that there are two types of EV owners, workers and non-workers, and they 

charge their EVs at different times relying on normal distribution. The work in [39] 

randomly represents the default arrival and departure times at FCSs by random 

values selected from a closed interval. Multiple different scenarios are considered, 

and in each scenario the arrival and departure times at FCS can vary by ± 15 minutes 

from the default arrival/departure times. The work in [62] applies the fuzzy logic 

inference system to determine the probability of each EV to arrival at/departure from 

the FCS. MC is utilized to determine the arrival time at the FCS. The integration of 

the FCS is discussed in [25] based on two methods: direct connection to the grid and 

indirect connection to the grid through an energy storage. The study investigates 

supplying fast charging stations from medium-voltage and low-voltage grids. Four 
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possible scenarios are reported to propose the charging process for electric vehicles 

at these stations. The first scenario assumes that there is one fast charging station fed 

by a low-voltage point. The electric vehicle is charged at the station every 30 minutes 

in the daytime and eight charging processes are assumed in the nighttime. In the 

second scenario, the charging station is connected at the same point, as in the first 

scenario, but beside an energy storage unit to relieve the loading on the grid. Here, 

the charging station has a continuous demand in the daytime. Four charging stations 

are considered in the third scenario where these stations are integrated to a medium-

voltage point. Their loading profiles are assumed, as in the first case. The last case is 

similar to the second one; however, EVs here are assumed to be charged every 40 

minutes from two charging stations with two installed energy storages. In this study, 

the proposed charging profiles are stationary in their nature and do not emulate the 

stochastic nature for the arrival time of these electric vehicles to the stations. 

2.4.3 Modelling EVs Daily Distance Travelled and SOC 

The research in [38] generates the EVs’ daily travelling distance using the data 

published in [63]. The work in [32] does not take into consideration the daily 

travelling distance by EVs. Instead, the authors generate the EVs’ SOC based on 

unjustified probability density function. Also, the work in [57] generates the SOC of 

the battery based on a random number generator. The work in [64] models the EVs 

daily distance travelled using normal distribution. The work in [39] defines the 

battery SOC based on upper and lower limits and then randomly selects a SOC. 

Multiple different scenarios are considered and in each scenario the battery SOC can 
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vary by ± 28 %. Two methods are utilized to generate the SOC of two groups of EVs, 

private commuters and ride service as in [65]. The first method, for private 

commuters, describes the daily distance based on a normal distribution bounded by 

a period. Additionally, the first method utilizes traditional working times to represent 

the actual time of arrival at work and generate the commute distance based on normal 

distribution. Finally, the obtained SOC can be calculated based on the difference 

between the EV range and the commute distance. Instead of using the average trip 

distance, the second method is based on an average driving speed as per [66]. The 

study in [34], assumes a fixed SOC of all EVs equal to 25% of their capacity. The 

work in [67], distributes DC fast chargers in the network and proposes to charge 

several fully-depleted electric vehicle batteries at the same time during the peak load. 

The voltage profiles at the substations and low voltage distribution networks are 

utilized to address the effect of these quick chargers on the system. The results show 

that the network voltage impacts are varied based on the location of the charging 

station. The grid voltage drop goes below the standard when the DC fast charging 

station is assumed to be at the furthest point of the receiving end. However, the grid 

voltage drop does not violate the safe operating limits when the DC fast chargers are 

located close to the sending end. The study does not consider the variation of the load 

base profile in the grid. The substations are modeled to have the same constant power 

load with the same power factor at any feeder in the system. It assumes that feeders 

are feeding the DC fast chargers with the same power simultaneously. However, the 

generated charging profile does not consider the stochastic nature of EVs and the 

variations in their state-of-charge. 
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2.4.4 Time Scales of Quantifying the Impact of FCS 

The study in [68] utilizes a FCS with 50 kW rated power to charge different types of 

EVs. Parameters such as battery SOC, daily distance travelled, average speed, and 

parking time are generated using probability distributions (e.g. uniform and normal 

distributions). Monte Carlo Simulation is utilized in [68] to sample these 

distributions in order to generate the daily profile. This profile represents EV 

charging pattern at the FCS. The authors stated that although the calculation was 

made in minute resolution, the results were shown in an hourly scale. The study in 

[46] investigates the impact of the FCS on power quality in the MV system. The FCS 

demand profile was derived from [69] whereas the output of the FCS was extracted 

from [70]. The analysis is done at the substation level by increasing the penetration 

level of EVs. The findings state that there is no impact of EVS and FCS on the 

upstream voltage. However, the study is conducted on an hourly basis whereas the 

FCS may deliver the required energy in a range of minutes. 

2.4.5 The Output Power of FCS 

Previous works address the output power of the FCS using two approaches. The first 

approach assumes that the output power is stationary, does not change over time, and 

always equals the rated power of the FCS. This method is utilized by [35], [68], [39], 

and [71] where the used rated powers are 50 kW, 50 kW, 120 kW, and 350 kW 

respectively. This method is proposed when it is difficult to obtain a real FCS profile, 

whether a general profile or for a specific EV. However, this approach presumes that 

the EV SOC is increased by a fixed rate depending on the rated power of the FCS; 
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this leads to a reduction in waiting time at the FCS to charge many EVs and then to 

an increased burden on the grid. The second approach involves real output power 

profiles of the FCS that changes over time, depending on the change of EV SOC. 

The profile is usually extracted from a fast charger fact sheet as in [46], or obtained 

experimentally as in [26]. 

2.5 Mitigation Method of Power Quality Variations 

Energy storage may be utilized to feed the charging stations beside the power bus 

[14]. The energy storage is utilized to relieve the loading caused by the charging 

station on the power distribution network. The study in [72] concluded that charging 

many EVs at the FCS can adversely affect the electric power system. However, 

integrating an Energy Storage System (ESS) with the FCS is a key factor in 

mitigating these effects. Authors in [31] conclude that the energy storage inside the 

FCS may be used to support the FCS and relieve the demand on the grid, as the 

storage can be used to accumulate the energy. Three main types of energy storages 

are utilized in previous works to mitigate the impact of the electric vehicle charging 

stations on the distribution systems. These three types are mechanical energy 

storages (e.g. flywheel storage), electrostatic energy storages (e.g. ultra-capacitor), 

and chemical energy storages (e.g. battery storage) [73]. 

2.5.1 Mitigation Using Energy Storage 

2.5.1.1 Mitigation Using Mechanical Energy Storage 

The studies in [74] and [75] proposed a strategy to control the FCS adjacent to the 

Flywheel energy storage system. Flywheels store the energy in mechanical form, 
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where the amount of energy stored is proportional to its moment of inertia and the 

square of the flywheels rotational speed. Although flywheel devices have long 

lifespans, they need more time to respond to load variations in the distribution grid, 

especially in the era of the FCS [74]. 

2.5.1.2 Mitigation Using Electrostatic Energy Storage 

Ultra-capacitors represent electrostatic energy storages. Electrostatic devices charge 

and discharge in a short time in comparison to other energy storage devices. They 

also have a longer lifespan and increased efficiency; however, electrostatic devices 

have low energy density. Ultra-capacitors were used in previous works to improve 

the voltage drop and power quality caused by the FCS. The study in [32] investigates 

the effect of the fast charging station in medium voltage distribution system. It 

analyzes the voltage drop and voltage fluctuation. The study indicates that the voltage 

drop occurs by the base loads and it is a function of the load location of the substation. 

Moreover, it points out that the fast charging station causes voltage fluctuations in 

the distribution system. To reduce the drop and fluctuation in the voltage, a capacitor 

is installed. However, the study concludes that although the capacitor reduces the 

voltage drop, it cannot remove the voltage flickers in the distribution system. Instead 

of using the common ultra-capacitors, due to their energy values, a storage system is 

included in the power conditioner, specifically lithium-ion ultra-capacitors as in [76]. 

A power conditioning system is utilized to improve the quality of the power supply 

by relieving the resultant stress from the fast charging station on the grid. The ultra-

capacitors are preferable due to their shorter time response, and their longer life in 

terms of cycles. Furthermore, it does not depend on the temperature. According to 
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[76], the lithium-ion ultra-capacitors can operate in temperature ranges from -30C to 

+70C and their performance is not influenced. 

2.5.1.3 Mitigation Using Chemical Energy Storage 

Batteries are chemical energy storages characterized by their high energy density. 

The performance of chemical energy storages degrades after a specific numbers of 

charging and discharging events, which represents the main drawback of the 

chemical energy storage, as shown in [74] and [75]. In [77], the charging station is 

assumed to draw a constant rate of power from the grid. Energy storage is equipped 

in the charging station to support the charging demand and thus the drawn power 

from the grid remains constant. In the study, each charging station includes two types 

of chargers, fast and slow chargers. It is assumed that the power rating for these 

chargers are assigned based on customers’ demand and their vehicles’ capability to 

be charged from one of these chargers. Thus, the charging profiles are generated 

using a survey. From the grid perspective, electric vehicles can be seen as sizable 

electric loads due to their stochastic state of charge. When the power network is 

assumed to supply these charging stations by constant power, the impact of the fast 

charging station on the grid is eliminated even if the time of arrival for electric 

vehicles to these stations is varied. In [23], a DC bus is utilized to feed DC ultra-FCS 

charging stations to increase the operating efficiency and to reduce the conversion 

ratio between the DC bus and the ultra-FCS. Additionally, energy storage is used as 

a buffer to relieve the stress on the low voltage grid. The study considers the control 

mechanism of these fast charging stations, but it does not focus on the impact of the 

DC fast charging stations on power quality and the voltage profile of the grid. The 
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work in [78] studies the impact of the fast charging station on the distribution system 

where an energy storage is integrated. The power flow and short circuit analysis are 

investigated. Authors in [78] raise concerns to protect the distribution system in the 

presence of the fast charging station.  The study in [79] reports the design 

requirements and the control mechanism for the configuration of the DC micro-grid 

for the fast charging station. The FCS was supplied with Energy Storage System 

(ESS) and Photovoltaic (PV) in [80]. The work introduces a leader-followers game, 

whereas the FCS acts as leader of the game and the EV acts as a follower. To increase 

its revenues, the FCS managed the renewable resources and regulated the prices for 

both energy and reserves. The results showed that the proposed method decreased 

the burden on the electric grid. The work in [81] suggests to equip the FCS with a 

stationary battery (SB) to support the grid and reduce the its connection cost. The 

findings conclude that a SB with 250 kWh would reduce the cost by about 30%, 

based on cost benefit analysis in [82], and [83]. According to [73], lithium-ion 

batteries outperform other types of batteries due to their small and light size; they are 

also more powerful. 

2.5.2 Mitigation Using Distribution Static Compensators 

The study in [84] investigates coupling Distribution Static Compensators (D-

STATCOMs) with energy storage aiming to improve the active power exchange 

between the energy storage and the system. The work in [85] focuses on modeling 

and controlling D-STATCOMs with ultra-capacitor energy storage where the 

objective is to enhance the power quality in the system. Moreover, D-STATCOMs 
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are utilized to mitigate the voltage sag according to [86]. The work in [87] introduces 

a strategy to improve the microgrids’ power quality relying on D-STATCOMs. 

According to [88], integrating D-STATCOMs with Ultra-capacitors, in the 

microgrids, is effective in mitigating the impact of increasing wind power 

penetration. The study in [89] discusses the optimal location for placing D-

STATCOMS in mesh distribution networks to enhance voltage stability and improve 

the reactive loading capability. Table 2-2 and Table 2-3 summarize the surveyed 

studies related to the FCSs and their impacts on the distribution system voltage 

quality. A close visual inspection of these two tables indicate that none of the 

surveyed work considered all three power quality phenomena mentioned earlier, 

and/or compared them with the relevant standards. Also, none of the related work 

investigated the integration of the D-STATCOMs to mitigate the impact of FCSs on 

the electric power quality in the electric power distribution systems. Moreover, the 

climate zone was not considered whether in the EVs driving or charging pattern 

which, in turn, may adversely affect the required energy from the FCSs.   

2.5.3 Mitigation Using Smart Charging 

Smart charging has been considered by several previous works in the literature [90]–

[93]; however, to the best of the author knowledge none of the previous work consider 

mitigating the impact of fast charging station on the voltage quality and light flicker 

using the smart charging.  
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2.6 Research Gaps 

The aim of the work in this thesis is to fulfill the research gaps in the published works, 

which can be summarized as follows: 

▪ To the best of the author knowledge, none of the reported works have 

quantified the impact of FCS on the voltage fluctuation and light flicker and 

mitigated that impact by a smart charging.  

▪ Most of the relevant works assume the output power of the FCS is constant 

without justification and do not consider the power variation over time when 

the EV SOC is increased.   

▪ Most of the previous works have quantified the impact of the FCS on an 

hourly basis. Vehicles with small battery capacities, that take a couple of 

minutes to recharge, may not be considered, which indicates that the impact 

may not be quantified properly.  

▪ The climate zone may affect the EVs driving or charging pattern. To the best 

of the author’s knowledge, none of the previous works take the climate zone 

into consideration when studying the impact of the FCS on electric power 

quality.  
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Table 2-2 Key Points of Differences in the Surveyed Works 
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Table 2-3 Key Points of Differences in the Surveyed Works (Continued) 
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Chapter 3. Response of Lighting Technology to Voltage Fluctuation 

3.1 Introduction 

Lamps can be classified into four main categories: Incandescent, Gas Discharge, 

Induction, and Solid State [94]. Figure 3.1 below illustrates the different types of 

lamps.  In this section, a description of each type of lamp is provided. Figure 3.2 

shows a historical development of the lighting industry. From Figure 3.2 it can be 

seen that remarkable developments have occurred throughout the last decade, and 

this is especially the case in LED lighting.  

 

Figure 3.1 Classification of light sources [94] 
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Figure 3.2 Evolution of lighting efficacy [95] 

3.2 Types of Lamps 

3.2.1 Incandescent Lamps 

Heating of the tungsten filament produces the light in incandescent lamps (IL). Both 

the voltage of the lamp and its current have a sinusoidal waveform [96]. A sinusoidal 

waveform also characterizes the incandescent lamp’s illuminance. As the lamp 

voltage changes, the lamp current increases or decreases linearly. This demonstrates 

the incandescent lamps’ resistive load characteristic. 90% of the input energy of ILs 

is lost as heat output. This is why ILs’ are viewed as a very inefficient source of light 

[97]. For increasing the rated lifetime of IL’s, halogen gas is used. This is added 

within the IL glass. It is the evaporated tungsten element that the halogen gas reacts 

with, then the evaporated tungsten is deposited back onto the filament. A lamp like 
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this is called a halogen lamps (HL). A HL works much the same way as an 

incandescent lamp [98]. 

Advantages and Disadvantages of ILs: People are familiar with ILs and thus they 

prefer them. ILs are also relatively cheap, switch on immediately, quiet, and 

dimmable. However, numerous governments have developed regulations replace 

ILs, because they are inefficient, with alternative lamps that are more efficient, as 

shown in Table 3-1. 

Table 3-1 Phasing-out of incandescent lamps  [99] 

 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 

SA 

100W HAL available  

75W HAL available 

40W & 60W HAL available 

EU 
100W HAL available 

75W & 60W HAL available 

China 

100W HAL available 

60W HAL available 

15W HAL available 

Japan All Incandescent HAL available 

Malaysia ≥1000W banned all filament lamps 

Russia 

100W HAL available 

75W HAL available 

25W 

Brazil 

100W HAL available 

60W HAL available 

40W HAL available 

Canada 
100W & 75W HAL available 

60W & 40W HAL available 

Cuba Since 2005, banned all IL filament lamps including HAL 

 Phase out of IL 

 Allowing for higher efficacy filament lamp 

 No filament lamps allowed 
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3.2.2 Discharge Lamps 

In discharge lamps (DL) an electric discharge creates the light. This occurs inside a 

gas or a vapor. These lamps are much more efficient than ILs. They also have a 

longer life. Fluorescent lamps (FLs) and compact fluorescent lamps (CFLs) are two 

common types of discharge lamps [100]. The major difference between FLs and 

CFLs is that CFLs use a point source of light, while the light source for FLs is linear. 

The luminous flux changes inversely proportional to the square of the distance 

between the light source and an illuminated object in CFLs, while the luminous flux 

change is inversely proportional to the distance of the light source and illuminated 

object in FLs [100].  

3.2.2.1 Fluorescent Lighting (FL) 

The most common gas discharge lighting used in commercial and industrial settings 

since their commercialization in 1937 is fluorescent lighting [94]. FL is cheaper, 

more effective, and longer lasting than ILs. For starting and current control, FL uses 

an electromagnetic or electronic ballast. Electromagnetic ballasts are heavier, larger, 

less efficient, and more sensitive to voltage changes [101]. However electronic 

ballasts allow lamps to be operated at significantly higher frequencies through the 

use of electronic reactors. Electronic ballasts are smaller, lighter, and have a longer 

life comparing to the Electromagnetic ballasts. Electronic ballasts are also quieter, 

flicker less, and even without the use of a power factor correction capacitor they have 

a power factor of one [94]. Figure 3.3 shows the magnetic and electronic ballast 

historical market share. 
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3.2.2.2 Compact Fluorescent Lighting (CFL) 

CFL is considered to have various advantages over FL. CFL can use the same power 

socket previously used by IL. It uses significantly less power but provides a lot more 

lumens than what is provided by an equivalent IL [100]. CFL performance is 

hindered by the magnitude of the supply voltage as well as voltage sags and a rapid 

change in voltage. CFLs use complex electronic ballasts which minimize variations 

in light output from the supply voltage. However, increased lamp brightness is 

created by higher voltages, while decreased brightness results from lower voltage 

levels [102]. Also, other electronic components in the ballast as well as the DC bus 

capacitors, are sensitive to the magnitude of supply voltage. A reduced lifespan 

results from higher supply voltage levels especially with frequent switching of the 

lamp on and off [102].  

 

Figure 3.3 Market share of magnetic and electronic ballasts [103] 

Advantages and Disadvantages of CFLs: CFLs are quiet, smaller, lighter, start 

immediately, have reduced lamp flicker, and overall they are more efficacious [94]. 
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However, in comparison to standard ILs, CFLs are not as quick in ramping-up to full 

luminous output, and most CFLs are typically not dimmable. However, the 

perception of some consumers is that CFLs provide inferior light quality in 

comparison to traditional lighting sources. Also, there are health and environmental 

concerns in relation to how mercury containing CFL lamps are disposed of [98]. 

3.2.3 LED Lighting 

LED lighting is a form of solid-state lighting (SSL). SSL is a lighting technology 

where both light-emitting and organic light-emitting diodes (LEDs and OLEDs) are 

used. These are semiconductor devices that produce light as a current passes through 

them [3]. The use of LED lighting technology has become much more common over 

time as its cost has decreased. Now, LED lighting is considered to be the mass 

produced lighting technology that is most energy efficient [102]. In regard to 

simplicity, lifespan, color and starting capability, LED lighting is advantageous when 

compared to CFL lighting. Led lighting uses one or more LEDs to condition the input 

voltage as required using a lighting system containing an electronic driver circuit 

[102]. On the other hand, OLEDs are much less costly than LEDs but less advanced 

in in performance improvements [94]. 

3.3 Comparison of incandescent, FL, CFL, LED, and OLED lamps 

3.3.1 Lamp Efficacy 

Efficacy is a ratio of lumens per watt. Lumens measures the light or total number of 

lines of lighting flux from a particular light source [104]. Color rendering index 

(CRI) is a light source’s ability to render colors naturally under a full spectrum 
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radiator, and without distortion of the hues. The range covered by a CRI is from 0 

(poor quality) to 100 (close to natural daylight) [100]. ILs have more CRI but much 

less efficacy in comparison to other lamps, whereas with FL and OLED lamps the 

average efficacy is much the same. Amongst all lamps, however, LED lamps have 

the highest efficacy [94]. 

Table 3-2 Comparison of different types of lamps 

Lamp Type Efficacy (lm/W) Color rendering Relight time 

IL 
Light globes 8-17 100 Immediate 

Halogen 20-30 100 Immediate 

DL  

Fluorescent 60-100 50-98 Immediate 

Compact 
Fluorescent 

50-65 50-80 Immediate-3sec 

SSL 
LED 200 >80 Immediate 

OLED 100 <95 Immediate 

3.3.2 Lamp Lifetime  

The average life of ILs is usually around 10,000 h. This is significantly lower than 

any other lighting lamps [100]. HLs have a lifetime of up to 20,000 h. On the other 

hand, discharge lamps have a much longer life lifetime than ILs. Figure 3.4 

summarizes rated lifetimes of different light sources [105]. Various factors are 

involved in determining the lifespan of lamps. One of these factors which affects 

lamp life is the frequency switching a lamp on and off. However, the frequency of 

switching operations does not affect halogen based ILs [100]. This varies from FLs 

where each occurrence of switching a lamp on or off causes the electrodes to lose a 

tiny amount of their coating.  As time passes, the lamp no longer starts after the 

destruction of the electrode coating reaches a certain level. Thus, where usage of a 

lamp requires frequent on/off switching, it is recommended that discharge lamps 
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such as FLs not be used. CFL and LED lamps are the other lamps that are also highly 

affected by switching operations. For these lamps the cause lies in electronic 

components failing prematurely [100].  

 

Figure 3.4 Rated lifetime of different types of lamps 

3.3.3 Lamp Cost 

ILs cost significantly less than all other lighting lamps. ILs have lower efficacy 

because most of their input energy is lost as heat output. However, CFL and LED 

lamps have the characteristics of being 75% more energy efficient, and lasting 

longer, than ILs. This is why the cost of CFL and LED lamps is significantly higher 

than the cost of ILs. In [100], the cost comparisons are compared on a per kilo lumen 

basis in relation to light sources. The results are indicated in Table 3-3. From This 

table it is to be noted that the initial costs of FLs is twice that of CFLs and HLs for 

the same amount of light flux (lumens). Although LED lamps have a longer lifetime 

than any other lamp, they also have the highest initial cost.  Figure 3.5 shows the 
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observed that the cost trend of LED lamps is decreasing and will likely decrease 

further in the near future [100]. 

Table 3-3 Cost comparison of different types of lamps 

Lamp type 
Cost  

($/kilo-lumens) 

Rated Life 

 (h) 

Cost 

($/kilo-lumens-h) 

Halogen lamp (A19 43W, 750 lm) 2.5 5,000 0.00050 

CFL (13W, 800 lm) 2 12,000 0.00017 

CFL (13W, 800 lm dim.) 10 12,000 0.00083 

Fluorescent lamp and ballast 4 25,000 0.00016 

Led lamp (A19 60W, 800 lm) 30 25,000 0.00120 

Led lamp (A19 60W, 800 lm dim.) 30 50,000 0.00060 

 

 

 

Figure 3.5 Average price, Watts, and efficacy of traditional and LED lamps 
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Figure 3.6 illustrates how of lighting stock for installation is projected to change over 
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to increase to consist of up 54% of the residential sector stock by 2035 [106]. Figure 

3.8 presents the growth in LED lighting stock will occur across all sectors. It is 

expected that the residential sector will be dominated LED lamps and their 

installation. It is anticipated that as more LED lighting is used, total energy use will 

continue to decrease. As shown in Figure3.8, in 2017 LED lighting will already have 

been providing 1.1 quadrillion, or nearly 322 × 109 𝐾𝑊ℎ of energy savings. If the 

lighting market continues as it is, by 2035 there will be a total annual energy savings 

of 4.8 quadrillion by the time 2035 is reached [106]. 

 

Figure 3.6 Forecast of commercial lamps stocked by technology 
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Figure 3.7 LED Forecast in U.S 

 

Figure 3.8 Forecast of energy savings in LED technology in in U.S. market 
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various factors, such as load type, load size, and the capacity of the power system. 

The changes in voltage may be sinusoidal, rectangular, or irregular in shape.  

3.4.2 Adverse Impacts of Voltage Fluctuation 

Lamp flicker, which is the most significant effect of voltage fluctuations, results from 

the magnitude of the supply voltage initiating variations in lamp light intensity. The 

human eye can feel aggravated (annoyed) by this changing intensity. Irritation of the 

eye can occur, but the extent of this will vary between individuals [107]. 

3.4.3 Effects of Flicker 

The particular effects of flicker are influenced by various factors [108]. These 

include: the tasks undertaken by the user and their sensitivity to the light, the 

characteristics of the source, and the ambient light conditions. Also, the 

consequences of the light flicker can be significant on the light user in the space. It 

can range from headaches, fatigue, blurred vision, and eyestrain; to seizures for those 

with photosensitive epilepsy, and for others a lessened ability to perform visual tasks 

[108].  

3.4.4 Flicker Metrics 

Various measures have been suggested for quantify flicker visibility. These measures 

include: Flicker Index, Flicker Percent, Visibility Measures, General Electric Flicker 

Curve, and Percentile Short Term and Long-Term flicker severity indices.   
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3.4.4.1 Flicker Index 

A Flicker Index (𝐼𝐹) has been created by the Illuminating Engineering Society of 

North America (IESNA). It is defined as the area between the curve representing a 

waveform, and the average light level, divided by the total area below the curve for 

a single cycle of a fluctuation [109]. If we refer to A1 as the area between the curve 

representing the waveform and the average light level, and A2 as the area below the 

average light level and the curve, then the Flicker Index, can be computed (see Figure 

3.9) as: 

 𝐼𝐹 =
𝐴1

𝐴1 + 𝐴2
 3.1 

 

Figure 3.9 Flicker index calculation using the light output 

𝐼𝐹 has a range of 0 to 1 where ‘0’ denotes a steady output of light. An increased 

chance of noticeable flicker and stroboscopic effects occur with higher values. 

According to IESNA recommendations, 𝐼𝐹 must remain below 0.1 for good lighting 

quality [109]. The flicker index is measured over one cycle of periodic waveform.  
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3.4.4.2 Percent Flicker 

The Percent Flicker or Percent Modulation is defined by IESNA as “the maximum 

decrease in the luminance from its peak value, normalized to the average luminance 

in terms of percentage”. Referring to Figure 3.10, the Percent Flicker (𝑃𝐹) is 

calculated as [109]:  

 𝑃𝐹 =
𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛
𝐿𝑚𝑎𝑥 + 𝐿𝑚𝑖𝑛

∗ 100% 3.2 

The PF has a range of 0 to 100%. Lower values mean better light quality. A higher 

value points to an increased chance of noticeable flicker. As with 𝐼𝐹, 𝑃𝐹 does not 

consider the effect of frequency nor the shape of the waveform [109]. 

 

Figure 3.10 Flicker percent calculation using the light output 
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visual perception’. This includes changes created by a “light stimulus whose 

luminance or spectral distribution fluctuates with time” through the eyes of an 

observer in particular environments [111]. There are three kinds of TLA: flickers, 

stroboscopic effects, and phantom array effects. It is assumed that flicker phenomena 

are seen in frequencies ranging from zero to less than 80 Hz, and in situations where 

the observer and their environment are static [112]. Stroboscopic effects (SVMs) and 

phantom array effects (PVMs) are different in that can happen in a non-static 

environment, and in a frequency range that is higher than the optimum range for 

flicker phenomena in a range of between 80Hz-2kHz [112]. The primary difference 

between SVMs and PVMs is that Stroboscopic effects take place when the observer’s 

eyes are immobile, while phantom array effects happen when the eyes of the observer 

are moving (non-static). The VM is calculated using the following equation [109]: 

 𝑉𝐹 = (∑ (
𝐶𝑚
𝑇𝑚
)
𝑛∞

𝑚=1

)

1/𝑛

 3.3 

where 𝐶𝑚 is the amplitude of the 𝑚-th Fourier component and 𝑇𝑚 is the visibility 

threshold for the effect for a sine wave at the frequency of the 𝑚-th Fourier 

component. The summation is used over all the signal elements with corresponding 

frequencies having a defined visibility threshold, 𝑇𝑚, for the sensitivity curve that is 

used. The Sensitivity curves (𝑇𝑉(𝑓)) of the SVM and the PVM are respectively 

calculated as follows [109]: 

 𝑇𝑉(𝑓) =
1

1 + 𝑒−𝑎(𝑓−𝑏)
+ 20 × 𝑒

−𝑓
10𝐻𝑧 3.4 
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𝑇𝑉(𝑓) =

4 × (1 − 0.1)
𝜋

2500𝐻𝑥 − 120𝐻𝑧
× (𝑓 − 120𝐻𝑧) + 0.1 ×

4

𝜋
 

3.5 

The parameter 𝑛 is the Minkowski norm parameter. The Minkowski exponent ranged 

between 2 and 4 [110]. 

 𝑉𝐹 = {
< 1  
= 1  
> 1  

𝑛𝑜𝑡 𝑣𝑖𝑠𝑖𝑏𝑙𝑒
𝑗𝑢𝑠𝑡 𝑣𝑖𝑠𝑖𝑏𝑙𝑒
𝑣𝑖𝑠𝑖𝑏𝑙𝑒

 3.6 

If the visibility measure has a value that is equal to one, then a temporal artefact that 

is only just visible is produced: this is the visibility threshold. The artefact is 

detectable by the typical observer with a probability of 50 %. If the visibility measure 

value is greater than unity, there more than a 50% probability of detection. If it is less 

than unity, there is less than a 50% probability of detection. These figures relate to 

an average human observer [109].  

3.4.4.4 General Electric Flicker Curve 

The General Electric (GE) Flicker Curve, also known as IEEE 141, stems from 

testing GE undertook on several utilities. The GE Flicker Curve has been used 

frequently and over many years [113]. It is two curves that are shown in the GE 

Flicker Curve: these are the threshold of perception and the threshold of irritation. 

Square-wave changes to voltages form the basis of the GE Flicker curve, at the 

frequencies indicated on the graph. When the load is slower than in a voltage step 

like a square wave, the flicker is much less difficult to see. Rapid changes in light 

intensity demand a more sensitive human eye-brain response than slow changes light 

intensity [113]. The number of dips per second, minute, or hour is what forms the 



41 

 

 

basis of the GE Flicker Curve, with the change of apparent light intensity varying in 

accordance with the type of light that is used [113]. The GE flicker curve is outlined 

in Figure 3.11 and mapped in Table 3-4. The table shows three parameters: the period 

of the flicker, the voltage dip tolerance, which represents borderline of irritation, and 

the acceptable number of dips at that tolerance. The voltage dip tolerance is derived 

from Figure 3.11. Exceeding the tolerance presupposes exceeding the borderline of 

irritations, which causes a noticeable light flicker. For example, the tolerance for one-

minute period can be calculated using Table 3-4 as follows:  

 (
10 𝑑𝑖𝑝𝑠

60 𝑠𝑒𝑐
) × (

60 𝑠𝑒𝑐

1 𝑚𝑖𝑛
) = (

10 𝑑𝑖𝑝𝑠

1 𝑚𝑖𝑛
) 3.7 

 

Figure 3.11 GE flicker curve [113] 

From Equation (3.8), the corresponding tolerance of irritation is 1.18% approximated 

in Table 3-4.1 to 1.2%. It means that if the voltage dips 10 times in a period of one-
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then that will lead to noticeable rapid variations in the light brightness. 
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Table 3-4 Flicker parameters using GE curve [113] 

Period Tolerance (1-7%) Limit (1-255) 

10 Seconds 0.9 5 

1 Minute 1.2 10 

15 Minute 2.1 10 

30 Minute 2.6 10 

1 Hour 3.1 10 

4 Hour 4.7 10 

8 Hour 5.7 10 

12 Hour 6 10 

24 Hour 7 10 

3.4.4.5 Percentile Short-Term and Long-Term Flicker Indices 

The IEEE standard 1453 adopts the IEC 61000-4-15 Standard flicker meter. The IEC 

flicker meter aims to model the human visual system and quantifying its response to 

the light flicker. The model operates on a ‘block’ system where its main feature is 

that each block provides an output which becomes an input for the next block [114]. 

The IEEE 1453 Flicker Meter uses block number one to bring the input voltage signal 

to a reference per unit level. Block number two is used for the extraction of the 

fluctuation from the carrier signal, which is done using a squaring demodulator. The 

third block uses filters to eliminate unwanted frequencies. It also copies the ‘lamp-

eye-brain’ behaviors by measuring the weight of the voltage fluctuation. Block 

number four uses a sliding mean filter to personify how the human brain reacts to the 

light flicker, while block number five carries out statistical analysis. This final block 

determines the percentile short term flicker severity index 𝑃𝑆𝑇 [115]. This 𝑃𝑆𝑇 

severity index is calculated in ten-minute intervals using supporting values, as seen 

in (3.9). 

 𝑃𝑆𝑇 = √(0.0314 × 𝑃99.9) + (0.0525 × 𝑃99) + (0.0657 × 𝑃97) + (0.28 × 𝑃90) + (0.08 × 𝑃50) 3.8 
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where 𝑃99.9, 𝑃99, 𝑃97, 𝑃90, and 𝑃50 symbolizes the flicker levels not exceeded by 

99.9%, 99%, 97%, 90%, and 50% during the observation period. The following 

smoothed assessment calculates this: 

 𝑃99 =
(𝑃99.3 + 𝑃99 + 𝑃98.5)

3
 3.9 

 𝑃97 =
(𝑃97.8 + 𝑃97 + 𝑃96)

3
 3.10 

 𝑃90 =
(𝑃94 + 𝑃92 + 𝑃90 + 𝑃87 + 𝑃83)

3
 3.11 

 𝑃50 =
(𝑃70 + 𝑃50 + 𝑃20)

3
 3.12 

Disturbances from loads with long duty-cycles or by the random operation of 

combined sources can be calculated by adopting the percentile long term flicker 

severity index 𝑃𝐿𝑇. This 𝑃𝐿𝑇 is calculated by measuring 12 consecutive values of 𝑃𝑆𝑇 

(over two-hours). This is done using the following formula [116]: 

 𝑃𝐿𝑇 = √
1

12
(∑𝑃𝑆𝑇(𝑎)3
12

𝑎=1

)
3

 3.13 

Table 3-5 shows the compatibility levels for 𝑃𝑆𝑇 and 𝑃𝐿𝑇 in the LV power system 

[116]. The compatibility levels are utilized to assess the impact of voltage fluctuation 

on the power system. The compatibility levels represent the limits, if these limits are 

exceeded, the customers will observe the light flicker. 

Table 3-5 Compatibility levels for PST and PLT in LV voltage power system [116] 

 Compatibility Levels 

 LV 

𝑃𝑆𝑇 1.0 

𝑃𝐿𝑇 0.8 
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3.4.5 Modern Lighting Response to Voltage Fluctuation 

Different flicker metrics have been discussed in Chapter 3, Section 3.4.4. The general 

electric flicker curve was proposed based on incandescent lights; the percentile short 

flicker severity index based on the interaction of incandescent bulbs and the human-

eye-brain. Both metrices are specific for one type of lamp that is incandescent bulbs. 

A recent study claims that percentile short flicker severity index is not suitable for 

quantifying the effect of voltage fluctuation on light flicker [117]. Instead, the Flicker 

Index (𝐼𝐹) is utilized, as per IEEE Std 1789-2015 [118], to determine the flicker 

response of the different types of lamps considered in the chapter,  

The range of  𝐼𝐹 is 0 to 1 where 1 means a light is flickering. A proposed immunity 

index (Λ) is utilized to evaluate the lamp immunity level and scale to the flicker using 

the flicker index (𝐼𝐹). The lamp immunity level is proposed as in (3.14): 

 Λ = |log (𝐼𝐹)|   ,   ∀ 𝐼𝐹  ∈  ℝ>0 3.14 

where 𝐼𝐹 is the flicker index. When the value of the flicker index is small (close to 

zero), the resultant value of immunity level is high and thus the immunity scale is 

assumed to be high as well. When the 𝐼𝐹 is high (close to one), the resultant immunity 

level as per (3.14) is expected to be low. Table 3-6 illustrates the proposed immunity 

levels, scales, and color codes. Note that the flicker values are reported below as 

found in the relevant works, but the immunity/susceptibility level is proposed in this 

work based on the proximity to the extreme values (0 and 1). 
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Table 3-6 Lamp flicker response and immunity level 

Immunity Level based 

on the Proposed Index 

Performance Color 

Codes 

Lamp Response 

to Flicker 

Immunity Scale 

Out of 8 

Λ ≤ 0.25 
 

Susceptible 0 

0.25 < Λ ≤ 0.50 
 

Susceptible 1 

0.50 < Λ ≤ 0.75 
 

Susceptible 2 

0.75 < Λ ≤ 1.0 
 

Susceptible 3 

1.0 < Λ ≤ 1.25 
 

Immune 4 

1.25 < Λ ≤ 1.5 
 

Immune 5 

1.5 < Λ ≤ 1.75 
 

Immune 6 

1.75 < Λ ≤ 2.0 
 

Immune 7 

Λ > 2.0 
 

Immune 8 

3.4.6 Flicker in Incandescent Lamps 

Flicker related standards have been developed in relation to the characteristics of 

incandescent lighting technology [102].  The lamp filament in incandescent lighting 

has a very short thermal time constant, and this allows modulation of the voltage 

waveform to be conveniently observed. For example, a 230V, 60W light bulb will 

have a time constant shorter than that of a 110V, 60W light bulb as it has a thinner 

filament [102]. A noticeable flicker and even a stroboscopic effect can be produced 

by ILs when operating below 25 Hz [119]. If the filament is larger and operated at a 

higher wattage supply frequency, then the flicker from incandescent lighting will be 

less. When operating at 60 Hz, modern incandescent light sources do not produce a 

noticeable flicker or stroboscopic effect. The flicker index of several ILs operated at 

25 Hz and 60 Hz is shown in Table 3-7.  
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Table 3-7 Incandescent filament lamps flicker characteristics [119] 

Incandescent 

Filament Lamps 
Watts 

Flicker Index 
Lamp Performance 

at 60 Hz 

Lamp Performance 

at 25 Hz 

60 Hz 25 Hz Response Scale Response Scale 

Vacuum 

6 

10 

25 

0.092 

0.054 

0.032 

0.220 

0.127 

0.089 

Immune 

Immune 

Immune 

4 

5 

5 

Susceptible 

Susceptible 

Immune 

2 

3 

4 

Gas-filled 
60 

100 

0.025 

0.016 

0.060 

0.045 

Immune 

Immune 

6 

8 

Immune 

Immune 

4 

5 

Coiled-coil 

filament 

40 

200 

300 

500 

1000 

0.041 

0.013 

0.010 

0.006 

0.003 

0.092 

0.035 

0.025 

0.019 

0.013 

Immune 

Immune 

Immune 

Immune 

Immune 

5 

7 

7 

8 

8 

Immune 

Immune 

Immune 

Immune 

Immune 

4 

5 

6 

6 

7 

3.4.7 Flicker in Fluorescent Discharge Lighting 

Instantaneous power input varies light output from both FLs and CFLs. Fluctuating 

light output is too quick for most people to see in typical fluorescent discharge 

lighting, such as using a magnetic ballast with a 60-Hz power input frequency [119]. 

However, the inability to notice fluctuating light assumes a power input free of 

electrical noise. Electrical noise can cause frequencies that create a noticeable flicker. 

In noise-free operating conditions, according to [119], the flicker index for common 

FLs ranges from 0.01 to approximately 0.1 for lamps operating with electromagnetic 

ballasts. It is significantly lower when using high frequency electronic ballasts [119]. 

The flicker index of several FLs is shown in Table 3-8. 

Table 3-8 Discharge lamps flicker characteristics [108], [120] 

Lamp type  
Watts and 

Description 
Ballast 

Flicker 

Index 

Lamp Flicker 

Response 

Immunity 

Scale 

FL 
T8 Dimmable Electronic 0.007 Immune 8 

T12 Magnetic 0.011 Immune 7 

CFL 

Quad Tube Magnetic 0.110 Susceptible 3 

A19 Magnetic 0.010 Immune 7 

Quad Tube Electronic 0.000 Immune 8 
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3.4.8 Flicker in High-Intensity Discharge Lamps 

There is some degree of variation in the light output of all High-Intensity Discharge 

(HID) lamps. This is due to cyclic changes of the line voltage. The flicker that may 

result is determined by the ballast circuit and lamp type [119]. Table 3-9 illustrates 

the variation in flicker index for mercury, metal halide, and high-pressure sodium 

lamps for several ballast types operated at 60 Hz. In 50-Hz power systems the flicker 

index is considerably higher. However, the flicker effect can be eliminated through 

the use of electronic ballasts with high-frequency or rectangular wave characteristics. 

Table 3-9 High-intensity discharge lamps flicker characteristics [119] 

Lamp type  
Watts and  

Description 

Flicker  

Index 

Lamp Flicker 

Response 

Immunity 

Scale 

Mercury 

250 Warm Deluxe 

250 Cool Deluxe 

250 Deluxe White 

0.127 

0.137 

0.131 

Susceptible 

Susceptible 

Susceptible  

3 

3 

3 

250 Deluxe White 

100 Deluxe White 

100 Deluxe White 

0.172 

0.142 

0.183 

Susceptible 

Susceptible 

Susceptible 

3 

3 

2 

400 Deluxe White 

400 Deluxe White 

0.121 

0.144 

Susceptible 

Susceptible 

3 

3 

High Pressure 

Sodium 
 

0.131 

0.200 

Susceptible 

Susceptible 

3 

2 

Metal Halide 

 

 

 

250 High Color Quality 

250 High Color Quality 

175 Coated 

175 Clear-Vertical 

175 Clear-Horizontal 

0.080 

0.102 

0.083 

0.078 

0.092 

Immune 

Susceptible 

Immune 

Immune 

Immune 

4 

3 

4 

4 

4 

250 Coated (A) 

250 Clear-Vertical 

250 Clear-Horizontal 

250 Coated (B) 

250 Clear-Vertical 

0.070 

0.102 

0.121 

0.092 

0.088 

Immune 

Susceptible 

Susceptible 

Immune 

Immune 

4 

3 

3 

4 

4 

400 Clear-Horizontal 

400 Clear-Vertical 

400 Clear-Horizontal 

1000 Clear- Vertical 

175 (3200K) 

0.097 

0.086 

0.095 

0.067 

0.090 

Immune  

Immune  

Immune 

Immune  

Immune 

4 

4 

4 

4 

4 



48 

 

 

3.4.9 Flicker in Light-Emitting and Organic Light-Emitting Diodes Lamps 

Led lighting functions by converting AC voltage to DC voltage, and operates on an 

electronic driver circuit [102]. Some LED lighting systems are highly sensitive, and 

easily affected by changes in the supply voltage magnitude, and thus they may flicker 

[102]. This can happen in various circumstances, such as with some waveform 

distortion, particularly in relation to certain combinations of dimmer and driver 

circuits [102]. The flicker from both LEDs/OLEDs (Organic Light Emitting Diodes) 

is also highly dependent on the driver [121]. It can vary with the same type of 

LEDs/OLEDs according to the driver design. Table 3-10 and 3-11 detail the results 

of temporal light artifacts characteristics of OLED/LED lighting systems. 

 

Figure 3.12 Pictures of various LEDs utilized in Table 3-10 [122] 
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Table 3-10 Flicker characteristics of LED technology [123], [124] 

LED ID 

Flicker Index Switch-Based Dim-Based 

Switch  Dim 
Response 

to Flicker 

Immunity 

Scale 

Response 

to Flicker 

Immunity 

Scale 

12-62 0.0028 0.0028 Immune 8 Immune 8 

12-64 0.0148 0.0156 Immune 7 Immune 7 

12-65 0.1367 0.1561 Susceptible 3 Susceptible 3 

12-66 0.0372 0.037 Immune 5 Immune 5 

12-67 0.0026 0.0027 Immune 8 Immune 8 

12-72 0.0083 0.0052 Immune 8 Immune 8 

12-73 0.104 N/A Susceptible 3 N/A N/A 

12-74 0.0793 0.0932 Immune 4 Immune 4 

12-75 0.035 N/A Immune 4 N/A N/A 

12-76 0.051 N/A Immune 4 N/A N/A 

12-77 0.0044 0.005 Immune 8 Immune 8 

12-78 0.0148 0.0146 Immune 7 Immune 7 

12-79 0.0052 0.0059 Immune 8 Immune 8 

12-80 0.0021 0.0025 Immune 8 Immune 8 

12-81 0.0012 0.0016 Immune 8 Immune 8 

12-82 0.1071 0.1264 Susceptible 3 Susceptible 3 

12-85 0.0048 0.0046 Immune 8 Immune 8 

12-86 0.0059 0.0062 Immune 8 Immune 8 

12-87 0.0496 0.0514 Immune 5 Immune 5 

12-88 0.0668 0.0815 Immune 4 Immune 4 

12-89 0.003 N/A Immune 8 N/A N/A 

12-90 0.0146 N/A Immune 7 N/A N/A 

12-91 0.0029 0.0032 Immune 8 Immune 8 

12-92 0.156 0.1803 Susceptible 3 Susceptible 3 

12-93 0.067 0.0849 Immune 4 Immune 4 

12-94 0.017 N/A Immune 7 N/A N/A 

12-95 0.0016 0.0014 Immune 8 Immune 8 

12-96 0.0949 0.1174 Immune 4 Susceptible 3 

12-97 0.004 N/A Immune 8 N/A N/A 

12-98 0.4255 0.5693 Susceptible 1 Susceptible 0 

12-99 0.0035 0.0033 Immune 8 Immune 8 

12-100 0.0135 0.0133 Immune 7 Immune 7 

12-102 0.035 N/A Immune 5 N/A N/A 

12-103 0.1034 N/A Susceptible 3 N/A N/A 
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Table 3-11 Stroboscopic/flicker characteristics of LED/OLED technology [123], [124] 

Lamp 

type 
Space Photo 

Dim  

Level 
𝑰𝑭 𝑽𝑭 

Immunity Level to 

Stroboscopic/ Flicker 

O
rg

a
n

ic
 L

ig
h

t-
E

m
it

ti
n

g
 D

io
d

es
 L

a
m

p
s 

(O
L

E
D

) 
Break 

room 
 

Full 0 0.034 
 

Minimum 0.077 0.231 
 

Entry 

corridor 
 

Full 0 0.002 
 

Minimum N/A N/A N/A 

Conference 

room 
 

Full 0.004 0.017 
 

Minimum 0.032 0.067 
 

Conference 

room 
 

Full 0.001 0.006 
 

Minimum 0.007 0.026 
 

Reception 
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Full 0.123 0.369 
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Copy room 

 

Full 0.0001 0.004 
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Full 0.003 0.009 
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Full 0.001 0.004 
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interior 

office 
 

Full 0.006 0.23 
 

Minimum 0.204 0.558 
 

Open 

office 
 

Full 0.006 0.23 
 

Minimum N/A N/A N/A 

Breakroom 

 

Full 0.012 0.056 
 

Minimum 0.126 0.249 
 

Corridor 

 

Full 0.147 1.674 
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3.5 Other Effects of Voltage Fluctuation 

Other effects of voltage fluctuation are mentioned in [107]. Voltage fluctuations may 

lead to false tripping of relays, tripping out of electronic equipment, as well as the 

interference with communication equipment. The more severe fluctuations may 

prevent other loads from starting. Induction motors may stall during large voltage 

fluctuations, but usually only when operating at maximum torque [107].  
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Chapter 4. The Mitigation of Voltage Fluctuation and Light Flicker 

4.1 Introduction 

The main objective of this chapter is to address the following (Figure 4.1):  

▪ the standard utility practice when a customer’s equipment violates the flicker 

limit and the corresponding impact on the operation of the Fast Charging 

Station (FCS),  

▪ the responsibility to mitigate the voltage fluctuation and light flicker, 

▪ how the flicker can be mitigated, 

▪ the pros, cons, and costs of flicker mitigation techniques, and 

▪ the selection of the best flicker mitigation device, according to the defined 

criteria in this study. 
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4.2  General Utility Practice when Exceeding Flicker Limits 

4.2.1 Customer Responsibilities 

It is not permitted for any customer to cause a voltage fluctuation in the system 

leading to a light flicker in nearby customers [125]. It is the responsibility of the 

facility owner/operator to limit voltage fluctuation caused by the operation of their 

equipment [126]. If corrective action was not taken by the operator of the facility, 

after a notice by the energy provider, the service may get disconnected until the issue 

with the flicker is rectified. In [127], if the flicker emission levels are violated by the 

operation of customer equipment, the network operator may:  

a) require mitigative action taken by the customer, 

b) require a disconnection of the customer’s equipment until mitigative action 

can be taken. 

c) consider a service disconnection of the fluctuating facility. 

4.2.2 Responsibilities for Flicker Mitigation  

There are several loads that may cause voltage fluctuation, such as a motor and [Fast 

Charging Stations]. When the operation of such equipment causes voltage fluctuation 

and exceeds the flicker limits, the customer may be required to install mitigation 

devices or limit the operation of the disturbing equipment, at their own cost.  Further 

connection to the grid will not be permitted without corrective devices [128]. 
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4.3 Voltage Fluctuation Mitigation Technologies 

Voltage fluctuation is a function of its amplitudes and its rate of occurrences. 

Regulating these two factors leads to regulating the fluctuation. In general, the 

voltage fluctuation can be reduced by two approaches [107]: 

1. Increasing the level of the short-circuit power, 

2. Decreasing the fluctuation of the load reactive power. 

The first approach is applied, to which the offending load is connected, by [107]: 

▪ Installing the fluctuation load at a higher voltage level, 

▪ Installing series capacitors, 

▪ Feeding the offending load from a dedicated line, 

▪ Using a three-winding transformer to isolate the varying loads from the 

steady loads, 

▪ Increasing the power rating of the transformer, by which the offending load 

is supplied. 

In the second approach, the voltage fluctuation is regulated by connecting a flicker 

mitigation device. Figure 4.2 depicts different devices for mitigating voltage 

fluctuation. 
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Figure 4.2 Classification of voltage fluctuation mitigation devices [129] 

4.4 Comparison of Voltage Fluctuation Mitigation Technologies 

Static Var Compensators [130]: An SVC is classified based on the electronic circuits 

into line- and self-commutated converters (Figure 4.2). A static var compensator 

generally consists of reactors and/or capacitors controlled using thyristors. One 

application of an SVC in the distribution system is used to mitigate the system 

voltage fluctuation by compensating the reactive power. When the system voltage at 

the load terminal is low, the SVC reacts and increases the system voltage by injecting 

reactive power. In contrast, the SVC regulates the system voltage by absorbing 

reactive power when the voltage is high [130]. There are several types of SVCs 

explained below. 
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Saturable-core Reactors [129]: A reactor has a defined threshold and a wide current 

operating range. When the voltage across the reactor exceeds the defined threshold, 

the reactor current is changed and taken out of the saturation region. When the 

voltage across the reactor is at the minimum value, the reactor flows a magnetizing 

current to stabilize the system voltage [129]. At nominal system voltage, the reactor 

is saturated, which may generate harmonics and adversely increase the losses. The 

SR has a fast response time of less than one cycle [131]. 

Thyristor Switched Capacitors (TSC) [132]: A TSC includes numerous shunt 

capacitors (Figure 4.3). Each capacitor is controlled by a thyristor to determine the 

amount of the injected vars to the system by switching it ON or OFF. A fixed inductor 

may be connected in parallel with the switched capacitor to control the injection and 

absorption of the reactive power. The control circuit of the TSC relies on the voltage, 

current, and/or reactive power flow of the line. The TSC can be utilized to 

compensate a three-phase or single-phase load. The latter offers more regulation 

when an unbalanced load causes a flicker. The TSC has a fast-dynamic response of 

0.5-1 cycle [132]. The response time may be delayed and adversely affected by the 

control settings. The TSC does not produce harmonics, but due to the combination 

of the inductor and the capacitor, a series resonance may occur [129]. 
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Figure 4.3 Schematic Diagram of TSC Compensator [129] 

Fixed Capacitors/Thyristor Controlled Reactors (FC/TCR) [129]: An FC/TCR 

consists of a fixed capacitor bank and inductance controlled by thyristor (Figure 4.4). 

The fixed capacitor injects leading reactive power, whereas the thyristor-controlled 

reactor is switched ON and OFF to control the amount of injected reactive power. 

Higher odd-order harmonics may be generated because of gating the thyristor ON 

and OFF. Also, even-order harmonics are produced when retardation angles are not 

equal for the thyristors [129]. In practice, a filter network is utilized, instead of the 

fixed capacitor, to generate low impedance at specific frequencies, to shunt 

components of the dominant harmonics generated by the thyristors.  
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Figure 4.4 Schematic Diagram of FC/TCR Compensator [94] 

Distribution Static Compensator [133]: A DSTATCOM is utilized in the 

distribution system to improve power quality. A DSTATCOM can be connected to 

load terminals or to the distribution bus, to perform load compensation or to perform 

voltage regulation, respectively. In the first mode of connection, a DSTATCOM can 

improve and correct the power factor and balance the load, whereas the bus voltage 

remains constant against disturbances in the second mode of connection. A 

DSTATCOM consists of several Voltage Source Converters (VSCs) and a dc storage 

capacitor utilized as a common point to connect the VSCs. A transformer in delta or 

star connections is utilized to isolate the inverter legs and prevents the dc capacitor 

from shorting. A DSTATCOM is costly and may not be a feasible solution for small 

power customers [133].  
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Dynamic Voltage Restorer [134]: A DVR is a custom power device installed 

between the supply and critical load. A DVR contains inverters and energy storage 

connected to the network through a series transformer. The inverter is utilized to 

restore voltage quality at the critical load by injecting a series voltage. A DVR is 

characterized by its fast response to the variation and thus the control system of a 

DVR is complex, because it needs to detect and determine the reference signal of the 

series injected voltage [134]. Determining the reference signal is affected by several 

factors, such as the type of energy storage system, its capability to generate active 

power, and its load sensitivity to the disturbance. One of the main limitations of a 

DVR is the complexity of protecting the device and preventing interference with the 

existing equipment during a short circuit [134].  

Unified Power Quality Conditioner [135]: A UPQC contains series and shunt 

active power filters integrated in the dc side via a common dc capacitor. The series 

component regulates the fluctuation in the supply side by injecting voltages to 

improve the load voltage quality at a certain level. The shunt component improves 

the current quality and mitigates disturbances caused by the power consumers by 

providing currents to the network to make the source currents and voltages balanced 

and in phase [135]. 

Synchronous Condensers [131]: A synchronous condenser is a synchronous 

machine that works by providing only reactive power. SCs are utilized in the 

distribution network to stabilize system voltage under different load conditions. SCs 

are integrated to the grid as shunt devices to reduce network reactance. An SC is 
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rarely utilized today for the following drawbacks: it requires auxiliary devices for 

starting and protections, it is noisy, it has more losses compared to static 

compensators, and it adversely contributes to the short-circuit current [131]. 

Voltage Regulators [130]: The aim of using voltage regulators in a distribution 

system is to maintain the output voltage with a defined limit, regardless of the 

variation in the input voltage. VRs are standard transformers and include taps on the 

winding to adjust the output voltage. There are two main types of VRs: the step-type 

and the induction-type (rarely used) [130]. 

Traditional Voltage Regulator [136]–[139]: Step-type VRs are either station-type, 

utilized for bus voltage regulation or feeder voltage regulation, or distribution-type, 

utilized to regulate a single-phase overhead primary feeder. Step-type VRs have two 

main components: autotransformer and a tap-changer. It detects the input voltage and 

accordingly changes to a tap in order to compensate for the systems under or over 

voltage. Step-type voltage regulation is designed to regulate the ±10% of the line 

voltage in 32 steps with 20/32% voltage changes per step. Connection of the internal 

coils of a regulator determines the regulation range. If two coils are connected in 

series, the regulation range is ±10%, whereas if they are connected in parallel the 

regulator can be utilized for ±5%, but the regulator’s current rating will increase to 

160% [136]–[139]. Because of their relatively slow response time, step-types, 

whether electromechanical or electronic tap switching, are not functional in 

mitigating fast and frequent voltage variations. They are utilized to regulate long-

term voltage variations but are not effective in mitigating a flicker [136]–[139]. 
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Capacitor: Capacitors are utilized in parallel or in series configurations to regulate 

the system voltage. 

Shunt Capacitor [140]: Shunt capacitors are utilized in parallel with the power line 

to counteract the lagging component by absorbing a leading current. When it 

overcompensates, shunt capacitors increase reactive power to the network, which 

causes overvoltage problems. To regulate the voltage at a high load and avoid 

overcompensation at a low load, the automatic switching is used. However, 

switching capacitors ON and OFF would make the voltage inside the consumer 

facilities have more variations. Also, shunt capacitors can produce harmonics. One 

of the main applications of a shunt capacitor is to improve the power factor and to 

support the voltage, long-term. The starting voltage may be decreased by a shunt 

capacitor but the relative voltage change (∆𝑉/𝑉) is not decreased and, thus, voltage 

flickers are not compensated by shunt capacitors and may make it worse [140].  

Series Capacitors [141]: Unlike shunt capacitors, series capacitors can be used to 

mitigate voltage fluctuation and flicker. Series capacitors are connected in series with 

the load, which make them respond instantaneously to load variations. One of the 

main limitations of series capacitors is that they can only compensate their 

downstream side, but upstream voltages are not supported. Also, series capacitors 

reduce system impedances which may require one to modify the short-circuit 

protection scheme. Series capacitors are custom devices and nonstandard, thus their 

cost is high [141].  
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Load Changes [132]: One cost-effective option is to solve the flicker at the source 

of the problem is by controlling the operation limits of the offending load. The source 

of the problem, in this study, is the FCS. Changing the operation limits can be applied 

by reducing the rated output power of the fluctuated loads. This option does not 

require any physical modification [132]. 

4.5  Control of Flicker Mitigation Technologies  

4.5.1 Static Var Compensator  

An automatic voltage controller is utilized to control the static var compensator 

(Figure 4.5). The controller first compares a reference voltage to the measured value 

and accordingly determines the required amount of reactive power by issuing 

command signals. These command signals are either converted into digital or into 

analogue signals, in order to switch thyristors ON and OFF or to control their firing 

angles. The compensator control may be interrupted when the system voltage 

exceeds, for a long period of time, a predetermined value defined by the network 

operator [142]. In contrast, during transients, such as switch capacitor bank, the static 

compensator control operates without interruptions, although the bus voltage may be 

affected for a short period of time. In this case, the SVC generates a command signal 

to either firing a delay angle α that mitigates the transient effect (if the capacitor 

current is not zero) or to blocking the thyristors (if the capacitor current is zero). 
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Figure 4.5 A Block Scheme of an SVC Controller [143] 

4.5.2 Distribution Static Compensator 

A DSTATCOM is shown in Figure 4.6. A DSTATCOM is utilized to inject or absorb 

a leading/lagging current into the distribution grid via the shunt transformer (Figure 

4.6), relying on a pulse-width modulation. The control system of a DSTATCOM has 

three levels, listed below [144]: 

1. Fast voltage regulator 

2. Fast current limiter with overload management control 

3. Slow reset control 

The first level of control relies on a closed-loop function to maintain the voltage 

within a predetermined range for a short period of cycles. The function of the second 

level of control is to enhance the equipment’s performance and prevent it from 

interruption, in case of overload. The last level of control is utilized to prevent the 

device from remaining near or in limits for a long period of time. This is to avoid any 

delay for subsequent disturbances [144].  
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Figure 4.6 A DSTATCOM Diagram [142] 

4.5.3 Dynamic Voltage Restorer 

A DVR operates in two modes, standby and boost operating modes. Under normal 

load conditions, the system voltage is at its nominal value and thus a DVR does not 

supply voltage to the system because it operates in standby mode. When the system 

voltage deviates above/under certain limits, a DVR provides, for a short period of 

time, a three-phase voltage to the network synchronized with the grid voltage. In this 

mode, a DVR supplies the load with the required active and reactive power. The 

active power is drawn from the equipped energy source. Figure 4.7 shows an open-

loop control circuit of a DVR. The controller measures the three-phase system 

voltage and transform them into α-β components via a stationary frame. A phase 

locked loop is utilized to transform α-β components via a rotating reference frame 

into d-q components [145]. These components are subtracted from reference voltage 

values to determine the injected voltage to the load. 
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Figure 4.7 A Block Scheme of a DVR Controller [145] 

4.5.4 Unified Power Quality Conditioner 

A UPQC is shown in Figure 4.8, it has two control circuits connected in series and 

parallel. The series control circuit functions as a filter to extract a sinusoidal reference 

voltage and match it with the supply voltage. The amount of compensation is 

determined by taking the difference between the system and the reference voltages. 

The difference is provided to the network through the inverter and the series 

transformer to mitigate power quality disturbances in the source side. The parallel 

control circuit also works as a filter, but to extract a sinusoidal reference current and 

compare it with the load current. In the parallel control circuit, the amount of 

compensation is determined by taking the difference between the system and the 

reference currents. The difference is injected to the network through the inverter and 

the parallel transformer is used to mitigate the power quality disturbances in the load 

side [144]. 
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Figure 4.8 A Block Diagram of UPQC  [146] 

4.5.5 Synchronous Condensers 

The controller in the synchronous condenser can be set to manage the regulation in 

different operation modes. The controller has a digital voltage regulator in order to 

control the terminal voltage by adjusting the DC field current of the condenser. 

Regulating the DC field current determines the amount of reactive power that is 

injected or absorbed to/from the power network, which stabilizes the power system 

against short-term disturbances. In the case of voltage sags, the synchronous 

condenser draws a leading current, which in turn increases the excitation of the 

generator and supports the quick voltage regulation [147]. 

4.5.6 Saturated-Core Reactor 

The SCR consists of a transformer, a damping filter, a slope correction capacitor, a 

series capacitor with damping filter, and a shunt capacitor with an inductor in series 

(Figure 4.9). The SCR is connected to the grid via a coupling transformer. The 

reactance of the saturated reactor ranges from 8 to 15% of its own rating [148]. The 

slope-correcting capacitor is connected in series with the reactor to decrease the 
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ranges to 3 to 5% for voltage regulation; however, it adversely reduces the response 

time [148]. The damping filter is installed in parallel with the slope correcting 

capacitor to avoid the subharmonics that may occur when the slope correcting 

capacitor interacts with the grid reactance. The series capacitor with the damping 

filter is utilized to enhance the voltage regulation capability by offsetting the 

transformer reactance. The parallel capacitor is utilized to extend the control range 

of reactive power control, whereas the series inductor is utilized as a tuning filter. 

The SR is able to regulate the system overload of 3 to 4 p.u. and its response time is 

about 1.5 to 2 cycles [148]. 
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Figure 4.9 A Saturated Reactor  [148] 

4.5.7 Fixed Series Capacitors  

Series capacitors are utilized in the circuit to raise the voltage drop created by the 

circuit’s inductive reactive loads (Figure 4.10). Inserting a series capacitor makes 

downstream voltage directly varied with the load current, unlike installing a shunt 

capacitor which results in a fixed voltage support, regardless of the load current 
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[149], [150]. Therefore, as the downstream load increases, the series capacitor results 

in a voltage increase proportional to the increase of the load. At no load, the voltage 

rise is zero. The feeder voltage drop is expressed as [138]: 

 𝑉𝐷 = 𝑖𝑅 cos 𝜃 + 𝑖𝑋𝐿 sin 𝜃 4.1 

where 𝑅 and 𝑋𝐿 are the resistance and the inductive reactance of the feeder circuit, 

whereas cos 𝜃, and sin 𝜃 are the receiving-end power factor and power factor angle, 

respectively.  When a series capacitor is inserted, it injects a capacitive reactance 𝑋𝐶 

that decreases the 𝑋𝐿 in the circuit. This results in decreasing the load current 𝑖, which 

decreases the drop in the voltage as in (4.2) [138]: 

 𝑉𝐷 = 𝑖𝑅 cos 𝜃 + 𝑖(𝑋𝐿 − 𝑋𝐶) sin 𝜃 4.2 
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Figure 4.10 Circuit without (a) and with (b) Series Capacitor [132] 
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A comparative summary of different types of compensation technologies is given in 

Table 4-1. 

Table 4-1 Comparison of Different Voltage Fluctuation Mitigation Devices  [94], [148], [152]–

[154] 

 I II III IV V VI VII VIII 

 
Synchronous 

condensers 

Series 

Capacitors 

Saturated 

Reactors 
FC/TCR TSC DSTATCOMs DVR UPQC 

Steady sate 

Characteristic 

Automatic 

voltage 

regulator, 

easily 

adjustable 

Self- 

regulation 

Restricted 

adjustment 

possible on 

site 

Controller 

easily 

adjustable 

Controller 

easily 

adjustable 

Controller 

easily 

adjustable 

Controller 

easily 

adjustable 

Controller 

easily 

adjustable 

Control range 

generation 

and 

absorption. 

Capacitive 

W/capacitor 

generation 

& 

absorption 

generation 

and 

absorption 

Capacitive 

Both 

generation and 

absorption 

Both 

generation 

and 

absorption 

Both 

generation 

and 

absorption. 

Harmonic 

content 
Negligible Negligible 

Internally, 

compensated 

in balanced 

3-ph system 

Requires 

filters 
Negligible 

Small low 

order. 

Large: high 

order 

Small; 

depends on 

the 

hardware 

Small low 

order; 

eliminated 

by a shunt 

filter 

Losses 

High at full 

output. 

Low at zero 

var output 

Negligible 

Low at full 

generation. 

High at full 

absorption 

Low at full 

generation. 

High at 

full 

absorption 

High at 

full 

output. 

Low at 

zero var 

output 

High at full 

output. 

Low at zero 

var output 

Low Low 

Overload 

capability 

Up to two 

times 

Limited to 

capacitor 

rating 

Limited to 

the slop-

correcting 

capacitor 

Limited to 

capacitor 

rating 

Limited to 

capacitor 

rating 

Limited to 

rating of shunt 

compensator 

Up to 

150% for 

30 s 

Up to 

150% 

Response 

time in the 

system 

0.2 s 0-0.05 s 0-0.05 s 0.02-0.06 s 0.02-0.06s 0.01-0.02 s 0.01-0.02 s 0.01-0.02 s 

Maintenance 

requirements 

As for any 

rotating plant 
Moderate 

Small as for 

an outdoor 

equipment 

Moderate 

as for 

electronic 

indoor 

equipment 

Moderate Moderate Moderate Moderate 

Response to 

rapidly 

fluctuating 

load 

Relatively 

slow 

Inherently 

fast 

Inherently 

fast 

Less rapid 

than III 

Slower 

than IV 
Faster than V 

Faster than 

V 

Faster than 

V 

Voltage 

control under 

line outage 

Good, but 

relatively less 

rapid 

Requires 

metal 

varistor for 

protection 

May require 

switched 

capacitors to 

support 

voltage 

Require 

switched 

capacitors 

to support 

voltage 

Require 

switched 

capacitors 

to support 

voltage 

Require 

switched 

capacitors to 

support 

voltage 

Require 

energy 

storage to 

provide 

power 

Require a 

DC 

capacitor 

to support 

voltage 

Behavior 

following 

system fault 

Swinging and 

loss of 

synchronism 

Can’t 

tolerate 

fault 

current; 

automatic 

switch req. 

Inherent 

response as 

a constant 

voltage 

device 

Auxiliary 

controls 

used to 

damp load 

swings 

Auxiliary 

controls 

used to 

damp load 

swings 

Auxiliary 

controls used 

to damp load 

swings 

Auxiliary 

controls 

used 

against 

overcurrent 

Series 

converter 

utilized to 

improve 

system 

stability 
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4.6 Cost of Flicker Mitigation Technologies 

This section attempts to quantify and compare the costs of the various mitigation 

devices discussed above. These devices are UPQC, DSTATCOM, TSC, FCTCR, 

DVR, and FSC. For these technologies, there will be two costs involved. The first is 

the initial purchase price of the equipment, while the second is the maintenance costs 

associated with the selected equipment. The cost of power quality mitigation devices 

is determined based on their power rating such as $/kVar [142]. This cost represents 

a rough estimate of the equipment; however, the total system cost may contain 

additional elements [142]. 

The total annual equivalent cost of installing a voltage flicker mitigation device can 

be found as:  

 𝛬𝑦 = ℂ𝑦 +ℳ𝑦 4.3 

 

Where  

𝛬𝑦 the total annual equivalent cost, $/𝑦𝑒𝑎𝑟 

ℂ𝑦 the annual equivalent cost of capital invested, $/𝑦𝑒𝑎𝑟 

ℳ𝑦 the annual equivalent cost of maintenance, $/𝑦𝑒𝑎𝑟 

  

The annual equivalent capital cost is called capital recovery cost,  ℂ𝑦 

 ℂ𝑦 = 𝜁. 𝜇′ − 𝒮. ℓ′ 4.4 
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Where 

𝜁 the first cost of installed flicker mitigation device, $ 

𝒮 the estimated salvage value at the end of the device useful life, $ 

𝜇′ the capital recovery factor 

ℓ′ the single-payment discount factor 

 

 𝜇′ = (
𝜆. (𝜆 + 1)𝜂

(𝜆 + 1)𝜂 − 1
) 4.5 

 ℓ′ = (
𝜆

(𝜆 + 1)𝜂 − 1
) 4.6 

Where 

𝜆 the fixed charge rate, % 

𝜂 the useful life in years (flicker mitigation device lifetime), years 

The total annual equivalent cost (𝜁) and salvage value (𝒮) are estimated as: 

 𝜁 = 𝛤. 𝜑 4.7 

 𝒮 = 𝛺.𝜑 4.8 

Where 

𝛤 the cost per unit of installed flicker mitigation device, $/𝑘𝑉𝐴𝑟  

𝛺 the salvage value per kVAr at the end of 𝜂, $/𝑘𝑉𝐴𝑟  

𝜑 the operating range of the flicker mitigation device, 𝑀𝑉𝐴𝑟  
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The cost of installation  (𝛤) of different flicker mitigation equipment are given in 

[148], [155]–[158] as follows:  

 𝛤𝑈𝑃𝑄𝐶 = 0.0003. 𝜑𝑈𝑃𝑄𝐶
2 − 0.2691. 𝜑𝑈𝑃𝑄𝐶 + 188.2 4.9 

 𝛤𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = 0.0002478. 𝜑𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀
2 − 0.2261. 𝜑𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 + 60 4.10 

 𝛤𝑇𝑆𝐶 = 0.0003. 𝜑𝑇𝑆𝐶
2 − 0.305. 𝜑𝑇𝑆𝐶 + 127.4 4.11 

 𝛤𝐹𝐶𝑇𝐶𝑅 = 0.0003. 𝜑𝐹𝐶𝑇𝐶𝑅
2 − 0.305. 𝜑𝐹𝐶𝑇𝐶𝑅 + 127.4 4.12 

 𝛤𝐷𝑉𝑅 = 0.0015. 𝜑𝐷𝑉𝑅
2 − 0.713. 𝜑𝐷𝑉𝑅 + 153.8 4.13 

 𝛤𝐹𝑆𝐶 = 0.000541. 𝜑𝐹𝑆𝐶
2 − 0.3902. 𝜑𝐹𝑆𝐶 + 90.8 4.14 

Where 

𝛤𝑈𝑃𝑄𝐶 the per unit cost of the Unified Power Quality Conditioner, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 the per unit cost of the Distribution Static Compensator, ($/𝑘𝑉𝐴𝑟) 

𝛤𝑇𝑆𝐶 the per unit cost of the Thyristor Switched Capacitor, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐹𝐶𝑇𝐶𝑅 the per unit cost of the Fixed Capacitors/Thyristor Controlled Reactors, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐷𝑉𝑅 the per unit cost of the Dynamic Voltage Restorer, ($/𝑘𝑉𝐴𝑟) 

𝛤𝐹𝑆𝐶 the per unit cost of the Fixed Series Capacitor, ($/𝑘𝑉𝐴𝑟) 

𝜑𝑈𝑃𝑄𝐶 the operating range of the Unified Power Quality Conditioner, 𝑀𝑉𝐴𝑟 

𝜑𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 the operating range of the Distribution Static Compensator, 𝑀𝑉𝐴𝑟 

𝜑𝑇𝑆𝐶  the operating range of the Thyristor Switched Capacitor, 𝑀𝑉𝐴𝑟 

𝜑𝐹𝐶𝑇𝐶𝑅 the operating range of the Fixed Capacitors/Thyristor Controlled Reactors, 𝑀𝑉𝐴𝑟 

𝜑𝐷𝑉𝑅 the operating range of the Dynamic Voltage Restorer, 𝑀𝑉𝐴𝑟 

𝜑𝐹𝑆𝐶  the operating range of the Fixed Series Capacitor, 𝑀𝑉𝐴𝑟 
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The annual equivalent cost to maintain the flicker mitigation device (ℳ𝑦) is 

calculated per kVAr per year as in (4.15): 

 ℳ𝑦 = 𝛾. 𝛤. 𝜑. 𝜇′ 4.15 

Where 

𝛾 The maintenance cost in percent of the first cost, (%)  

𝜆 is the fixed interest rate at 6% and n is the lifetime of the project of 10 years.  If the 

salvage value is assumed to be negligible, the different mitigation methods are 

calculated as in Table 4-2. 

Table 4-2 Maintenance Cost for Flicker Mitigation Devices 

Mitigation device % of the first cost The source 

ℳ𝑈𝑃𝑄𝐶
𝑦

 10 [159] 

ℳ𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀
𝑦

 5 [160] 

ℳ𝑇𝑆𝐶
𝑦

 10 [161] 

ℳ𝐹𝐶𝑇𝐶𝑅
𝑦

 10 [161] 

ℳ𝐷𝑉𝑅
𝑦

 5 [162] 

ℳ𝐹𝑆𝐶
𝑦

 1 [163] 

4.7 Comparison of Costs of Flicker Mitigation Technologies 

As per the general utility practice, the annual fixed charge rate is estimated based on 

the summation of the following costs: costs of capital, depreciation, taxes, insurance, 

and operation and maintenance expenses. However, only the capital and maintenance 

costs are considered in calculating the 𝛬𝑦 in Table 4-3. Also, the salvage value is 

assumed to be zero at the end of the project lifetime.  
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Table 4-3 Cost of Voltage Fluctuation Mitigating Devices 

 Mitigation Techniques 

Parameters UPQC DSTATCOM TSC FC-TCR DVR FSC 

Lifetime 𝜼, (years) 20 20 20 20 20 20 

Charge rate 𝝀, (%) 6 6 6 6 6 6 

Maintenance cost in 

% of first cost 𝜸, (%) 
10 5 10 10 5 1 

Reactive power range  
𝝋, (MVAr) 

2 2 2 2 2 2 

The per kVAr cost 𝜞, 

($/kVAr) 
187.66 79.55 126.8 126.8 153.3 89.97 

Salvage value per 

kVAr 𝜴, ($/kVAr) 
0 0 0 0 0 0 

Cost of installation, 𝜻 

($)  
375,320 159,100 253,600 253,600 306,600 179,940 

Salvage at end of 

device lifetime, 𝓢 ($)  
0 0 0 0 0 0 

capital recovery 

factor, 𝝁′ 
0.0872 0.0872 0.0872 0.0872 0.0872 0.0872 

Single-payment 

discount factor, 𝓵′ 
0.0272 0.0272 0.0272 0.0272 0.0272 0.0272 

Capital recovery cost,  
ℂ𝒚 , ($/𝒚𝒆𝒂𝒓) 

32,728 13,874 22,114 22,114 26,735 15,691 

Annual maintenance 

cost, 𝓜𝒚, ($/𝐲𝐞𝐚𝐫) 
3,272 694 2,211 2,211 1,337 157 

Total annual 

equivalent cost, 

𝜦𝒚 ($/𝒚𝒆𝒂𝒓) 
36,000 14,568 24,325 24,325 28,072 15,848 

Table 4-3 shows a range of costs for a number of the mitigation technologies 

discussed above. According to the comparison, the DSTATCOM is the cheapest 

mitigation technology on a cost per kVAr basis and is based on the total annual 

equivalent cost (14,568 $/year). In contrast, the UPQC has the highest annual cost 

and per kVAr cost.  
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4.8 Comparison of Advantages and Disadvantages of Mitigation Technologies 

Table 4-4 illustrates the advantages and the disadvantages of each flicker mitigation 

technique explained in this chapter. 

Table 4-4 Advantages and Disadvantages of Different Types of Compensating Devices  

Mitigation 

Techniques 
Advantages Disadvantages 

TSC 

▪ Fast response time, less than 20 ms. 

▪ Effective in reducing the impacts of fast 

load fluctuations and flicker. 

▪ Free harmonic generation. 

▪ No switching transients. 

▪ Effective control to prevent overcurrents and 

overvoltages. 

▪ Susceptible to series resonance, appropriate 

connection is required to prevent it. 

▪ A delay in the response time may occur due to 

complicated control system. 

▪ Higher losses than that in pure capacitor 

losses. 

FC/TCR 
▪ Operate in inductive and capacitive modes. 

▪ Flexible control during light and heavy 

loading periods. 

▪ High steady-state losses  

▪ Limitation in the injections or the absorption 

of reactive power. 

▪ Can’t disconnect the capacitor in exigencies. 

Saturable 

reactors 

▪ Instantaneous intervention in fluctuations of 

the load current. 

▪ Suppressed flicker to large extend. 

▪ Lower short-circuit current via forced 

magnetized. 

▪ Stabilized levels of PCC voltage and load 

current. 

▪ Distorts of the consumed load current. 

▪ Generates high order current harmonics. 

▪ Slow time response in a single-phase 

operation. 

Dynamic 

Voltage 

Restorer 

▪ Fast dynamic response to the disturbance. 

▪ Different modes of operations. 

▪ Compensate for the inductive drop in the 

line. 

▪ Limiting fault current by providing a leading 

voltage. 

▪ Requires active power during the 

compensation. 

▪ Causes phase jump at load voltage. 

▪ Partially provides power to the load during 

extreme variations. 

DSTATCOMs 

▪ Ability to perform different functions at the 

same time. 

▪ Ability to follow rapid load variations. 

▪ Smaller than that of corresponding SVC 

systems. 

▪ Compensates only for reactive power at the 

fundamental frequency. 

▪ Limited overload capability.  

Synchronous 

condensers 

▪ Reducing the voltage flicker. 

▪ Stabilize the voltage at PCC. 

▪ High temporary overload capability. 

▪ High losses, 1.25-5.5% of the nominal power. 

▪ Unit cost increases with the decrease in the 

power of the device. 

Shunt 

capacitors 

▪ Mounted sequentially which decrease initial 

investment. 

▪ Voltage support and power factor 

correction.  

▪ Low power losses, 0.25-0.30% of the 

nominal power. 

▪ Relatively long response time. 

▪ Do not minimize flicker. 

▪ Leads to rise/dips the voltage by switching on 

and off. 

▪ Do not allow continuous control of the 

voltage. 

▪ Do not absorb the capacitive power of the 

lines. 

Series 

capacitors 

▪ Minimizing light flicker on redial feeders. 

▪ Improving voltage regulation on radial 

feeders. 

▪ Increasing power transfer ability. 

▪ Controlling load sharing between parallel 

feeders.  

▪ Compensation available only downstream the 

capacitor. 

▪ May cause resonance phenomena. 

▪ Affecting distance estimation for distance 

relay. 

▪ Self-excitation of synchronous machines. 
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Ferroresonant 

transformers 

▪ Superior Voltage Regulation. 

▪ Effective during momentary voltage 

interruptions. 

▪ Ride-through capability. 

▪ Ability to inject a constant current output 

rather than constant voltage. 

▪ Low efficiencies decrease more when the 

loading reduces. 

▪ Oversized by 2 to 3 times the rated load 

current 

▪ Large size and noisy. 

▪ Relatively high cost. 

Voltage 

regulator 

▪ Cost-efficient. 

▪ Can control the active and reactive power. 

▪ Do not minimize flicker. 

▪ Slow time response. 

UPQC 

▪ Perform shunt and series compensation. 

▪ Flexible overall control. 

▪ Efficient runs near nominal operating point. 

▪ Small physical size and light weight.  

▪ Low efficiency when load power is low.  

▪ Limited lifetime of the electrolyte capacitor.  

4.9 Technology Selection 

In this comparison, several parameters are utilized to select the best flicker mitigation 

device. These parameters are as follows: 

1. Overload capability 

2. Losses 

3. Response Time 

4. Reactive power range 

5. Investment costs 

6. Control interaction 

7. Special requirements (i.e., protection devices; special connection; 

customization). 

8. Efficiency during low/high loading 

9. Single-Phase control 

10. Energization 

In choosing the best option for reducing voltage flicker caused by the FCS, it is 

important to consider the cost and benefit of each method that is available. In this 

study, two stages are utilized to select the best flicker mitigation technique. In the 

first stage, a linguistic comparative is utilized to compare between each mitigation 

method, as shown in Table 4-5. The first column in Table 4-5 represents parameters 

utilized to differentiate between each mitigation technique listed in the first row. 
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Then, each linguistic comparator, utilized in Table 4-5, is given a score based on a 

user defined criterion. Four types of scores are utilized to distinguish between each 

mitigation method, that are: -, --, +, and ++. This method of comparison has been 

utilized in the literature as per [164]. The value (score) of each group of linguistic 

comparators is shown in Table 4-6. In the second stages, the linguistic comparators 

are mapped based on their given score as shown in Table 4-7. Each mitigation 

technique is given a weight based on the difference of its total positive scores and its 

total negative scores. The mitigation technique which possesses the maximum 

positive weight is considered the best flicker mitigation option, as per the parameters 

defined in this study.  

Table 4-5 Comparison of Different Voltage Mitigating Devices 

 Mitigating Techniques 

 FSC FC/TCR TSC DSTATCOMs DVR UPQC 

Overload 

capability 
Limited Limited Limited Limited Good Good 

Losses small Moderate Small Small Small Small 

Response Time Very fast fast fast fast Very fast Very fast 

Reactive power 

range 
Capacitive 

Capacitive 

inductive 
Capacitive 

Capacitive 

inductive 

Capacitive 

inductive 

Capacitive 

inductive 

Capital costs Good High High Good Very high Very high 

Maintenance 

costs 
Very good Good Good Good Very high Very high 

Control 

interaction 
Limited Good Good Good Good Good 

Special 

requirements  

Overvoltage  

resonance 
Harmonic Resonance  Short-circuit 

Short-

circuit 

Short-

circuit 

Efficiency 

during low/high 

loading 

Good Good Good Good Good Limited 

Single-Phase 

control 
Yes Yes Yes Yes Yes Yes 

Energization 
Fast & 

direct 

Fast 

w/control 

Fast 

w/control 
Fast w/control 

Fast 

w/control 

Fast 

w/control 
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      Table 4-6 Weighting of the comparators in Table 4-5 

Given Weight 

+ - ++ -- 

Cheap High Very fast Very high 

Fast Slow Fast & direct Very slow 

Fast w/control Short-circuit Very good 𝐶𝑜𝑠𝑡 $/𝑘𝑉𝐴 > 150 

Capacitive Moderate 𝐶𝑜𝑠𝑡 $/𝑘𝑉𝐴 ≤ 50 7.5 < 𝛾 ≤ 10% 

Yes Limited 𝛾 ≤ 2.5%  

Good Resonance   

Small Harmonic   

Inductive  100 < 𝐶𝑜𝑠𝑡 $/𝑘𝑉𝐴 ≤ 150   

50 < 𝐶𝑜𝑠𝑡 $/𝑘𝑉𝐴 ≤ 100 Overvoltage   

2.5% < 𝛾 ≤ 5% No   

 5% < 𝛾 ≤ 7.5 %   

Table 4-7 Grading of the Selected mitigation Devices 

 Mitigation Techniques 

 FSC FC/TCR TSC DSTATCOMs DVR UPQC 

Overload 

capability 
- - - - + + 

Losses + - + + + + 

Response 

Time 
+ + + + + + + + + 

Reactive 

power range 
+ + + + + + + + + + 

Cost per 

kVAr 
+ - - + - - - - 

Maintenance 

Cost 
+ + - - - - + + - - 

Control 

interaction 
- + + + + + 

Single-Phase 

control 
+ + + + + + 

Special 

requirements 
- - - - - - - 

low/high 

loading Eff. 
+ + + + + - 

Energization + + + + + + + 

Sum (-) -4 -6 -5 -2 -3 -6 

Sum (+) 11 7 7 10 11 9 

Sum (total) 7 1 2 8 8 3 
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In Table 4-7, the results show that DSTATCOM and DVR have equivalent positive 

weights. This means that both represent the best mitigation solutions based on the 

defined criteria. However, their capital costs are varied distinctly. If the highest 

priority is to minimize cost, the DSTATCOM has lower cost per kVAr than the DVR 

and thus it represents the preferred solution. In contrast, if the priority is efficiency 

and fast action, the DVR represents the best solution.  

4.10 DSTATCOM Modelling 

The DSTATCOM is modeled, as proposed in [165]. Figure 4.11 shows a simple 

three-phase balanced distribution system in which the power is transferred radially. 

In this system, a DSTATCOM is installed to inject reactive power and improve the 

voltage profile. The mathematical representation of a DSTATCOM is described 

below to calculate the current injected from the DSTATCOM.  

𝜄𝑛 + 𝑗𝜍𝑛 Line impedance between buses n and n+1 

𝑖𝑛∠𝛼 Line current flows out of bus n after DSTATCOM installed 

𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 Current injected by DSTATCOM 

∠(𝜗𝑛+1 +
𝜋

2
) Phase angle of current injected by DSTATCOM 

𝑄𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 Reactive power injected by the DSTATCOM 

�̅�𝑛+1∠�̅�𝑛+1 Voltage at bus n+1 before DSTATCOM installed 

𝑈𝑛+1∠𝜗𝑛+1 Voltage at bus n+1 after DSTATCOM installed 

𝑈𝑛∠𝜗𝑛 Voltage at bus n after DSTATCOM installed 

𝑃𝑛 + 𝑗𝑄𝑛 Constant load connected at bus n 
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𝑃𝑛+1 + 𝑗𝑄𝑛+1 Constant load connected at bus n+1 

Un+1Un
ιn ςn

ίDSTATCOM

ίn
Pn+1 + jQn+1Pn + jQn

Cdc

 

Figure 4.11 DSTATCOM Installed at Bus n+1 

The new voltage after installing DSTATCOM is expressed as in (4.16) 

 𝑈𝑛+1∠𝜗𝑛+1 = 𝑈𝑛∠𝜗𝑛 − (𝜄𝑛 + 𝑗𝜍𝑛). 𝑖𝑛∠𝛼 − (𝜄𝑛 + 𝑗𝜍𝑛). 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀∠(𝜗𝑛+1 +
𝜋

2
) 4.16 

Equations (4.17) and (4.18) are obtained by splitting (4.16) into real and imaginary 

parts.  

 

𝑈𝑛+1. cos(𝜗𝑛+1)

= ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼) + 𝜍𝑛. 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀. sin (𝜗𝑛+1 +
𝜋

2
)

− 𝜄𝑛. 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀. cos (𝜗𝑛+1 +
𝜋

2
) 

4.17 

 

𝑈𝑛+1. sin(𝜗𝑛+1)

= ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼) − 𝜍𝑛. 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀. cos (𝜗𝑛+1 +
𝜋

2
)

− 𝜄𝑛. 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀. sin (𝜗𝑛+1 +
𝜋

2
) 

4.18 

Solving (4.17) and (4.18) yields (4.19) and (4.20).  
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 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 =
𝑈𝑛+1. cos(𝜗𝑛+1) − ℜ(𝑈𝑛∠𝜗𝑛) + ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)

𝜄𝑛. sin(𝜗𝑛+1) + 𝜍𝑛. cos(𝜗𝑛+1)
 4.19 

 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 =
𝑈𝑛+1. sin(𝜗𝑛+1) − ℑ(𝑈𝑛∠𝜗𝑛) + ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)

𝜍𝑛. sin(𝜗𝑛+1) − 𝜄𝑛. cos(𝜗𝑛+1)
 4.20 

Equation (4.21) is found by equating (4.19) and (4.20). 

 

𝑈𝑛+1. cos(𝜗𝑛+1) − ℜ(𝑈𝑛∠𝜗𝑛) + ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)

𝜄𝑛. sin(𝜗𝑛+1) + 𝜍𝑛. cos(𝜗𝑛+1)

=
𝑈𝑛+1. sin(𝜗𝑛+1) − ℑ(𝑈𝑛∠𝜗𝑛) + ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)

𝜍𝑛. sin(𝜗𝑛+1) − 𝜄𝑛 . cos(𝜗𝑛+1)
 

4.21 

Equation (4.21) can be arranged in standard quadratic equation form, as in (4.22) 

Where, 

 𝜙 = (ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)). 𝜍𝑛 − (ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)). 𝜄𝑛 

4.22 

 = (ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)). 𝜄𝑛 − (ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)). 𝜍𝑛 

 (𝜙2 + 𝜓2). sin(𝜗𝑛+1)2 = (2. 𝜙. 𝑈𝑛+1. 𝜄𝑛). sin(𝜗𝑛+1) − ((𝑈𝑛+1)2. (𝜄𝑛)2 − 𝜓2) 4.23 

Solution of (4.24) can be obtained as: 

 sin(𝜗𝑛+1) =
−𝜉 ± √(𝜉)2 − 4. 𝛽. 𝜂

2. 𝛽
 4.24 

Where, 

 

𝜉 = −2. (((ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)). 𝜍𝑛

− (ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)). 𝜄𝑛) . 𝑈𝑛+1. 𝜄𝑛) 

4.25 
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𝛽 = ((ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)). 𝜍𝑛 − (ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)). 𝜄𝑛)
2

+ ((ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)). 𝜄𝑛

− (ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)). 𝜍𝑛)
2

 

4.26 

 

𝜂 = (((𝑈𝑛+1)2. (𝜄𝑛)2)

− ((ℜ(𝑈𝑛∠𝜗𝑛) − ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)). 𝜄𝑛

− (ℑ(𝑈𝑛∠𝜗𝑛) − ℑ(𝜍𝑛. 𝑖𝑛∠𝛼)). 𝜍𝑛)
2

) 

4.27 

Solving equation (4.25) yields two solutions and the correct one is determined based 

on the boundary conditions as in (4.29): 

 𝑈𝑛+1 = �̅�𝑛+1⇒ {𝑖
𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = 0
𝜗𝑛+1  = �̅�𝑛+1

 4.28 

Accordingly, equation (4.29) satisfies the boundary conditions.  

 sin(𝜗𝑛+1) =
−𝜉 + √(𝜉)2 − 4. 𝛽. 𝜂

2. 𝛽
 4.29 

Therefore,  ∠𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 and 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 can be found as in equation (4.31) and (4.32): 

 ∠𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = 𝜗𝑛+1 +
𝜋

2
= sin−1 (

−𝜉 + √(𝜉)2 − 4. 𝛽. 𝜂

2. 𝛽
) +

𝜋

2
 4.30 

 

𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = |𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀|∠𝜗𝑛+1 +
𝜋

2

= |𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀|∠sin−1 (
−𝜉 + √(𝜉)2 − 4. 𝛽. 𝜂

2. 𝛽
) +

𝜋

2
 

4.31 
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Magnitude of the injected current by DSTATCOM as well as the reactive power to 

the bus can be expressed as in (4.33), (4.34), and (4.35).  

 |𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀| =
𝑈𝑛+1. cos(𝜗𝑛+1) − ℜ(𝑈𝑛∠𝜗𝑛) + ℜ(𝜄𝑛. 𝑖𝑛∠𝛼)

𝜄𝑛 . sin(𝜗𝑛+1) + 𝜍𝑛. cos(𝜗𝑛+1)
 4.32 

 𝑗𝑄𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = (𝑈𝑛+1∠𝜗𝑛+1). 𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 4.33 

 

𝑗𝑄𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀 = (𝑈𝑛+1∠𝜗𝑛+1). (|𝑖𝐷𝑆𝑇𝐴𝑇𝐶𝑂𝑀|∠(sin−1 (
2. 𝜉 + √(𝜉)2 − 4. 𝛽. 𝜂

2. 𝛽
)

+
𝜋

2
))

∗

 

4.34 
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Chapter 5. Distribution System and Fast Charging Components: An 

Overview 

The aim of this chapter is to introduce the main components of distribution power 

systems as well as their characteristics. Also, the procedure of power flow analysis 

in distribution networks is outlined in this chapter. 

5.1 Introduction 

The power system mainly consists of four subsystems; these are the generation, 

transmission, sub-transmission, and distribution subsystems. Each subsystem is 

characterized by its own voltage level as shown in Table 5-1. The sub- transmission 

is utilized to interconnect Ultra-High Voltage (UHV), Extra-High Voltage (EHV), 

and High Voltage (HV) transmission systems to distribution systems. 

                            Table 5-1 Power Subsystems and their Voltage Levels 

System Voltage Levels (kV) 

Generation 1-30 

UHV transmission >765 

EHV transmission 345-765 

HV transmission 115-230 

Sub-transmission 35-115 

Distribution 0.120-35 

This research is focused on the distribution system as it distributes electricity to local 

customers and while also supplying FCSs. Therefore, we need to model the 

distribution system in order to conduct our study and analyze the impact of FCSs on 

the system power quality as well as on customers. The configuration of distribution 
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systems is determined based on three factors: the type of electric power system 

whether AC (single/polyphase), or DC, the type of arrangement such as radial, loop, 

or network types, and the type of construction whether overhead wires or 

underground cables [166]. 

5.2 Electrical Power Distribution System Overview 

The distribution system can be broadly divided into three subsystems: Distribution 

Substations, Primary Distribution Systems, and Secondary Distribution Systems 

where each part of them has its own functions and components. The sub-transmission 

system may be considered as part of the distribution system as in [138]. 

5.2.1 Distribution Substations 

Each distribution system starts with distribution substation and interconnects the 

transmission and sub-transmission lines to primary networks via one or more three-

phase primary feeders radially emanated, in most cases. The main functions of the 

distribution substations are switching, voltage transformation, voltage regulation, 

protection, and metering [167]. Switching at the distribution substations is performed 

using switching devices and protection devices. The switching devices are switches 

and usually located at the high-side of the substation transformer to 

connect/disconnect different parts of the electric network. The protection devices are 

circuit breakers, reclosers, and fuses, usually located at the low-side of the substation 

transformers. Another function of the substation is to transform the sub-transmission 

voltage level to the primary distribution voltage level using three single-phase 

transformers called transformer banks. These transformers are commonly connected 
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in a delta-grounded wye configuration in case of a four-wire wye feeder, and in a 

delta-delta connection in case of a three-wire delta feeder [167]. The third function 

of the substation mentioned above is to regulate the voltage at the substation using 

low-voltage load tap changing (LTC), in order to maintain the voltage limits within 

the standards for those customers who are close to the substation under light loading 

conditions, and to maintain voltage limits for those that are in the far-end of the 

feeders under peak loading. The metering at the substation is utilized to monitor the 

output of each substation transformer or the output of each feeder to record the 

average, minimum, and maximum values for different parameters such as voltage, 

current, and power over a fixed period of time using analogue or digital meters.  

Figure 5.1 shows the layout of the distribution substation. 

High Voltage 
Circuit Breaker

V A

Voltage 
Transformer

Current 
Transformer

Power 
Transformer

Drawout 
Breaker

Feeder 
Breakers

Sub-transmission 
Side

Distribution
Side

Disconnect 
Switch

 

Figure 5.1 A Single-Line Diagram of a Distribution Substation Shown Basic Components [168] 

5.2.2 Primary Distribution Systems 

The primary system mainly consists of a main feeder called a mainline and laterals 

branch out from the main feeder. The mainlines mostly overhead three-phase wires 
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while the laterals can be overhead or underground single, two, and/or three-phase 

laterals. These feeders and laterals are utilized to flow the power from the source 

(distribution substation), which steps down voltages to distribution levels using 

power transformers, into the distribution transformers, which step down voltages to 

the utilization levels. Several standard voltage levels are commonly utilized in 

primary distribution systems such as 4.16 kV, 7.2 kV, 12.47 kV, 13.2 kV, 14.4 kV, 

23.9 kV, and 34.5 kV [167]. Yet the equipment in distribution systems are specified 

as per four main voltage classes that are 5 kV, 15 kV, 25 kV, and 35 kV where 15 

kV voltage class is the most prevalently used, according to [169]. 

5.2.2.1 Feeder Components 

Feeder components can be classified as overhead feeder components and 

underground feeder components. The overhead equipment is characterized by many 

features such as ease of installation, ease of maintenance, and decreased installation 

cost when compared to wires buried underground. Disadvantages of overhead 

equipment are that they are more susceptible to damage, either due to weather 

conditions or by birds and trees. Also, landscape view is adversely affected with 

overhead wires. Underground lines are more reliable and more aesthetically pleasing, 

but in contrast, are much more expensive to install when compared to overhead lines 

and carry less ampacity compared to an equivalent amount of overhead lines [170]. 

Finally, another important feature in underground cables that is not available with 

overhead lines, is the use of insulation. Some of those overhead and underground 

components are utilized to model the electric distribution system in this work and 

thus are briefly explained below. 
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5.2.2.1.1 Overhead Feeder Components 

Poles are utilized to support the overhead equipment in distribution systems and are 

mostly made of treated wood. Poles are classified based on their height and strength 

into different types. The height is described in feet while the strength is categorized 

into different classes that are 7, 6, 5, 4, 3, 2, 1, H1, H2, and H3, reported as per [171]. 

The most common classes utilized in distribution systems are classes 5, 4, and 3 

whereas the most common height is 30 to 40 [feet] [168].  

Overhead lines are utilized to carry the electric current and described by their 

material, size, impedance, and ampacity [168]. Lines are classified into bare and 

insulated conductors. The conductor consists of one or more wires and is usually 

made of either copper or aluminum. Aluminum conductor is lightweight and less 

expensive in comparison to copper conductor. Common types of aluminum 

conductor in overhead lines are All Aluminum Conductor, All Aluminum Alloy 

Conductor, Aluminum Conductor Steel Reinforced, Aluminum Conductor Alloy 

Reinforced (ACAR), and Aluminum Conductor Steel Supported, where the ACSR is 

mostly used due to its high conductivity and strength. The size of the conductor is 

measured by using American Wire Gage (AWG) and using circular mils (cmil). The 

conductor diameter is increased as the AWG is decreased. The largest AWG size is 

AWG 0000 written as 4/0 and pronounced as four-ought’. Conductor size larger than 

4/0 is specified in thousands of circular mils (kcmil). One circular mil is the area of 

a circle with a diameter of one mil which is one thousandth of an inch [172].  

Overhead lines are influenced by impedance and ampacity of the conductor. The 

impedance is represented by a resistance and a reactance that impedes the current 
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flow and determines the power losses and voltage drop along the line. Resistance is 

affected by the line material while reactance is affected by the distance between the 

conductors. Ampacity represents the maximum flowing current on the line and is 

influenced by ambient temperature and wind speed  [168], [172]. 

Pole-mounted transformers are utilized to step down the overhead lateral voltage 

levels (2.4-34.5 kV) to the utilization levels (1200 – 600 V). Pole-mounted 

transformers are used as either a single-phase transformer feeding a single-phase 

service, or as three single-phase units in different configurations supplying a three-

phase service. They are specified by voltage and kVA ratings and are characterized 

as conventional transformers and completely self-protecting (CSP) transformers 

[138]. Standard three-phase distribution transformers range from 30 kVA to 5000 

kVA and standard single-phase distribution transformers range from 5 kVA to 500 

kVA where the 25 kVA is the commonly used. Typical impedance for units under 

50 kVA is less than 2.2%. Lower transformer impedance is better to regulate the 

voltage and to reduce the impact of load fluctuations, but it increases the fault 

currents on the primary side of the transformers [172]. 

5.2.2.1.2 Underground Feeder Components 

Riser poles are utilized to interface overhead lines with underground cables. Cables, 

unlike the overhead lines, consist of one or more insulated wires. The most prevalent 

insulating materials used in underground cables are paper-insulated lead-covered 

(PILC), ethylene propylene rubber (EPR), and cross-linked polyethylene (XLPE) 

[168]. Most underground residential distribution (URD) cable is a single-phase 

conductor made of EPR or XLPE, with a concentric neutral ‘full neutral’ and ‘one-
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third neutral’ to carry the currents of unbalanced load and, buried to feed pad-

mounted distribution transformers. Pad-mounted distribution transformers range 

from 10 kVA to 500 kVA and 75 kVA to 5000 kVA for single-phase and three-phase 

units, respectively [138]. 

5.2.2.2 Primary Distribution Configurations 

There are three general types of configurations for primary distribution systems: 

radial, loop, and primary network [166]. The radial system includes independent 

feeders where each customer is supplied by a single feeder. It is the most prevalent 

system due to its simple operation and low cost, however, any upstream fault 

occurrence leads to power outage for all downstream customers [138]. The loop 

system consists of tie switches normally open utilized to interconnect two feeders, 

emanating from the same distribution substation; they are placed together so that 

when one has a fault, the second will supply the downstream customers. The size of 

the feeder conductor in loop system is selected to feed both feeders in the loop and 

thus, unlike the radial system, the conductor size will not be reduced as the 

downstream current flow is reduced. The primary network consists of interlinked 

feeders emanating from several distribution substations [138]. 

5.2.3 Secondary Distribution Systems 

The secondary system connects the primary system to the customer’s property via 

four main components namely distribution transformers, secondary mains, service 

drops, and meters. The secondary distribution systems step down the primary voltage 

levels to distribute energy at the customer utilization voltages. The service drops are 
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utilized to supply energy to the customers either by connecting directly to 

transformer secondary connections for close customers or by tapping off the 

secondary mains fed by either pole-mounted or pad-mounted distribution 

transformers. A typical 25 kVA pole-mounted distribution transformer distributes 

service drops to 4-7 dwellings [168]. The commonly used conductor size for 

secondary mains range from 4/0 [AWG] to 500 [kcmil] [173]. Typical secondary 

distribution voltages are single-phase three-wires 120/240 V for residential areas, 

three-phase four-wires 208Y/120 V for commercial and high-density residential 

areas, and three-phase four-wires 480Y/277 V for industrial, high-density 

commercial areas, and high-rise buildings [174]. Also, three-phase four-wires 

600Y/346 V voltage is used for some applications in the secondary distribution 

system such as an FCS. Secondary systems can be categorized into four common 

types: common secondary main (radial system), individual distribution transformer 

per customer, secondary network, and spot network [174]. The last three types are 

utilized in some areas where the priority is placed on reliability not on cost [138]. In 

most cases, the secondary system is radial whereby one distribution transformer is 

utilized to feed a group of customers via secondary mains called service lines. 

5.3 Energy Storage Systems Overview 

Energy Storage System (ESSs) can be deployed in the power system as a grid 

connected or a grid influencing energy storages. In the grid connected deployment, 

the stored energy is injected to the grid directly using an inverter. In the influencing 

connected deployment, the stored energy cannot be utilized by the grid directly [175]. 
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Energy storage technologies are utilized in electric power systems for different 

purposes; however, the main objective for using them in the distribution systems is 

to mitigate transmission congestion during the day. ESSs can be classified into two 

general types: physical energy storages and chemical energy storages. Physical 

energy storages rely on fluid (e.g. pumped hydro and compressed air), momentum 

(e.g. flywheels), thermal (e.g. ice and molten salts), and electromagnetic fields (e.g. 

super conductors and capacitors). Batteries are a typical example of chemical energy 

storages. There are two types of batteries: nonchargeable called primary batteries and 

rechargeable called secondary batteries. The latter can be subdivided into ambient or 

high based on their operating temperatures. When charging at ambient operating 

temperature, batteries consist of either aqueous or nonaqueous electrolytes and when 

charging at high operating temperatures, batteries consist of either solid or molten 

electrolytes [138]. Battery Energy Storage Units (BESUs) can be utilized in 

distribution systems close to load centers for different applications such as storing 

energy from variable resources (e.g. solar and wind power), shaving the peak load, 

operating in islanding mode, power quality control, and local voltage control. 

5.4 Electric Vehicle Charging Stations Overview 

5.4.1 Charging Sequence and Connector Interface 

Figure 5.2 shows the connector pin layout for a CHAdeMO fast charger, which is 

utilized to demonstrate the charging sequence between the CHAdeMO and a 

compatible electric car. The connector layout consists of 10 pins that are classified 

based on their functions into power lines, analog control lines, and Control Area 
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Network (CAN) bus [176]. Pins numbers 5 and 6 represent the negative and positive 

power lines respectively. Pins number 1, 2, 4, 7, and 10 are analogue control lines. 

Pins number 8 and 9 are the CAN bus and utilized for a bidirectional communication 

between EV and the charger. Parameters like voltage limit, maximum current, and 

EV battery capacity are transmitted via pins 8 and 9 from the EV to the charger. Upon 

receiving this information, the charger responds by transmitting its maximum output 

current and output voltage to EV through the CAN bus. If the EV is compatible with 

the information sent by the charger, it sends a permission via pin 4 to start the 

charging process. After that, the connector is interlocked with the inlet of the EV to 

apply an insulation test. The test is conducted to avert any short-circuit happening in 

the connector wires whether due to misuse or aging deterioration. Upon 

accomplishing the insulation test, the charger via analog pin number 4 informs the 

EV that the preparation of charging is completed. Analog pins number 2 and 10 are 

used for starting or stopping the charging process. In order to end the charging 

process, the CAN bus receives a zero-current signal from the EV which makes the 

charger pause its output and the EV open its contactor. Analog pin number 7 is 

utilized as proximity detection to detect whether the connector is inserted in the 

vehicle's inlet or not. Analog Pin number 3 is not assigned. Pin number 1 is a ground 

wire [176]. 



94 

 

 

 

Figure 5.2 Front View for the CHAdeMO Charger 

5.4.2 Connection to the Grid 

In order to install a FCS in the distribution system, it is considered as a continuous 

load and thus electrical size wires and relevant elements are determined accordingly 

[177]. Each FCS is installed via a separate branch circuit, protected by a two-pole 

breaker, and no other loads except ventilation equipment is connected to that branch 

circuit. FCSs are connected as a three-phase equipment to a 208 V, 480 V, or 600 V 

supply via distribution transformers. The loading caused by the FCS must be 

equivalently distributed among the three phases [177]. 

5.5 Radial Distribution Feeder Analysis 

Radial distribution feeders can be analyzed by studying the power flow from their 

substation into the loads. They are characterized by unbalanced loading and non-

transposed conductors. This makes the power flow solution procedure in the radial 

distribution feeders different than those utilized in the transmission lines. Therefore, 

power flow is solved by using an iterative approach called the forward/ backward 
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sweep [167]. The method starts by specifying the voltage magnitude at the substation 

and the complex power of the loads. The aim of each backward sweep is to estimate 

the currents flowing through the feeder’s components; the aim of each forward sweep 

is to compute the voltage at each node, to which two or more feeder’s components 

are connected, using the estimated currents calculated as per the forward sweep. 

Components of the distribution feeder, whether in the primary or secondary circuits, 

may be classified based on their connections to series or shunt. All these components 

may be generalized, as shown in Figure 5.3. The backward sweep is given in matrix 

representation in (5.1) and (5.2) and utilized to relate the input voltage/current (node 

voltage and component current) at node n to the output (load current and node 

voltage) at node m. Similarly, the equation of forward sweep is shown in (5.3), 

utilized to relate the output voltage at node m to the input at node n. 

 

Figure 5.3 Generic Series Model of Distribution Feeder Component 

 [𝐼𝑎𝑏𝑐]𝑛 = [𝑐]. [𝑉𝐿𝑁𝑎𝑏𝑐]𝑚 + [𝑑]. [𝐼𝑎𝑏𝑐]𝑚 5.1 

 [𝑉𝐿𝑁𝑎𝑏𝑐]𝑛 = [𝑎]. [𝑉𝐿𝑁𝑎𝑏𝑐]𝑚 + [𝑏]. [𝐼𝑎𝑏𝑐]𝑛 5.2 

 [𝑉𝐿𝑁𝑎𝑏𝑐]𝑚 = [𝑎]−1. [𝑉𝐿𝑁𝑎𝑏𝑐]𝑛 − [𝑎]
−1. [𝑏]. [𝐼𝑎𝑏𝑐]𝑛 5.3 

At the first iteration, the forward sweep is utilized under no load conditions and thus 

the voltage [𝑉𝐿𝑁𝑎𝑏𝑐]𝑚 at the far-end node (e.g. node m) is equal to the substation 

voltage. Given the load complex power (at node m), the flowing current [𝐼𝑎𝑏𝑐]𝑚 can 
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be determined. Then, the backward sweep is applied from downstream toward 

upstream, relying on Kirchhoff’s Current Low (KCL) to find the emanated current 

from each upstream node, as illustrated in (5.2), and Kirchhoff’s Voltage Low (KVL) 

is used to compute the voltage at each upstream node, as outlined in (5.3). After this, 

the second forward sweep is applied, starting from the substation, to find the 

downstream voltages as presented in (5.4), using the estimated current calculated as 

per the last backward sweep. As the procedure is repeated back and forth, the voltages 

and currents are updated until the tolerance is attained. The tolerance is a specified 

value (e.g. ST=0.00001) as proposed in [167], and calculated as in demonstrated 

equation (5.1).   

 
||𝑉𝑛

𝑖𝑡𝑟| − |𝑉𝑛
𝑖𝑡𝑟−1||

𝑉𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙

≤ 𝑆𝑇 5.4 

Where 𝑉𝑛
𝑖𝑡𝑟 and 𝑉𝑛

𝑖𝑡𝑟−1 are the line-to-neutral voltage of node n in the current and 

he previous iterations (itr); 𝑉𝑛
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal phase voltage of node n. In the 

case of single- or two- phase components, the unconnected phase will not be 

considered in Figure 5.3 or (equal zero) in the parameters of (5.2), (5.3), and (5.4). 

The generalized matrices a, b, c, and d are different for each component connected 

in a series (e.g. lines, transformers, and voltage regulators) or in shunt (e.g. spot 

loads, distributed loads, induction machines, and capacitors). The quantities of these 

matrices for several feeder components are developed in [167]. The 

forward/backward sweep method is outlined in Figure 5.4. 
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Figure 5.4 Basic Flowchart Shows the forward/Backward Sweep Procedure 
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Chapter 6. Probabilistic Load Modeling in Different Climate Zones 

The objective of this chapter is to obtain probabilistic load profiles and report the 

profiles numerically for both commercial and residential loads, located in different 

climate zones. 

6.1 Introduction 

A load is the required electric power of a customer needs in kW or kVA. To know 

how and when that required power has been utilized, a load profile is needed [178]. 

A load profile indicates the amount of electricity utilized over a period of time. It is 

considered an important factor in shaping a time series of load patterns, which can 

be analyzed either in time-domain as in [179]–[182] or in spectral-domain as in 

[183], [184]. Energy consumption data are time series in their nature and thus the 

time-domain is utilized commonly in the literature to study the load information 

[185]. 

6.2 Load Characteristics 

A power requirement for a customer varies from time to time, day to day, and season 

to season. However, load can be classified into a few categories as their demands are 

similar. Loads are broadly classified into 1) residential loads, 2) commercial loads, 

3) industrial loads, 4) agricultural loads, and 5) other loads such as street lights [186]. 

The test bed system, utilized in this thesis, includes residential and commercial loads 

and therefore we focus only on these two types of loads. 
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6.3 Related Works 

The time series load modeling is utilized widely in the literature for both the planning 

and operation of electric power distribution systems [187]–[191]. It is also used to 

enhance accuracy in both the long-term and short-term load forecasting studies 

[192]–[194]. In addition, load modeling contributes to improve the energy demand 

management as reported in these studies [195]–[197]. The electric load profiles can 

be generated using two methods of load modelling: deterministic and stochastic. The 

deterministic approach does not consider the random behavior of the electric loads 

and is only able to deal with predetermined cases. Alternatively, the stochastic 

approach takes into account the stochastic behavior of the electric loads [198]. 

Previous works are more extensive with regards to residential load profiles but few 

researchers focuses on commercial load modeling [199]–[201]. Nevertheless, both 

of them utilize the graph representation to describe the demand for a specific load or 

at a specific location. 

6.4 Load Modeling Approach 

The stochastic approach is adopted in this thesis to generate numerical commercial 

load profiles and residential load profiles. 

6.4.1 Background 

Commercial buildings and their facilities can be utilized to support some of the smart 

grid applications by decentralizing electric power. For instance, electric vehicle 

charging stations can be installed in their parking lots. Also, energy storage systems 

can be integrated there as well. Obtaining load profiles for these buildings will 



100 

 

 

contribute positively to examining the impact of such applications and lead to 

appropriate actions aimed to control the electric power systems. The annual load 

profiles of 16 different commercial buildings are obtained in this chapter. The 

commercial buildings are as follows: 1) primary school, 2) secondary school, 3) 

small hotel, 4) large hotel, 5) small office, 6) medium office, 7) large office, 8) quick 

service restaurant, 9) full-service restaurant, 10) midrise apartment, 11) standalone 

retail, 12) outpatient health care, 13) warehouse, 14) strip mall, 15) supermarket, 16) 

hospital. The daily load profiles for the aforementioned large hotel, large office, 

supermarket, and warehouse are averaged in Figure 6.1. The profiles in Figure 6.1 

are normalized to obtain the daily profile per each hour as a percent of the annual 

peak. The idea is to depict the daily profile for different commercial facilities on a 

common scale.  

 

Figure 6.1 Average Weekday Load Profile in May 
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6.4.2 Data Source and Description 

Benchmark models for the residential loads and 16 different commercial buildings, 

mentioned above, were published by the United State Department of Energy (DOE) 

[202].  Each residential load or commercial building is utilized as prototype to 

represent the same residential load or the same commercial buildings in 936 cities 

located in 50 states in the United States. The 50 states can be projected into 16 

different climate zones whereas their cities can be characterized based on their 

geographic coordinates to one or more climate zones. The residential and commercial 

load profiles are generated for a year (8760 hour) at climate zones, as shown in Table 

6-1. 

Table 6-1 Classification of Climate Zones 

Number Climate Zone  Climate 

1 1A Very Hot, Humid 

2 2A Hot, Humid 

3 2B Hot, Humid, Dry 

4 3A Warm, Humid 

5 3B-Coast Warm, Humid, Dry 

6 3B Warm, Humid, Dry 

7 3C Warm, Marine 

8 4A Mixed, Humid 

9 4B Mixed, Humid, Dry 

10 4C Mixed, Marine 

11 5A Cool, Humid 

12 5B Cool, Humid, Dry 

13 6A Cold, Humid 

14 6B Cold, Humid, Dry 

15 7 Very Cold 

16 8 Subarctic 
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6.4.3 Preliminary Data Processing 

Anomaly detection and normalization are utilized in this step to collect a complete 

yearly load profiles and to minimize variation in the load patterns, respectively. An 

uncompleted load profile for any city will not be considered in this study. The 

complete profiles will be scaled independently based on their annual peak value for 

that load at that climate zone. Let (𝐶 = 1,2,3, …… . ,935) and (𝑏 = 1,2,3, …… . ,16) 

vectors represent the cities and the climate zones, respectively. Then, 𝑃𝑏
𝐶  is a vector 

of 8760 hour represented in the load profile (residential or commercial) of the 𝑏𝑡ℎ 

climate zone at the 𝐶𝑡ℎ city. The normalized load profile can be found as follows 

[203]: 

 𝑃𝑏
𝐶 = 

𝑃𝑏
𝐶

max {𝑃𝑏
𝐶}

 6.1 

6.5 Generation of Load Profiles 

6.5.1 Methodology 

After the complete data were normalized, 16 load matrices, corresponding to the 16 

commercial buildings, are utilized to generate the commercial load profiles. Each 

load matrix consists of 8,760 rows and 935 columns. The number of rows represents 

the annual load profile (8,760 hour) and the number of columns represents profiles 

for the same prototype but located in a different city (935 cities). After that, each load 

matrix is projected into 16 different climate zones. Cities located in different states 

may be categorized in the same group based on their climate zone. Cities located in 

the same states may not be gathered in the same group. The geographic coordinates 
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(latitude and longitude) are extracted from [204], and used to assemble the cities as 

demonstrated in Figure 6.2. For example, climate zone 1A is utilized to gather cities 

from Florida state (9 cities) and Hawaii state (10 cities) and therefore their 

corresponding load profile are assembled in the same group. Similarly, different 

cities in Florida state (33 cities) belong to climate zone 2A as shown in Figure 6.2. 

The acronyms indicate to the state name [205]. 

The following summarizes the procedure to construct 16 load matrices where each 

matrix includes the aggregate load profiles for each climate zone [203]. 

1. For each matrix, the corresponding load profiles are grouped based on their 

climate zone and therefore each matrix is divided into 16 groups equal to the 

number of climate zones.   

2. Each load profile in each group representing a specific climate zone, is 

portioned into four subgroups (winter, spring, summer, and fall) using the 

meteorological seasons in the northern hemisphere.   

3. Each subgroup is divided into weekday and weekend profiles whereby the 

number of rows is equal to the number of cities multiplied by the number 

weekdays/weekends in that season, and the number of columns are equal to 

the number of hours in that day (24 hours).  

4. The aggregated data in step 3 are reduced based on the principle component 

analysis (PCA) and thus the number of columns are reduced and equal to the 

number of components. In this study, the variance is assumed to be 90% or 
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more and thence two components are utilized to describe most of the cases, 

as shown in Figure 6.3.  

5. For each season, the reduced data in step 4 are clustered based on k-means 

where the clusters’ number is equal to weekdays’/weekends’ number in that 

season. 

6.5.2 Cluster Assessment 

The aim of using k-means is to divide the data into k groups and minimize the within-

group distance. To explore the data set and to reduce the effect of the initial point on 

the cluster, k-means is repeated many times (100 times) with different initial points 

(50 points) for each time. 

 

Figure 6.2 Number of Cities in each Climate Zone 
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The cluster can be assessed using external validity indices and/or internal validity 

indices that depend on the supervised learning and unsupervised learning, 

respectively [198]. Average Silhouette Coefficient (ASC) and Sum of Squares Error 

(SSE) are illustrated in (6.2) and (6.3), depend on unsupervised learning. Equation 

(6.4) demonstrates Average Power Time Mismatch (APTM), which belongs to class 

of external validity indices. The aforementioned indices can be weighted as shown 

in (6.5) to measure the proximity and accordingly to choose the best number of 

clusters [206]. 

 

Figure 6.3 Total Variance Explained by the First Two Principal Components 

 𝑆𝑖 =
−(𝑅𝑖 − 𝑇𝑖)

𝑚𝑎𝑥{𝑅𝑖, 𝑇𝑖}
 6.6 

 𝑆𝑆𝐸 =  ∑∑ 𝑑𝑖𝑠𝑡2(𝑛𝑡, 𝑧)

𝑧∈𝑔𝑡

𝑘

𝑡=1

 6.7 
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 𝐴𝑃𝑇𝑀 =
1

24 × 𝐿
(∑∑|1 −

𝐹(𝑖, 𝑑)

𝑂(𝑖, 𝑑)
|

𝐿

𝑑=1

24

𝑖=1

) 6.8 

 𝑊𝐸𝑄 = (
1 − 𝜆

2
) . 𝐴𝑆𝐶 + (

1 − 𝜆

2
) . 𝑆𝑆𝐸 + 𝜆. 𝐴𝑃𝑇𝑀 6.9 

Where 𝑆𝑖 represents the silhouette coefficient for the 𝑖𝑡ℎ point, 𝑅𝑖 and 𝑇𝑖 represent 

the average distance of the 𝑖𝑡ℎ point to all points of the same cluster and to all points 

of the other clusters, respectively. 𝑘 is user defined and represents the number of 

clusters, the function 𝑑𝑖𝑠𝑡 indicates the within-group Euclidean distance between the 

point 𝑧 in the 𝑡𝑡ℎ cluster 𝑔𝑡 and its centroid 𝑛𝑡, 𝐿 is equal to cities’ number having 

the same climate zone multiplied by weekdays’/weekends’ number in each season, 

𝐹(𝑖, 𝑑) represents to a fictitious load profile whereas 𝑂(𝑖, 𝑑) indicates the original 

load profile of the 𝑖𝑡ℎ hour and 𝑑𝑡ℎ day, and 𝜆 is a scaling factor increased by 0.1 

from 0 to 1 [203]. Equation (6.10) above, was proposed by [206] to evaluate the 

clusters. The same equation is utilized in this study with some modification. For 

instance, the load profile of 365 days was represented by a specific number of 

clusters. The cluster may include days from different seasons and may comprise 

weekdays and weekends. The centroid of each cluster is utilized to represent that 

cluster. If the centroid of the cluster is an actual hour, then their corresponding daily 

profile is utilized to represent that cluster. If the centroid of the cluster is not an actual 

in the original data, then the nearest actual hour is used to represent that cluster and 

therefore its corresponding daily profile is utilized to represent the cluster. In 

contrast, the proposed method in this chapter is different than the work in [206] for 

two reasons. This is because this work is based on two steps: dividing the annual load 
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profiles into four seasons (winter, spring, summer, and fall) and dividing each 

season’s profile into weekdays and weekends. The variations of different seasons or 

between weekdays and weekends profiles were not considered in [206]. It is also 

because the aim of this chapter is to obtain an annual load profile at different climate 

zones, which was not investigated in previous literature. A third difference is the 

number of clusters. In this work, the number of clusters for each season’s profile, 

corresponds to the number of weekdays and/or number of weekends. For example, 

there are 19 cities (10 from Hawaii and 9 from Florida) in climate zone 1A, according 

to Figure 6.2. Depending on the northern hemisphere, the winter season starts in 

December and ends in February, which consists of 90 days. These days are divided 

into weekdays (63 days) and weekends (27 days). Their corresponding profiles are 

generated in two matrices where the number of rows equal to (63×19) / (27×19) and 

the number of columns equal to (24 hours), respectively. To obtain the winter profile 

for each climate zone, the number of clusters are equal to the number of weekdays 

(63 clusters) /weekends (27 clusters) in the winter season and the same procedure 

can be applied for the other seasons. Seasons’ days are arranged based on their 

frequency of occurrence in each cluster [203]. 

6.6 Residential Load Profiles 

The published data for the residential profiles is in three types and representing three 

different load models: these include the high load model, the low load model, and 

the base load model. The base load model is proposed in this study and the annual 

residential load profile at one climate zone is presented numerically in this section. 
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Climate zone 4C is characterized as mixed-marine, as reported in Table 6-1. In this 

work, it is assumed that the year begins from January and ends on December where 

Sunday is the first and the last day of the year. Then, the year is divided based on 

their weeks to 52 weeks. At each climate zone, the weekly peak load (for both 

weekdays and weekends) for each week in the year is reported as a percent of the 

annual peak, as reported in Table 6-2. After that, these weekly peak loads are utilized 

to scale and specify their daily peak loads, which in turn are utilized to specify in 

which hour and in which season the daily peaks occurred, as listed in Table 6-3, and 

6-4, respectively. For instance, the maximum loading values for climate zone 4C 

occurs in the winter in week numbers 3, 5, 6, and 49, and in the spring in week 

number 17. The peak days exist on Tuesdays and Wednesdays. The peak hours occur 

at 7 a.m., 7 p.m., and 8 p.m. in the winter season whereas the peak hour occurs at 5 

a.m. in the spring seasons. This means that the peak values occur in 26 different times 

in the year [4(winter weekly peaks) × 3(peak hours) +1(spring weekly peak) ×1(peak 

hour)] ×2 (Tuesday and Wednesday). In contrast, the summer season includes the 

minimum loading values for climate zone 4C. For example, the minimum loading 

hour occurs on weekends at 2 a.m. and Saturdays represent the minimum loading 

values. Tables 6-2, 6-3, and 6-4 below can be used to generate annual load profile 

consisting of 8,760 hours for climate zone 4C. For illustration, any hour can be 

generated as (specified hour × specified day× specified week × AP). For example, 

the fifth hour (5 a.m.) of the last day of the year (Sunday) is extracted as (0.543 × 

0.96 × 0.878 × AP) whereas the fifth hour (5 a.m.) of the last (Monday) of the year 

is extracted as (0.808 × 0.953 × 0.878 × AP). AP represents the actual annual peak 
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value for that residential load located in a city classified as a 4C climate zone. The 

week value (0.878) for the previous two examples was not changed for both Sunday 

and Monday because both are in week number 52. The rest of the hours can be 

generated using the same approach whether at this climate zone or at different climate 

zones. Figure 6.4 depicts variations of the residential loads in two aspects their peak 

values and the corresponding peak times in different climate zones.  

Table 6-2 Residential Weekly Peaks in Climate Zone 4C 

Climate Zone 4C (Mixed, Marine) 

Week Peak Load Week Peak Load 

1 97.9 27 79.7 

2 93.5 28 79.2 

3 100 29 67.4 

4 95.3 30 86.2 

5 100 31 95.8 

6 100 32 79.6 

7 92.9 33 94.3 

8 80.0 34 91.1 

9 81.7 35 90 

10 81.2 36 88.6 

11 81.2 37 89.4 

12 79.6 38 86.2 

13 73.5 39 84.7 

14 78.8 40 89.2 

15 75.5 41 92.4 

16 75.1 42 89.7 

17 100 43 87.5 

18 75.4 44 90.2 

19 86.3 45 91.1 

20 81.2 46 78.3 

21 89.4 47 90.2 

22 93.3 48 92.6 

23 91.3 49 100 

24 73.5 50 97.4 

25 79.3 51 84.8 

26 74.6 52 87.8 
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The figure can be used to illustrate the variations between the peak values and/or 

peak times for weekdays/weekends in the same climate zone but in different seasons 

and for weekdays/weekends in the same season but in different climate zones. 

Table 6-3 Residential Daily Peaks in Climate Zone 4C 

Climate Zone 4C (Mixed, Marine) 

Day Peak Load 

Monday 95.3 

Tuesday 100 

Wednesday 100 

Thursday 97.4 

Friday 97.1 

Saturday 94.2 

Sunday 96 

 

Table 6-4 Residential Hourly Peak in Climate Zone 4C 

 Winter Weeks Spring Weeks Summer Weeks Fall Weeks 

 1 – 9 & 49 - 52 10 - 22 23 - 35 36 - 48 

Hour Wkdy Wknd Wkdy Wknd Wkdy Wknd Wkdy Wknd 

24-1 85.7 32.5 76.8 36.5 45.2 45.3 39.7 37 

1-2 94.2 28.5 95 32.9 40.9 41.7 35.4 32.8 

2-3 84.9 38.5 99.7 31.2 38.5 39.6 33.9 30.9 

3-4 83.3 47.1 99.6 31 37.3 39 33.8 30.8 

4-5 80.8 54.3 100 34.8 40.9 42.4 34.2 31.4 

5-6 81 65.7 70.5 47.2 57 55 40.7 38.2 

6-7 100 87.8 55.8 56.5 64.7 61 54.5 52.4 

7-8 84.8 83.5 52.6 54.2 61.1 58.5 56 55 

8-9 74.2 76.5 52.8 53.6 59.7 56.9 54.5 53.1 

9-10 74.1 60.7 60.8 59.1 67.3 64.4 49.4 48 

10-11 68.8 63.6 59.2 58.9 66.9 63.7 51.2 48.8 

11-12 65.8 58.4 59.6 59.8 67.8 63.9 49.8 47.2 

12-13 64.2 59.2 61.6 60.2 70.5 65.3 47.5 45 

13-14 66.2 61.3 64.7 62.8 75.7 68.4 45.3 43.2 

14-15 70.1 65.3 69.4 67.9 79.9 74.8 45.2 42.3 

15-16 71.4 65.2 77.5 75.2 84.9 81.2 48.7 48.8 

16-17 77.5 71.5 89.4 85 94.3 95.8 61.2 62.6 

17-18 95.2 84.1 89.6 86.3 93.8 93.3 82.7 80.2 

18-19 100 94.3 87.2 83.3 89.7 87.9 92.6 90.2 

19-20 100 96 88.4 85.7 90.2 91.3 87.1 85.4 

20-21 93.9 90.8 87.9 84 90.4 89.2 83.3 81.8 

21-22 84.6 82 76.2 75.2 77.6 75.3 76.8 75.5 

22-23 69.5 67.1 63.5 61 64.1 61.7 63.5 62.4 

23-24 54.6 52 48 46.7 50.8 48 51 49.9 
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The variations of peak values at different climate zones and their corresponding peak 

times, as shown in Figure 6.4, can be evaluated using several indices such as the Peak 

Magnitude Error Index (PMEI), the Peak Time Error (PTE), and the Mean Absolute 

Percentage Error (MAPE).  

 

Figure 6.4 Variations of Peak Values and Times for Residential Loads in Different Climate 

Zones 

These indices were utilized in previous works for similarity assessment [184], [192], 

[207] and illustrated in (6.6), (6.7), and (6.8). 
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 𝑃𝑀𝐸𝐼 = |
max(𝜐) − max (𝜐𝑗)

max (𝜐)
| . 100% 6.11 

 𝑃𝑇𝐸 = 𝑡max (𝜐) − 𝑡max (𝜐𝑗) 6.12 

 𝑀𝐴𝑃𝐸 =
1

15
(∑|

max(𝜐) − max (𝜐𝑗)

max (𝜐)
|

15

𝑗=1

) . 100% 6.13 

Where  𝜐 symbolizes to the load profile of weekdays/weekends in different season. 

For example, climate zone 4C whereas 𝑡max (𝜐) is the peak time; 𝜐𝑗 is the profile in 

the rest of climate zones while 𝑡max (𝜐𝑗) represents the corresponding peak times. The 

variations of peak values in any climate zone and the rest of the climate zones are 

considered satisfactory if the PMEI and MAPE are less than 5% while PTE is less 

than or equal to 2 hours, as recommended in [207]. The results of the comparison 

using PMEI and PTE are shown in Table 6-5 and 6-6 for weekdays and weekends, 

respectively.  

Table 6-5 Comparison Between Weekday Profiles in Climate Zone 4C and the Rest of Climate 

Zones Using PMEI and PTE 

 Winter Season Spring Season Summer Season Fall Season 

Zones 
PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

1A 0 0 0 0 2.1 0 12.8 0 

2A 0 13 0 2 2 0 16.3 0 

2B 0 12 0 1 6.9 0 16.6 0 

3A 0 0 0 2 1.6 0 16.6 0 

3B-Coast 0 13 0 1 3.2 0 10.6 0 

3B 0 0 0 1 6.9 0 16.6 0 

3C 0 0 0 0 6.9 0 1 0 

4A 0 13 0 2 6.9 0 16.6 0 

4B 0 0 0 2 3.2 0 15 0 

5A 0 0 0 1 3.2 0 16.6 0 

5B 0 12 0 1 2 0 4.6 0 

6A 0 0 0 1 2 0 16.6 0 

6B 0 13 0 0 4.5 0 0.2 0 

7 0 0 0 1 3.6 0 13.2 0 

8 0 12 34.8 0 54.5 16 1.3 4 
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The results show that the variations of peak values and/or peak times are not 

satisfactory and beyond the tolerance in many cases. 

Table 6-6 Comparison Between Weekend Profiles in Climate Zone 4C and the Rest of Climate 

Zones Using PMEI and PTE 

          Winter Season Spring Season Summer Season Fall Season 

Zones 
PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

1A 8.5 13 4.2 0 4.6 0 19.8 1 

2A 8.5 13 4.2 1 8.4 0 21.8 1 

2B 8.5 13 4.2 1 13.4 0 20.7 0 

3A 8.5 13 4.2 1 0.3 0 15.3 1 

3B-Coast 8.5 13 4.2 1 2.8 0 16.3 1 

3B 8.5 13 4.2 0 13.4 0 24.7 0 

3C 8.5 13 4.2 0 13.4 0 6.7 0 

4A 8.5 13 4.2 2 13.4 0 13.5 0 

4B 8.5 13 4.2 2 4.1 0 5.9 1 

5A 0 0 0 1 0.1 0 13.6 1 

5B 8.5 13 4.2 0 4.1 0 6.6 0 

6A 8.5 13 4.2 1 8.4 0 15.3 1 

6B 8.5 13 4.2 0 8.4 0 6.7 1 

7 8.5 13 4.2 1 5.3 0 17 0 

8 3.6 1 24.1 0 51.1 3 5.3 4 

6.7 Commercial Load Profiles 

The load profiles for commercial buildings in climate zone 4C can be extracted using 

the same probabilistic approach as presented in Sections 6.5 and 6.6. The numerical 

profiles for the large office and warehouse are demonstrated below whereas the 

numerical profile of the supermarket is illustrated in [203]. The weekly and the daily 

peak loads, for these commercial profiles, are shown in Table 6-7 and 6-8. The hourly 

peak loads are presented in Table 6-9 and 6-10, whereas the variations of peak values 

and peak times are depicted in Figure 6.7 and 6.8. For consistency, similarity 

assessment is applied on a commercial property using (6.6), (6.7), and (6.8). The 

supermarket profile is chosen to compare between weekdays/weekends profiles in 

climate zone 4C and in the other zones, as illustrated in Table 6-11 and 6-12. Figure 
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6.9 describes the variations of the supermarket, located in different climate zones, 

using the MAPE index. 

Table 6-7 Weekly Peak Load in Percent of Annual Peak for Commercial Loads in Climate Zone 

4C 

Large Office Warehouse 

Week Peak Load Week Peak Load Week Peak Load Week Peak Load 

1 94.2 27 93.2 1 97.9 27 87.4 

2 90.4 28 96.9 2 82.9 28 87.9 

3 85.9 29 94.6 3 97.8 29 90.2 

4 84.9 30 100 4 93.4 30 99.5 

5 94.1 31 97.0 5 81.1 31 96.0 

6 77.2 32 97.4 6 97.9 32 99.6 

7 90.5 33 96.5 7 97.2 33 95.4 

8 90.2 34 97.2 8 100 34 97.3 

9 77.2 35 98.9 9 95.7 35 100 

10 88.7 36 97.3 10 95.7 36 97.9 

11 88.9 37 91.2 11 76.1 37 89.6 

12 82.8 38 94.7 12 93.4 38 94.1 

13 94.7 39 95.8 13 93.4 39 97.8 

14 94.2 40 90.2 14 87.6 40 88.0 

15 94.1 41 95.4 15 88.8 41 96.5 

16 96.8 42 78.6 16 88.8 42 95.1 

17 91.8 43 97.1 17 89.4 43 89.4 

18 96.6 44 96.7 18 83.8 44 97.9 

19 97.7 45 98.0 19 86.1 45 92.4 

20 96.4 46 95.7 20 85.5 46 93.5 

21 93.3 47 93.7 21 88.5 47 83.7 

22 98.0 48 94.4 22 95.7 48 96.2 

23 97.3 49 92.4 23 92.5 49 96.2 

24 99.2 50 83.7 24 98.8 50 91.5 

25 82.4 51 91.9 25 97.4 51 92.8 

26 96.5 52 73.7 26 94.5 52 98.1 

Table 6-8 Weekly Peak Load in Percent of Annual Peak for Commercial Loads in Climate Zone 

4C 

Large Office Warehouse 

Day Peak Load Day Peak Load 

Monday 97.4 Monday 100 

Tuesday 97.3 Tuesday 97.9 

Wednesday 99.2 Wednesday 96.5 

Thursday 98.0 Thursday 97.9 

Friday 100 Friday 100 

Saturday 77.5 Saturday 87.4 

Sunday 77.5 Sunday 92.8 
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Table 6-9 Hourly Peak Load for Large office in Percent of Annual Peak for Commercial Loads 

in Climate Zone 4C 

 Winter Weeks Spring Weeks Summer Weeks Fall Weeks 

 1 – 9 & 49 - 52 10 - 22 23 - 35 36 - 48 

Hour Wkdy Wknd Wkdy Wknd Wkdy Wknd Wkdy Wknd 

24-1 20.2 16.7 20.1 16.6 23.7 16.6 20.1 16.4 

1-2 20.2 16.7 20.1 16.6 20.1 16.6 20.1 16.4 

2-3 20.2 16.7 20.1 16.6 20.1 16.6 20.1 16.4 

3-4 20.2 16.7 21.0 17.5 21.0 17.5 21.0 17.2 

4-5 21.1 17.5 24.5 18.9 24.5 19.2 24.5 19.0 

5-6 24.6 19.2 48.2 50.5 54.7 50.0 55.1 57.6 

6-7 39.0 41.2 55.7 51.9 61.4 51.9 59.4 56.2 

7-8 43.9 41.4 94.2 68.6 100 70.1 97.1 71.3 

8-9 86.7 61.2 93.2 66.5 98.2 70.2 96.9 69.3 

9-10 90.0 63.6 92.3 63.5 95.6 67.4 93.4 67.4 

10-11 89.1 61.7 94.1 63.9 95.6 68.3 94.4 67.3 

11-12 89.7 62.3 91.7 65.0 92.2 68.3 91.7 67.1 

12-13 87.0 63.2 94.0 66.5 95.3 68.3 94.9 66.8 

13-14 90.1 63.6 94.0 59.0 95.7 51.8 95.5 50.1 

14-15 91.9 45.7 94.3 51.3 95.4 52.1 94.8 50.1 

15-16 92.0 44.9 97.7 55.2 98.9 55.2 98.0 53.3 

16-17 94.2 45.5 96.6 53.1 90.2 52.7 94.7 50.9 

17-18 86.4 42.0 88.3 46.1 76.9 49.8 88.4 46.1 

18-19 70.6 24.4 76.4 44.1 76.4 48.2 79.7 32.2 

19-20 69.2 22.6 68.4 41.1 69.3 49.7 73.5 22.3 

20-21 59.2 22.6 64.5 22.0 67.8 38.7 67.2 21.4 

21-22 57.9 20.9 47.4 20.3 29.4 23.4 61.5 19.8 

22-23 24.5 19.2 24.4 18.6 24.2 21.6 24.5 18.1 

23-24 21.0 17.5 21.0 17.0 24.4 16.6 21.0 16.5 
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Table 6-10 Hourly Peak Load for Warehouse in Percent of Annual Peak for Commercial Loads 

in Climate Zone 4C 

 Winter Weeks Spring Weeks Summer Weeks Fall Weeks 

 1 – 9 & 49 - 52 10 - 22 23 - 35 36 - 48 

Hour Wkdy Wknd Wkdy Wknd Wkdy Wknd Wkdy Wknd 

24-1 26.0 26.7 25.9 25.8 22.9 22.2 23.9 25.1 

1-2 25.7 27.2 26.4 25.8 22.9 22.2 24.0 26.2 

2-3 26.2 26.6 26.5 26.2 22.9 22.2 24.2 25.5 

3-4 25.9 26.9 26.5 26.1 23.0 22.2 24.1 26.7 

4-5 26.4 26.4 27.1 26.3 22.9 22.2 24.3 25.8 

5-6 26.1 26.8 33.8 24.9 27.3 11.8 33.8 26.8 

6-7 33.8 26.4 52.6 21.5 50.4 21.4 59.0 25.8 

7-8 59.4 32.9 78.5 22.7 78.5 22.7 78.5 23.1 

8-9 78.5 22.7 95.7 36.3 95.7 36.3 95.7 36.3 

9-10 95.7 36.3 95.7 36.3 95.7 36.3 95.7 36.3 

10-11 95.7 36.3 95.7 36.3 95.7 36.3 95.7 36.3 

11-12 95.7 36.3 95.7 36.3 86.4 21.4 95.7 36.3 

12-13 86.4 21.4 95.7 21.4 95.7 22.1 95.7 20.9 

13-14 95.7 21.4 95.7 21.4 98.1 28.1 95.7 20.9 

14-15 95.7 21.4 95.7 21.4 100.0 31.9 95.7 20.9 

15-16 95.7 21.4 95.7 20.9 99.6 30.4 95.7 20.9 

16-17 100 19.9 95.7 10.4 44.3 25.1 97.9 20.7 

17-18 44.6 24.1 33.2 12.1 23.7 26.4 44.1 23.0 

18-19 25.9 25.0 23.6 23.7 25.2 20.4 23.6 24.1 

19-20 25.4 25.7 24.7 24.2 22.9 24.5 23.6 24.2 

20-21 26.4 25.9 24.7 24.0 22.9 22.2 23.6 25.4 

21-22 25.7 26.6 24.9 24.4 22.9 22.2 23.5 24.9 

22-23 26.6 26.5 25.3 24.5 22.9 22.2 23.5 26.0 

23-24 26.2 27.4 26.0 24.8 22.9 22.2 23.5 25.1 

Table 6-11 Comparison Between Weekday Profiles for Warehouse in Climate Zone 4C and the 

Rest of Climate Zones Using PMEI and PTE 

 Winter Season Spring Season Summer Season Fall Season 

Zones 
PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

PMEI 

(%) 

PET 

(Hour) 

1A 33.6 3 7.9 4 0 1 4.4 4 

2A 48.2 0 8 5 0 1 4.4 2 

2B 56.8 7 2.8 7 0 0 2 1 

3A 37.1 0 14.5 7 0.2 0 4.4 2 

3B-Coast 35.6 0 3.2 7 0 0 4.4 2 

3B 6.7 0 2.5 6 0 1 4.4 3 

3C 4.5 0 0.6 0 0 2 4.4 2 

4A 30.7 7 8.1 6 0 1 0.8 1 

4B 25.2 0 1.8 7 0 0 4.4 3 

5A 17.2 0 10.9 7 0 0 3 1 

5B 23.5 0 11.7 7 0 1 8.6 2 

6A 8.4 0 11.8 0 0 2 4.4 8 

6B 18.1 0 10 0 0 1 11.9 0 

7 0 7 2.3 0 0 1 2.8 2 

8 0 7 12.9 0 2.6 1 4.4 7 
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Figure 6.5 Variations of Peak Values and Time for Large Office Loads in Different Climate 

Zones 
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Table 6-12 Comparison Between Weekend Profiles for Warehouse in Climate Zone 4C and the 

Rest of Climate Zones Using PMEI and PTE 

 Winter Season Spring Season Summer Season Fall Season 

Zones 
PMEI 
(%) 

PET 
(Hour) 

PMEI 
(%) 

PET 
(Hour) 

PMEI 
(%) 

PET 
(Hour) 

PMEI 
(%) 

PET 
(Hour) 

1A 7.1 2 47.5 2 124 2 77 3 
2A 60.9 0 28.6 2 2.6 2 3 6 
2B 65.8 0 26.9 6 0.6 6 11.1 2 
3A 51.5 0 35.9 2 0.3 2 2.3 6 

3B-Coast 49.5 0 36 0 3.4 2 0.2 2 
3B 22.4 0 18.7 0 9.3 2 18 2 
3C 16.4 0 17.2 0 14.4 2 14.3 2 
4A 32.8 1 19 0 9.8 2 94 1 
4B 37.3 0 28.6 0 6.5 6 1 6 
5A 26.7 0 24.2 0 11 2 0.7 6 
5B 27.9 0 20.2 0 2 6 24.9 0 
6A 0.7 0 1.8 0 36.2 2 4.8 1 
6B 11 0 0.2 0 5.1 2 4.7 1 
7 32.4 0 17.6 1 17.6 0 19.1 0 
8 23.8 0 43.9 0 40.2 2 22.3 1 

 

 

Figure 6.6 Variations of Peak Values and Time for Warehouse Loads in Different Climate Zones 
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6.8 Load Profile Selection 

In the preceding sections 6.6 and 6.7, the load profiles are gathered based on their 

climate zones and then clustered to form an annual load profile in each climate zone. 

Those profiles (365 days × 24 hour/ day) are utilized in this section and reduced to 

obtain representative days of each load. Each profile is divided into four seasons and 

then the PCA is adopted to get rid of the curse of dimensionality. The results in Figure 

6.10 show that the minimum percentage variance explained by the first principal 

component is more than 90% for all seasons for a commercial load in climate zone 

4C. This means that instead of representing the 365 days by 24 hours, we can 

represent them by the first principal component for each season and we can retrieve 

more than 90% of the variability of each profile. Therefore, each day of each profile 

is represented by one hour instead of 24 hours. After that, k-means is utilized to group 

the similar days of each season. For each season, k-means is repeated 250 times with 

different initial points (50 points) to minimize the effect of the initial point on the 

groups. Clusters are evaluated using both supervised and unsupervised measures, as 

represented in (6.2), (6.3), and (6.4) in section 6.5.2. Figure 6.11 and 6.12 show 

cluster evaluation for residential and commercial (supermarket) load profiles located 

in climate zone 4C. 

For each season, the best number of clusters is chosen based on (6.5), as proposed in 

[206]. After (250 × 11) times the simulation will start from 50 different initial points 

in each time for each season, the results indicate that the best number of clusters are 

8 clusters (8 days) and is thus is proposed in this study. For example, in climate zone 
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4C, there are 30 cities, which means their load profiles of 10,950 days (30 city × 365 

day/city) is represented by 8 days for each season. Those 8 days represent the 

centroid of the 8 clusters. The frequency of occurrence of these 8 days in each season 

is influenced by the number of days grouped in the same cluster.  

 

Figure 6.7 Variance of First Principle Component for Commercial Profile 

 

Figure 6.8 Cluster Assessment for Residential Load Profile in Climate Zone 4C 
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Figure 6.9 Cluster Assessment for Supermarket Load Profile in Climate Zone 4C 

For instance, 20% of the winter season (90 days) for the residential load is 

represented by cluster 6, as shown in Figure 6.13. This means that 18 days (20% × 

90) in the winter season are represented by the same day of which every hour is 

utilized to represent the centroid of cluster 6. In contrast, 18 days of the winter season 

are represented by cluster 1 for the commercial profile. Figure 6.13 can be used to 

generate the frequency of occurrence and the cumulative frequency distribution, 

accordingly. Figure 6.13 shows the frequency of occurrence as a percent of the total 

days in each season for commercial (supermarket) and residential load profiles 

located in climate zone 4C. The variation of the eight clusters are described using a 

measure of dispersion as illustrated in Figure 6.14 and Figure 6.15, for the residential 

and commercial (supermarket) loads, respectively. The upper dashed lines represent 

the maximum values of each hours of the 8 days in each season, whereas the lower 

dashed lines represent the minimum values. The cyan area indicates the interquartile 

range whereas the red line shown is the median values of each hour in the 8 clusters. 
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The variability is large in the residential load during the early hours of the day in the 

winter and spring seasons, as presented in Figure 6.10.  

 

Figure 6.10 Frequency of Occurrence of Load Profile Located in Climate Zone 4C 

Also, the figures show that each day is represented by 24 hours. Instead of that, the 

values of each cluster in each hour is utilized to generate profile for each minute in 

the day. Beta distribution is proposed to generate random variables over a bounded 

interval where one bound is represented by the minimum value of that hour in the 

clusters, and the other bound is chosen to obtain a mean value of the generated 

samples over that hour and should be equal to the value of the representative day of 

that hour. To prevent the sharp variations in consecutive samples, the similarity 

between them is assumed to be 98% or more. Therefore, each cluster consists of 24 

hours whereas each hour is represented by 60 minutes. The average value of each 

hour (60 minutes) is equal to its corresponding hour of the 24 hours’ profile. 
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Figure 6.11 Max., Min., and Quantile Values of the Residential Clusters in Climate Zone 4C 

In most seasons, cluster number 5 is utilized to represent their profile in both a 

commercial and residential load profile, as illustrated in Figure 6.13. Therefore, 

cluster number 5 is used to show the difference between its daily profile, which 

represents 24 samples (sample/hour), and its averaged profile, which consists of 

2,880 samples (sample/30 second) generated using Beta distribution as explained 

above. The difference is depicted in Figures 6.16 and 6.17 and they clearly show that 

the generated profile based on the proposed method is similar to the daily profile at 

all times except in the early hours of the day in the winter and spring seasons for the 

residential load due to its large variability during that period, as shown in Figure 

6.14. 
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Figure 6.12 Max., Min., and Quantile Values of the Commercial (Supermarket) Clusters in 

Climate Zone 4C 

 

Figure 6.13 Max., Min., and Quantile Values for the Residential Load 
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Figure 6.14 Max., Min., and Quantile Values for the Commercial Load 
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Chapter 7. Probabilistic Charging Demand Modeling 

The main objective of this chapter is to model a probabilistic demand profile that 

represents the energy requirements of the FCS when it is utilized to charge EVs with 

different battery capacities, different State-of-Charge (SOC) levels, and at different 

periods of time. 

7.1 Introduction 

An FCS is characterized by two features: high power consumption from the electric 

network and charging that power over a period of time into the PEVs. The required 

power from the electric grid depends on the rated power of the FCS and it is affected 

by the length of the charging period which is, in turn, a function of the state-of-charge 

and the capacity of the vehicle’s battery [24]. Therefore, the electric vehicle can be 

seen by the grid as a variable electric load due to its state of charge and battery 

capacity. Also, the charging times and charging intervals are dependent on customer 

needs or preferences, and these are additional uncertain factors affecting the electric 

grid. Also, the daily travel distances, which varied among customers, will increase 

the randomness in the search space. The aim of this chapter is to model a profile that 

represents the power demands of EVs considering the aforementioned parameters. It 

is unrealistic to consider all types of EVs and/or to observe their possible state of 

charge and their charging times. Instead, a subset of EVs, include different state of 

charge levels, charge at different times and can be used to generate the load profile 

and then make inferences about all types of EVs. Therefore, the inferential statistics 

are adopted in this chapter to develop probabilistic charging profiles for different 
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types of EVs. It is called a probabilistic profile due to the randomization in these 

parameters. Two models are utilized in this chapter to generate the load profile of 

EVs. The first model assumes that the distribution system feeds the FCS by a power 

equals to the rated power of the FCS and that power is always constant as proposed 

in [5]. The second model supplies the FCS by a power derived from a typical FCS 

dataset where both have the same rated power. The next section starts by determining 

the EVs market share and then their battery capacities are reported. After that, the 

distributions of daily distance travelled and the arrival time at FCS for some of the 

EVs are extracted. These parameters are common between the two models.   

7.2 Type Selection of Electric Vehicles 

There are three main types of EVs classified based on their degrees of energy use. 

These types are 1) Hybrid Electric Vehicles (HEVs), Plug-in Hybrid Electric 

Vehicles (PHEVs), and Plug-in Battery Electric Vehicles (PBEVs). The first two 

types are powered by both gas and electricity whereas the PBEVs are powered only 

by the electricity. In this study, only the PBEVs, or all-electric cars, are selected in 

both models to generate the charging profiles. Figure 7.1 shows the PBEVs sales and 

their shares in the Canadian market for the period of July 2011 to October 2018 [208]. 

The market shares of the Nissan Leaf, Tesla Model S, and Chevy Bolt are 25.8%, 

18.7%, and 10.4% and thus these types are selected in this study to generate the 

charging profiles. These three different types are selected because of their high 

market share, which almost amounts to 55% in the Canadian market, as illustrated 

on the right side of Figure 7.1. 
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Figure 7.1 PBEVs Sales and their Share in the Canadian Market  [208] 

7.3 Battery Capacity and Driving Range 

Although the PBEVs are powered by the same energy source, they are diversified in 

terms of their battery capacities and their driving ranges. These two factors are so 

important from the perspective of the electric grid. In general, when the battery 

capacity of the PBEV is large, a longer charging period is needed, which means more 

energy is consumed from the grid by that vehicle in each charging event. In contrast, 

a long driving range means that less charging events are required. From the 

perspective of the probabilistic model, specifying the battery capacity is important to 

quantify the required energy from the grid and the driving range is also important to 

determine the daily distance travelled by each PBEV. Figure 7.2 shows battery 

capacities and their total driving ranges for different types of PBEVs [209]. Vehicles 

depicted in Figure 7.2 characterized as Plug-in Battery Electric Vehicles. The reason 

of selecting them is that if these vehicles require a charging on the way, they do not 
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have another option to complete the trip such as in case of Plug-in Hybrid Electric 

Vehicles where they may use a gas station instead of a fast charging station. 

Therefore, Plug-in Battery Electric Vehicles are considered only in this study to 

illustrate the impact of the fast charging station.  

 

Figure 7.2 PBEVs Battery Capacities and their Driving Ranges [210] 

Table 7-1 demonstrates the total ranges, battery capacity, and the market shares for 

the three types of PBEVs used in this study. 

Table 7-1 PBEV Specification and Market Shares Used in This Study 

Make Model 
Total Range 

(mi) 

Battery capacity 

(kwh) 

Market share 

(%) 

Nissan Leaf 151 45.3 47.02 

Tesla Model S 335 110.5 34.03 

Chevrolet Bolt 238 66.6 18.95 

7.4 Distribution of Daily Mileage Travelled 

The daily distance travelled is one of the most important parameters to generate the 

charging profile because of its impacts on the per-unit consumed energy and the 
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remaining battery SOC. Estimating the daily distance travelled is a key factor in 

determining the battery energy requirement from the electric grid by each PBEV. 

The daily distance travelled is estimated by a standard distribution function. The 

standard distribution function is selected based on the distribution fitting of three 

different daily distance travelled datasets. The Markov Chain Monte Carlo Based 

Approach (MCMC) is utilized in this study to generate the daily distance travelled 

by each PBEV listed in Table 7-1. 

7.4.1 The Canadian Plug-In Electric Vehicle Survey (CPEVS-2015) 

The CPEVS contains data from two different sources that are the 2013 New Vehicle 

Owners Survey (NVOS) and the 2015 Plug-in Electric Vehicle Owners Survey 

(PEVOS) [211]. The NVOS includes a sample of new conventional vehicle owners 

across most of the Canadian provinces whereas the PEVOS represents a sample of 

PEV owners in British Columbia. One of the main objectives of the CPEVS study is 

to describe how current and potential PEV owners drive and charge their vehicles. 

Our main interest will be on the PEVOS dataset for two reasons. The first reason is 

that the study comprises 568 driving days and thus representing the driving pattern 

of 157 PEV owners. The majority of those owners (81%) drive PEVs used in this 

study where their daily distance travelled are extracted and shown in Figure 7.3. The 

figure illustrates the cumulative percent of the daily diary (568 driving days) for three 

groups of PEV owners: Tesla owners (10 EV), Nissan owners (38 EV), and Chevrolet 

owners (74 EV), which represent more than 77% of the total sample. The second 

reason for using this data is that most of the three types PEV owners are living in 
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cities of Vancouver and Victoria in British Columbia, as indicated in this map [212]. 

These cities are characterized by a 4C climate zone [36], which is consistent with the 

commercial and residential load profiles modelled in the previous chapter. The 

extracted data are represented as a cumulative percentage of 568 driving days. Figure 

7.3 includes two dimensions where the horizontal axis depicts the daily distance 

travelled by a cumulative number of PBEVs (as in the figure legend) illustrated in 

the vertical values. The data of daily distances travelled are utilized for distribution 

fitting corresponding to the three types of PBEVs mentioned above. It is not possible 

to select the best distribution that fits the extracted data set in their format. Instead of 

using the cumulative sum of driving days, the vertical axis will be represented using 

the percent of driving days. In order to achieve that, the extracted samples from 

Figure 7.3 will be paired and the difference between each pair of adjacent samples 

will be calculated starting from the first sample. The procedure will be repeated n 

times (e.g. 40 times) and in each time the data set will be found by taking the 

difference of every nth element in the extracted data. This difference describes the 

increment between samples and can be used to estimate the percentage values of 

driving days in the vertical axis. 
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Figure 7.3 Daily Distance Travelled Distribution Based on 568 Driving Days 

The empirical cumulative distribution will be calculated for each data set extracted, 

as stated above, and will then be compared to theoretical CDFs calculated from seven 

standard distribution functions; these are Exponential, Gamma, Normal, Poisson, 

Rayleigh, Weibull, and Birnbaum–Saunders distribution functions. The difference 

between each data sample of the empirical and the theoretical CDFs is assessed using 

the SSE as in (6.3). The minimum SSE value and its corresponding standard 

distribution function are recorded for each comparative case. The 40 winning 

standard distribution functions and their values (has minimum SEE) are obtained for 

each PBEV. The frequency of occurrence is calculated for each winning standard 

distribution function and its value is averaged, as demonstrated in Table 7.2. The idea 

is to select a standard distribution with more frequency of occurrence and less SSE. 

If that is not acquired, equation (7.1) is applied to select the best distribution that fits 

the data set extracted from Figure 7.3. 
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Table 7-2 Frequency of Occurrence and Mean SSE Values for the Winning Distributions 

  Volt  Leaf  Tesla  

Winning 

Standard 

Distribution 

Frequency 

of 

Occurrence 

Mean of 

Minimum 

SSE 

Frequency 

of 

Occurrence 

Mean of 

Minimum 

SSE 

Frequency 

of 

Occurrence 

Mean of 

Minimum 

SSE 

Exponential 0.35 0.0421 0.5 0.0489 0.075 0.0783 

Gamma 0.325 0.0596 0.125 0.0335 0.075 0.0628 

Weibull 0.3 0.122 0.05 0.3023 0.5 0.0561 

Birnbaum–

Saunders 
0.025 0.1321 0.325 0.0613 0.35 0.1413 

 

 𝜙𝑣 = 𝑚𝑖𝑛{𝜓1
𝑣, ………… ,𝜓𝑠

𝑣} 7.1 

Where 𝜓𝑖
𝑣 represents a value calculated from Table 7.2 based on standard distribution 

𝑖 of PBEV 𝑣 as in equation (7.2). 

 𝜓𝑖
𝑣 =

𝜑

𝜏
 7.2 

Where 𝜑 symbolizes to the mean value obtained in Table 7.2 and 𝜏 indicates to the 

corresponding frequency of occurrence. This equation is used to overcome the case 

when we have a standard distribution of less 𝜑 and less 𝜏 or more 𝜑 and less 𝜏 in 

comparing to the rest of the distribution. Equation (7.2) resolves this issue by giving 

equal weight for both 𝜑 and 𝜏. 

In order to verify the proposed steps of estimation the best standard distribution using 

equation (7.1), Figure 7.4 is extracted from [211] and is utilized to validate the 

methodology. This figure is used because it includes both the cumulative percent of 

vehicles and the percent of vehicles, which were not included in Figure 7.3. The 
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distribution of cumulative percentage of vehicles, which is represented in the right 

side of the y-axis is utilized for the distribution fitting by taking the difference of 

each adjacent samples, as illustrated above. Then, the selected best distribution was 

compared with the selected best distribution coming from the bar plot in Figure 7.4. 

The results are identical, which indicates the validity of the proposed steps. 

Algorithm 7.1 depicts the steps of selecting the best distribution function. 

 

Figure 7.4 Daily Distance Travelled Utilized to Verify the Proposed Approach [210] 

Algorithm 7.1 Estimation of Best Distribution that Fits the Daily Distance Travelled  

1: Start 

2: Input: 

         Three distributions of daily distance travelled extracted from Figure 7.3 

        Seven theoretical standard distribution functions as mentioned in section 7.4.1 

3: For each distribution of daily distance travelled do 

4:       For C = 1:40 Case do 

5:       Dataset = extracted data from Figure 7.3 (1: C: end) 
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6:       Compute the absolute difference between each pair as indicated above  

7:       Compute the empirical CDF for the dataset   

8:             For each SDF = 1:7 standard distribution function do  

9:             Find the maximum likelihood estimates for parameters of standard distribution  

            calculated using the dataset 

10:             Compute the theoretical CDF for the specified SDF using the computed parameters  

            evaluated at the values in step 7 

11:             Evaluate the empirical CDF and the theoretical CDF using SSE given in equation (6.3) 

12:             End For 

13: Record the minimum SSE and its corresponding standard distribution 

14:       End For 

15: Find the frequency of occurrence of the recorded distributions and their arithmetic mean 

16: End For 

17: Output:  

           The winning standard distribution function evaluated using equation (7.1) 

18: End 

The work in [58] utilizes the same type of EV proposed in this study to model its 

daily distance extracted from real mobility data [214].  The work represents the daily 

distance travelled using an exponential distribution which confirms the validity of 

the proposed distribution here for the same type of EV. 

7.4.2 Fundamentals of Markov Chain Monte Carlo 

The Markov Chain Monte Carlo (MCMC) in this study is used to generate a sample 

(random variable) representing the daily distance travelled and derived from a given 

standard distribution function selected, as illustrated in the section 7.4.1. A Monte 

Carlo is a general term used to generate outcomes from random sampling. A 

sequence of random samples is called a Markov chain. A Markov chain is a stochastic 
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process in which the state of the current sequence is influenced only by the latest 

state. Let {𝐷(𝑛) ; 𝑛 ≥ 0} represent a Markov chain, which includes a collection of 

random variables 𝐷(0), 𝐷(1), …… ,𝐷(𝑛−1), 𝐷(𝑛), …. then the probability distribution of 

𝐷(𝑛+1), given the past states 𝐷(0), 𝐷(1), ……, depends only on the present state 𝐷(𝑛) 

[215]. The Metropolis-Hastings Algorithm is considered as one of the most common 

MCMC algorithms and is thus proposed in this study [216]. 

7.4.2.1 Metropolis-Hastings Algorithms 

The Metropolis-Hastings methods are divided into the Metropolis-Hastings sampler, 

the Metropolis sampler, the independence sampler, and the random-walk. The last 

three methods are special cases of the first one [217]. Therefore, the Metropolis-

Hastings sampler is utilized to generate samples from a Markov chain. A Markov 

chain is called irreducible if in a finite number of transitions, the sequence 

{𝐷(𝑛) ; 𝑛 ≥ 0} can reach any region (state) in the state-space regardless of the 

arbitrary starting point 𝐷(0). A Markov chain is called aperiodic if there is nonzero 

probability that the chain remains in the same state and will not be trapped in a cycle. 

Obtaining a new sample 𝑘𝑝 from a candidate distribution 𝑆(. |𝐷(𝑛)) is subjected to 

two previously mentioned regularity conditions: irreducibility and aperiodicity. To 

satisfy these conditions, a normal distribution can be used to generate a sample 𝑘𝑁 

around the current sample in the chain. The candidate sample 𝑘𝑝 = 𝐷(𝑛) + 𝑘𝑁 is 

accepted as a new point at state 𝑛 + 1 with a probability given as in equation (7.3). 

The chain will not move if the new sample 𝑘𝑝 is rejected and then 𝐷(𝑛+1) = 𝐷(𝑛). 
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Algorithm 7.2 outlines the steps of sampling the daily distance travelled using the 

Metropolis-Hastings method. 

 𝜌(𝐷(𝑛), 𝑘𝑝) = 𝑚𝑖𝑛 {
𝜎(𝑘𝑝). 𝑆(𝐷(𝑛)|𝑘𝑝)

𝜎(𝐷(𝑛)). 𝑆(𝑘𝑝|𝐷(𝑛))
, 1} 7.3 

Algorithm 7.2 Steps of Metropolis-Hastings Algorithm 

1: Start 

2: Input: 

           The proposal distribution 𝑆(. |𝐷(𝑛)) found as in Algorithm 7.1 

          Number of chains 𝜗 

           Specify the starting points of each chain 𝐷(0) ≔ (𝐷(0)
1, 𝐷(0)

2, …… , 𝐷(0)
𝜗)  

           𝐷(0)~ U( [(𝑟𝑜𝑢𝑛𝑑(𝜁 × 𝑆𝑂𝐶𝑚𝑖𝑛)  𝑟𝑜𝑢𝑛𝑑(𝜁 × 𝑆𝑂𝐶𝑚𝑎𝑥)],1, 𝜗) and     

           set 𝑛 = 0 and iterate for 𝑛 = 1, 2, ………… 

3: For each PBEV do 

4:       For iteration 𝑛 = 1: until satisfy the convergence do 

5:             For each 𝜗 do 

6:             Generate a perturbation point 𝑘𝑁 from a standard normal distribution 

7:             Generate a potential sample from the candidate distribution  𝑘𝑝 = 𝐷(𝑛−1) + 𝑘𝑁 

8:             Draw Γ from a standard uniform distribution from an open interval (0,1) 

9:             Compute the acceptance probability 𝜌(𝐷(𝑛−1)
𝜗, 𝑘𝑝) in equation (7.3) 

10:             If  Γ ≤ 𝜌(𝐷(𝑛−1)
𝜗, 𝑘𝑝) 

11:                   then accept the new sample and set 𝐷(𝑛)
𝜗 = 𝑘𝑝 

12:             else  

13:                   reject the sample and remain in the same state 𝐷(𝑛)
𝜗 = 𝐷(𝑛−1)

𝜗 

14:             End For 

15:       End For 

16: Start 

17: Input: 
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18:            Specify the quantity of interest (e.g. primary/secondary voltage)   

19:           Length of the chain 𝑛 which is equal to number of iterations  

20:            Number of chains 𝜗 = 5 

21: For sample 𝑦 = 2: n of the quantity of interest do 

22:       Compute the between-sequence variance as in equation (7.4) 

23:       Compute the within-sequence variance as in equation (7.5) 

24:       Compute the estimated variance of the quantity of interest as in equation (7.8)      

25:       Compute the estimated potential scale reduction √�̂�  as in equation (7.9)      

26:             If  1 ≤ √�̂� < 1.1 

27:                   Then stop the chains due to the convergence 

28:             else  

29:                   Iterate the chains more 

30:  End For 

31: End 

7.4.2.2 MCMC Convergence Monitoring and Assessment 

In this study, MCMC is used to randomly draw a sequence of samples called a 

Markov chain and generated based on a given distribution. The chain is utilized to 

estimate outcomes obtained based on the inferences. If the chain is converged to the 

target distribution, then the inferences that we obtain from the chain are reliable, 

while are otherwise questionable [217]. The Gelman and Rubin method is utilized 

widely in the literature to monitor and evaluate the convergence of MCMC. This 

approach is adopted in this study because it is simple to be implement and it can be 

used in any MCMC algorithms [217], [218]. The method works by running 𝜗 

multiple chains in parallel, starting from different initial points widely dispersed in 

the distribution. This is done to increase the chance of visiting most regions in the 

target distribution [219]. A quantity of interest (e.g. primary/secondary voltage) is 
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monitored and then evaluated using the stopping rule of the Gelman and Rubin 

method, which relies on the between-sequence variance and the within- sequence 

variance, as shown in equations (7.4) and (7.5) respectively. The convergence is 

diagnosed using equation (7.9) by calculating the “estimated potential scale 

reduction” √�̂�, which is typically less than 1.1 for all quantities of interest. If √�̂� is 

higher than that, it is recommended to generate more sequences for each chain, 

namely more iterations [217]. 

 𝐵 =
𝑛

𝜗 − 1
∑(𝜔𝑖.̅̅̅̅ − 𝜔..̅̅ ̅)

2

𝜗

𝑖=1

 7.4 

 𝑊 =
1

𝜗
∑[

1

𝑛 − 1
∑(𝜔𝑖𝑦̅̅ ̅̅̅ − 𝜔𝑖.̅̅̅̅ )

2
𝑛

𝑦=1

]

𝜗

𝑖=1

 7.5 

 𝜔𝑖.̅̅̅̅ =
1

𝑛
∑𝜔𝑖𝑦

𝑛

𝑦=1

 7.6 

 𝜔..̅̅ ̅ =
1

𝜗
∑𝜔𝑖.̅̅̅̅

𝜗

𝑖=1

 7.7 

 𝑣𝑎�̂�(𝜔) =  
𝑛 − 1

𝑛
𝑊 +

1

𝑛
𝐵 7.8 

 √�̂� = √
𝑣𝑎�̂�(𝜔)

𝑊
 7.9 

Where, 𝜔𝑖𝑗 indicates to the 𝑦𝑡ℎ sample in the 𝚤𝑡ℎ chain of the quantity of interest, 𝜔𝑖.̅̅̅̅  

represents the average of each 𝑛 elements starting from 𝑦𝑡ℎ sample in the 𝚤𝑡ℎ chain 
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whereas 𝜔..̅̅ ̅ denotes to the average of all chains’ samples. Algorithm 7.4 illustrates 

the steps of monitoring the convergence using the Gelman and Rubin method. 

Algorithm 7.2 Convergence Assessment Using Gelman and Rubin Approach  

1: Start 

2: Input: 

           Specify the quantity of interest (e.g. primary/secondary voltage)   

          Length of the chain 𝑛 which is equal to number of iterations  

           Number of chains 𝜗 = 5 

3: For sample 𝑦 = 2: n of the quantity of interest do 

4:       Compute the between-sequence variance as in equation (7.4) 

5:       Compute the within-sequence variance as in equation (7.5) 

6:       Compute the estimated variance of the quantity of interest as in equation (7.8)      

7:       Compute the estimated potential scale reduction √�̂�  as in equation (7.9)      

8:             If  1 ≤ √�̂� < 1.1 

9:                   Then stop the chains due to the convergence 

10:             else  

11:                   Iterate the chains more 

12:  End For 

13: End 

7.5 Arrival Time Distribution and Rated Power of the FCSs 

The arrival time at the FCS for charging the EV is another important parameter to 

generate the demand profile of the FCS, which is highly influenced by the charging 

events. A charging event means that an EV has arrived at the FCS and started 

charging its battery by one of the available ports of the station. Estimating the arrival 

time for the charge is a main factor in determining the starting time and the end time 

of each charging event. The arrival time is estimated based on a standard distribution 
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function. Typical data represents the arrival time (charge events) at the FCS and is 

utilized to select the best standard distribution function that fits the typical dataset. 

MCMC is utilized to estimate the arrival time at the FCS based on the selected 

distribution. 

7.5.1 Typical Arrival Time and Rate at FCSs 

Typical data, for a period of three years, from seven FCSs, are individually extracted 

and analyzed for distribution fittings. These FCSs are located in different locations 

such as workplaces, retail locations, and malls; but all of them are in Vancouver in 

British Colombia where its climate zone characterized as zone 4. These data are 

utilized to obtain arrival time distributions which, in turn, are utilized to select the 

best standard distribution function that fits them. The first step then, is to obtain the 

arrival time distribution of EVs at FCSs. To accomplish that, typical datasets are 

extracted for the years of 2015, 2016, 2017 and 2018 . The dataset for each year 

includes the number of charging times in each hour (24 hours), of each day (365 

days). Each yearly dataset (365 days) is divided into 12 months and then all the 

datasets are grouped based on their monthly basis. Therefore, each hour is 

represented by accumulated number of charging times from the same hour from 

different months (12 months) from different years (3 years). Table 7-3 demonstrates 

more details about the FCSs utilized in this work. This table shows that the utilized 

FCSs have the same number of ports (one port) and the same maximum power (50 

kW) and thus their charge events are not affected by these factors.  For each 

distribution of the 14 arrival time distributions, the empirical CDF will be calculated 
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and then compared to theoretical CDFs calculated from seven standard distribution 

functions, whereas their dissimilarity is evaluated using SSE index as mentioned in 

section 7.4.1.  

Table 7-3 Charge Events and Maximum Output Power of FCSs Utilized in This Work 

 Period Charge Events Details 

FCS 

number 
Start date  End date  Weekday Weekend  

Max power 

(kW) 

Number 

of Ports  

1 01-01-2015 31-05-2018 5653 2287 50 1 

2 01-01-2015 31-05-2018 2560 1040 50 1 

3 01-01-2015 31-05-2018 2227 883 50 1 

4 01-01-2015 31-05-2018 2221 900 50 1 

5 01-01-2015 31-05-2018 1932 742 50 1 

6 01-01-2015 31-05-2018 1733 864 50 1 

7 01-01-2015 31-05-2018 1384 503 50 1 

For each arrival time distribution, seven SSE values will be obtained of the 

comparison, whereas one of the theoretical CDFs will be selected to represent that 

arrival time distribution based on its minimum SSE value. The 14 selected theoretical 

CDFs are utilized to represent the 14-typical arrival time distribution functions and 

their frequency of occurrences are tabulated. In all comparative cases, the Birnbaum–

Saunders distribution function is the winning distribution and is therefore utilized in 

this work to represent the arrival time distribution at the FCS. MCMC is proposed to 

sample the arrival time distribution using the MHA and then monitoring the 

convergence, as illustrated in section 7.4.2. Algorithm 7.4 states the steps of sampling 

the arrival time distribution using MHA. The output of Algorithm 7.4 is the arrival 

time at the FCS, which represents the start of charging at the FCS. The period of 

charge is influenced by three parameters: the battery SOC, the battery capacity, and 

the rated power of the FCS. The effect of the first and second parameters are clarified 

in section 7.3 whereas the effect of the rated power of the FCS is elucidated below. 
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Algorithm 7.4 Steps of Sampling the Arrival Time Distribution using MHA 

1: Start 

2: Input: 

           The proposal distribution 𝑆(. |𝐴(𝑛)) selected as in section 7.5.1 

          Number of chains 𝜗 

           Specify the starting points of each chain 𝐴(0) ≔ (𝐴(0)
1, 𝐴(0)

2, …… , 𝐴(0)
𝜗)  

           𝐴(0)~ [U( [8  21], 1, 𝜗) + N(0,3) and     

           set 𝑛 = 0 and iterate for 𝑛 = 1, 2, ………… 

3: For iteration 𝑛 = 1: until satisfy the convergence do 

4:       For each PBEV do 

5:             For each 𝜗 do 

6:             Generate a perturbation point 𝑘𝑁 from a standard normal distribution 

7:             Generate a potential sample from the candidate distribution  𝑘𝑝 = 𝐴(𝑛−1) + 𝑘𝑁 

8:             Draw Γ from a standard uniform distribution from an open interval (0,1) 

9:             Compute the acceptance probability 𝜌(𝐴(𝑛−1)
𝜗, 𝑘𝑝) as per section 7.4.2.1 

10:             If  Γ ≤ 𝜌(𝐴(𝑛−1)
𝜗, 𝑘𝑝) 

11:                   then accept the new sample and set 𝐴(𝑛)
𝜗 = 𝑘𝑝 

12:             else  

13:                   reject the sample and remain in the same state 𝐴(𝑛)
𝜗 = 𝐴(𝑛−1)

𝜗 

14:             End For 

15:       End For 

16: Check the convergence by applying Algorithm 7.4  

17: End For 

18: End 

7.6 Input Data Required for Vehicle Charging Model 

7.6.1 Number of PBEVs 

The number of electric vehicles in the system, 𝒩𝐵𝑃𝐸𝑉, is represented as a share of 

the total number of vehicles, which in turn is a function of the total number of houses 

in the system. The share of electric vehicles in the system is determined as follows 

[220]:  

 𝒩𝐵𝑃𝐸𝑉 = 𝑥𝑝𝑒𝑛. 𝑛ℎ𝑜𝑢𝑠𝑒 . 𝑛𝑐𝑎𝑟 7.10 

where, 
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𝒩𝐵𝑃𝐸𝑉 Number of electric vehicles in the system 

𝑥𝑝𝑒𝑛 
Share of electric vehicles with respect to the total number of vehicles 

in the system, % 

𝑛ℎ𝑜𝑢𝑠𝑒 Number of residential houses in the system, house 

𝑛𝑐𝑎𝑟 Number of vehicles per house, vehicles/house  

7.6.2 Type of PBEV and Charging Locations 

The aim of the charging model is to compare the impacts of a typical FCS with an 

estimated one, on the voltage fluctuation and light flicker. A typical FCS profile is 

generated when a depleted battery of a Chevy Bolt was charged from a FCS with a 

rated power of 50 kW. The profile is available only for the Chevy Bolt and thus only 

one type of PBEV is selected in this case that is Chevy Bolt.  

Therefore, there is 𝒱𝐶𝐵 number of Chevy Bolts in the system with battery capacity 

of 𝜇𝐶𝐵 .  

 𝒱𝐶𝐵 = 𝒩𝐵𝑃𝐸𝑉 7.11 

The battery capacity of each  𝑣 ∈ 𝒱𝐶𝐵 is [210]:  

 𝜇𝐶𝐵 = 66.6 𝑘𝑤ℎ 7.12 

The 𝒩𝐹𝐶𝑆
𝐶𝐵  number of Chevy Bolt charges at the FCS is:  

 𝒱𝐹𝐶𝑆
𝐶𝐵 = 𝜂𝐹𝐶𝑆

𝐶𝐵 . 𝒱𝐶𝐵 7.13 

where, 

𝒩𝐵𝑃𝐸𝑉 Number of PBEV in the system 

𝜇𝐶𝐵 battery capacity of Chevy Bolt, kwh 
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𝒱𝐹𝐶𝑆
𝐶𝐵  Number of Chevy Bolt charges from FCS 

𝜂𝐹𝐶𝑆
𝐶𝐵  Share of Chevy Bolt charge requires a service from fast charger, % 

7.6.3 Arriving Rate and Time at FCS 

Figure 9.2 presents the distribution of vehicle arrival time and the rate at FCS prior 

to charge [221]. The given share of vehicles charging from FCSs, i.e., 𝜂𝐹𝐶𝑆
𝐶𝐵  %, and 

the arrival rate is determined based on the data given in Figure 9.2. Probability 

distribution of arrival rate is based on an hourly time interval; thus, this distribution 

is used to randomly assign the corresponding number of PBEVs, i.e., 𝒱𝐹𝐶𝑆
𝐶𝐵  , to each 

hour. 

 

Figure 7.5 Distribution of Vehicle Arrival Time at FCS Prior to Charge [221] 

7.6.4 Chevy Bolt Driving Pattern and Level of their Charged Batteries at the FCS 

It is assumed that when any vehicle 𝑣 ∈ 𝒱𝐹𝐶𝑆
𝐶𝐵  start their trips, it starts from homes. 

Most of these vehicles start with almost a fully charged battery, according to the 
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distribution shown in Figure 7.6. Some of these vehicles are required to charge from 

the FCS according to their 𝜂𝐹𝐶𝑆
𝐶𝐵 . 

 

Figure 7.6 Battery State of Charge at End of Charging from Home Charger Prior to Driving 

[222] 

 

Figure 7.7 Daily Distance Travelled Distribution [211] 

The daily distance travelled for each vehicle 𝑣 ∈ 𝒱𝐹𝐶𝑆
𝐶𝐵  is represented by an 

exponential distribution function [210]. Given these distribution functions, Markov 
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Chain Monte Carlo is carried out to sample these distributions and generate random 

daily trips and accordingly generate the remaining battery SOC [40]. It is assumed 

that when any vehicle 𝑣 ∈ 𝒱𝐹𝐶𝑆
𝐶𝐵  start their trips, it starts from homes. These vehicles 

start with a fully charged battery. According to their 𝜂𝐹𝐶𝑆
𝐶𝐵 , some of these vehicles 

charge from FCS. 

7.6.5 Charging Power 

It was illustrated that the arrival time at the FCS shapes the start point of the charging 

event. Similarly, the rated power of the FCS is an essential factor contributing to 

shape the end point of the charging event (departure time). To clarify, the PBEV is 

assumed in this work to be a constant real and reactive power load that draws power 

depending on the rated power of the FCS. If, for example, a PBEV charges from an 

FCS with a rated power of 50 kW starting from a specific time, it means that the 

power consumed from the electric grid at that instant will jump by an amount equal 

to or less than the rated power of the FCS. The PBEV will be charged until it reaches 

𝛾𝐹𝐶𝑆. When the rated power of the FCS is high, the period of charge will be less 

especially in the case of low battery capacity or high SOC level. Two different 

scenarios are considered in this chapter: actual charging rates, and estimated charging 

rates of the FCS, as explained below. 

7.6.5.1 Constant Charging Rate of FCSs 

In this case, the FCS with 𝛽𝑒𝑠𝑡 rated power, is utilized to charge one type of PBEV, 

the Chevy Bolt. The output power of the FCS is assumed to be stationary and will 

not be changed over time as the Chevy Bolt battery SOC changes. It is assumed that 
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the battery of the Chevy Bolt is charged linearly until it reaches to 𝛾𝐹𝐶𝑆. For instance, 

the day is represented by 2,880 samples (1 sample / 30 second). If a Chevy Bolt 

arrives at FCS at 14:50 p.m. with 10 % SOC (6.66 kW), then it requires 51.8 𝑘𝑊ℎ to 

reach 80% of its capacity. Given 𝛽𝑒𝑠𝑡 = 50𝑘𝑤, then the required charging time is 

equal to 
51.8 𝑘𝑊ℎ

𝜂𝐹𝐶𝑆×𝛽𝑒𝑠𝑡
≅ 1.15ℎ, which means 138 samples based on our resolution. The 

end time of charging is at 16:05 p.m., which corresponds to the sample number 1,918 

in our daily profile. It means that the FCS will draw a constant power from the 

electric grid equals to 50 kW from 14:50 p.m. to 16:05 p.m. 

7.6.5.2 Variable Charging Rates of FCSs 

A Chevy Bolt was charged from a FCS with a rated power of 𝛽𝑎𝑐𝑡. The FCS was 

connected to the secondary of a distribution pad-mounted transformer characterized 

as (4.16𝑌/0.6𝑌  𝐾𝑉) with 50 𝑘𝑉𝐴. The output power of the FCS will not be constant 

over time as the Chevy Bolt battery SOC increases. The active power per phase and 

its corresponding power factor is shown in Figure 7.5. It clearly shows the variation 

of the output power over time. This work presumes that the Chevy Bolt will be 

charged based on a linear rate. For example, the FCS takes 119 minutes or 238 

samples, as the profile indicates, to charge 80 % of the battery capacity. Then the 

battery SOC will increase based on constant rate equal to 
𝛾𝐵𝐸𝑉

238
  where in this case 

𝛾𝐵𝐸𝑉 = 53.28 and the rate is equal to 0.223. This means that, based on the charging 

rate, the depleted Chevy Bolt requires 119 minutes or 238 charging samples to reach 

80% of its battery capacity. 
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Figure 7.8 A Typical Output of FCS When It Charges a Depleted Chevy Bolt [223] 

7.6.6 Length of Time with Chevy Bolt Drawing Power from FCS 

In order to determine the energy required from the FCS for each charging event, the 

probability distribution in Figure 9.5 is utilized to estimate the length of time with a 

vehicle drawing power from the FCS. Given the length of the charging event L𝐹𝐶𝑆
𝐶𝐵 , 

the rated power 𝛽 of FCS, and the efficiency 𝜂𝐹𝐶𝑆 of the charger, the energy required 

𝑘𝑤ℎ𝐹𝐶𝑆 from the FCS is estimated linearly as follows:  

 𝑘𝑤ℎ𝐹𝐶𝑆 = (
L𝐹𝐶𝑆
𝐶𝐵

𝜇𝐶𝐵

𝛽𝐹𝐶𝑆. 𝜂𝐹𝐶𝑆
. 𝜗
) . 𝜇𝐶𝐵 7.14 

 𝛽𝐹𝐶𝑆: = {
𝛽𝑒𝑠𝑡           if estimated charging power is utilized

𝛽𝑎𝑐𝑡,            if actual charging charging is utilized
 7.15 

where, 

𝑘𝑤ℎ𝐹𝐶𝑆 Energy required for vehicle 𝑣 from FCS, kwh 
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𝐿𝐹𝐶𝑆 Length of time with vehicle connected to the fast charger, minute 

𝜇𝐶𝐵 Battery capacity of vehicle 𝑣, kwh 

𝜂𝐹𝐶𝑆 Efficiency of the fast charger, % 

𝜗 Factor to convert hour into minutes 

𝛽𝐹𝐶𝑆 Rated power of fast charging station, kw 

𝛽𝑒𝑠𝑡 Estimated charging power, kw 

𝛽𝑎𝑐𝑡 Estimated charging power, kw 

 

 

Figure 7.9 Distribution of Length of Time With a Vehicle Drawing Power From FCS per 

Charging Event [222] 

The state-of-charge of each vehicle 𝑣 charges from the FCS 𝑣 ∈ 𝒱𝐹𝐶𝑆
𝐶𝐵  is equal to 

𝑠𝑜𝑐𝑡
𝐶𝐵, and thus while the vehicle remains in the FCS i.e., 𝑡𝐶𝐵

𝑎𝑟 < 𝑡 ≤ 𝑡𝐶𝐵
𝑑𝑒 , the state-

of-charge is updated as follows: 
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 𝑠𝑜𝑐𝑡
𝐶𝐵: =

{
 
 
 

 
 
 
(
𝜇𝐶𝐵. 𝑠𝑜𝑐𝑡−1

𝐶𝐵 +
𝛽𝑡−1
𝑒𝑠𝑡

𝜗
𝜇𝐶𝑃

) . 100, using estimated charging power

(
𝜇𝑣. 𝑠𝑜𝑐𝑡−1

𝑣 +
𝛽𝑡−1
𝑎𝑐𝑡

𝜗
𝜇𝐶𝐵

) . 100, using actual charging power

 7.16 

The required SOC 𝑠𝑜𝑐𝑑𝑒𝑠
𝐶𝐵 for vehicle 𝑣 is determined by the customer upon the arrival 

at the FCS. The desired SOC is bounded by the maximum SOC 𝑠𝑜𝑐𝑚𝑎𝑥
𝐶𝐵  permitted 

from the FCS and the minimum increment in SOC 𝑠𝑜𝑐𝑟𝑒𝑞 for each charging event as 

in (9.40). The minimum SOC required for each charging event is specified by the 

FCS operator and defined as in (7.15). 

 𝑠𝑜𝑐𝑟𝑒𝑞 < 𝑠𝑜𝑐𝑑𝑒𝑠
𝐶𝐵 ≤ 𝑠𝑜𝑐𝑚𝑎𝑥

𝐶𝐵 , ∀𝑣 ∈ 𝒱𝐹𝐶𝑆 7.17 

 𝑠𝑜𝑐𝑟𝑒𝑞: =

{
 
 
 
 

 
 
 
 

(

 
𝐿𝐹𝐶𝑆

𝜇𝐶𝐵

𝛽𝑡
𝑒𝑠𝑡. 𝜂𝐹𝐶𝑆

. 𝜗
)

 . 100, for estimated charging power

(

 
𝐿𝐹𝐶𝑆

𝜇𝐶𝐵

𝛽𝑡
𝑎𝑐𝑡. 𝜂𝐹𝐶𝑆

. 𝜗
)

 . 100, for actual charging power

 7.18 

where, 

𝑠𝑜𝑐𝑡
𝐶𝐵 State-of-charge of vehicle 𝑣 at time 𝑡, % 

𝑠𝑜𝑐𝑡−1
𝐶𝐵  State-of-charge of vehicle 𝑣 at time 𝑡 − 1, % 

𝜇𝐶𝐵 Battery capacity of vehicle 𝑣, kwh 

𝑡𝐶𝐵
𝑎𝑟  The arrival time of vehicle 𝑣, hour and minute 

𝑡𝐶𝐵
𝑑𝑒  The departure time of vehicle 𝑣, hour and minute 

𝑠𝑜𝑐𝑟𝑒𝑞 Minimum increment in battery state-of-charge, % 

𝑠𝑜𝑐𝑑𝑒𝑠
𝐶𝐵  Desired state-of-charge at the end of charging event, % 

𝑠𝑜𝑐𝑚𝑎𝑥
𝐶𝐵  Maximum increment in battery state-of-charge using FCS, % 

As the required SOC is achieved, vehicle 𝑣 departures from the FCS as follows: 
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 𝑡𝜈
𝑑𝑒: =

{
 
 

 
 𝑡 + 𝜇𝐶𝐵. (

𝑠𝑜𝑐𝑑𝑒𝑠
𝐶𝐵 − 𝑠𝑜𝑐𝑡

𝐶𝐵

𝛽𝑡
𝑒𝑠𝑡 ) . 𝜗, using estimated charging power

𝑡 + 𝜇𝐶𝐵. (
𝑠𝑜𝑐𝑑𝑒𝑠

𝐶𝐵 − 𝑠𝑜𝑐𝑡
𝐶𝐵

𝛽𝑡
𝑎𝑐𝑡 ) . 𝜗, using actual charging power

 7.19 

7.7 Demand Profile of the FCS 

The probabilistic demand profile of the FCSs is generated in this section. The profile 

is considered the most important factor in quantifying the impact of the FCS on the 

electric power quality. All parameters that we need to generate the demand profile 

were previously defined in this chapter. The parameters include the distribution of 

the daily distance travelled, arrival time, battery capacity, PBEV type, and the FCS 

rate of power. Algorithm 7.5 outlines the steps to generate the FCS demand profile 

considering the aforementioned parameters. 

Algorithm 7.5 Steps of Generating the FCS Demand Profile 

1: Start 

2: Input: 

           The probability density function 𝑆(. |𝐷(𝑛)) found as in Algorithm 7.1 

           The probability density function 𝑆(. |𝐴(𝑛)) selected as in section 7.5.1 

          Number of chains 𝜗  

          Number of vehicles, 𝑛𝑐𝑎𝑟  

           Number of PBEVs, 𝒩𝐵𝑃𝐸𝑉   

         Number of PBEVs charges from FCS, 𝒱𝐹𝐶𝑆
𝐶𝐵    

          The total range/PBEV  

           The battery capacity, 𝜇𝐶𝐵  

           FCS rated power, 𝛽𝑒𝑠𝑡 , 𝛽𝑎𝑐𝑡      

          Specify the starting points  𝐷(0) ≔ (𝐷(0)
1, 𝐷(0)

2, …… , 𝐷(0)
𝜗) 

           𝐷(0)~ U( [(𝑟𝑜𝑢𝑛𝑑(𝜁 × 𝑆𝑂𝐶𝑚𝑖𝑛)  𝑟𝑜𝑢𝑛𝑑(𝜁 × 𝑆𝑂𝐶𝑚𝑎𝑥)]) 

          Specify the starting points  𝐴(0) ≔ (𝐴(0)
1, 𝐴(0)

2, …… , 𝐴(0)
𝜗) 

           𝐴(0)~ [U( [8  21]) + N(0,3) 

           set 𝑛 = 0 and iterate for 𝑛 = 1, 2, ………… 

3: For iteration 𝑛 = 1: until satisfy the convergence do 

4:       For each PBEV do 

5:             For each 𝜗 do 

6:             Generate a sample representing the PBEV distance travelled 𝐷(𝑛)
𝜗 as in Algorithm 7.2 

7:             Generate a sample representing its arrival time 𝐴(𝑛)
𝜗 at the FCS as in Algorithm 7.2 

8:             Convert the arrival time to a sample equivalent to (1 sample / 30 second)   

9:             Calculate its required energy using Algorithm 7.4 

10:             Check the FCS port availability 
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11:             If the port is not available and  (𝜇𝐶𝐵 > 10%)   
12:             PBEV may or may not wait until the port becomes available, based on a random  

            number uniformly distribution 

13:             else  

14:             PBEV will wait until the port becomes available 

15:             End If 

16:             If  Actual Charging Rate is considered  
17:                  then PBEV belongs to the Chevy Bolt 

18:                  Extract the output of the FCS from Figure 7.4 (in samples) to increase the SOC  

                 level to 𝑠𝑜𝑐𝑑𝑒𝑠
𝐶𝐵  %  

19:                Affix the extracted profile to the daily demand profile starting from the sample  

               calculated as in step 8 

20:             else  

21:               Calculate the required period to increase the SOC level to 𝑠𝑜𝑐𝑑𝑒𝑠
𝐶𝐵 % 

22:               Convert the required period to samples equivalent to (1 sample / 30 second) in   

              which the output of the FCS is constant over this period and equal to 𝛽𝑒𝑠𝑡  
23:               Affix the output of the FCS as in step 17 to the daily demand profile starting from the  

              sample calculated as in step 8  

24:             End If 

25:           End For 

26:       End For 

27: Check the convergence by applying Algorithm 7.4  

28: End For 

29: End 
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Chapter 8. Results of Flicker Mitigation Using DSTATCOM 

The aim of this chapter is to present the simulation results. A distribution test system 

is proposed and modified to include FCSs, commercial, and residential loads. 

Multiple scenarios are defined and applied on the proposed grid to assess and address 

the anticipated impacts of FCSs on three power quality phenomena representing the 

overall quality of the distribution systems.  

8.1 Test System Description 

In order to perform a load flow analysis and to examine the impact of FCSs, a test 

system is required. The IEEE 123-Node standard distribution test feeder, published 

in [224], is utilized in this research to conduct the study. The original 123-Node 

feeder is a real system consisting of two feeders leaving the substation; the published 

IEEE 123-Node feeder combines the two feeders into one and then adds several 

downstream voltage regulators, according to [225]. The map of the original system 

is displayed in [167], while the published system is depicted in Figure 8.1. The 

system is a radial distribution system and operates at a nominal voltage of 4.16 kV. 

The primary distribution system is served by one three-phase transformer bank with 

a rated capacity of 5,000 kVA located at the substation. The primary distribution 

system contains a main feeder and laterals tap-off of it. The main feeder consists of 

three-phase overhead lines and underground cables while the laterals are one- and 

two- phase overhead lines. The system’s loading is unbalanced and includes single, 

two, and three- phase spot loads interconnected with the substation using the primary 

feeder. It is worth mentioning that a three-phase distribution transformer with a rated 
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capacity of 150 kVA, steps down the distribution nominal voltage to the utilization 

level feeding the spot load located at bus 610, as shown in Figure 8.1. The first 

version of the published IEEE 123-Node feeder [226], includes a spot load of a150-

horsepower induction motor located at bus 610 and connected to the secondary side 

of that distribution transformer. This spot load is not included in the second version 

of the published IEEE 123-Bus feeder, but the distribution transformer is included 

and is able to serve an equivalent loading amount. The IEEE 123-node system is 

modelled using the MATrix LABoratory (MATALB) software [227], and simulated 

in the Open Distribution System Simulator (OpenDSS) [228], using the Component 

Object Model (COM) interface. Specifications of all the components of the proposed 

test system are presented in Appendix A. 

 

Figure 8.1 IEEE 123-Node Test Feeder [224] 
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8.2 Test System Modification 

8.2.1 Primary Distribution System Expansion 

As mentioned above, the spot loads in the test system are mainly supplied by the 

primary feeder, which operates at a nominal voltage of 4.16 kV. In order to study the 

impact of FCSs, they need to be included in the test system and supplied at their 

utilization voltage level. Therefore, the primary distribution system needs to be 

modified and expanded to include secondary distribution circuits; this includes 

distribution transformers to reduce the primary voltage to the utilization voltage level 

required by the FCSs and base loads. Two types of base loads are considered in this 

study: residential homes and commercial facilities. The proposed system shown in 

Figure 8.1 includes three-phase and single-phase spot loads. The three-phase loads 

are replaced with multiple three-phase distribution transformers utilized to supply 

the FCSs and commercial facilities. The rated power of these three-phase distribution 

transformers are 50 kVA, 30 kVA, and 15 kVA. The test system has six loads of this 

types, three of which are unbalanced spot loads. Also, the system contains 31 and 47 

single-phase spot loads rated 22.36 kVA and 44.72 kVA. These spot loads are 

replaced with 31 center-tapped distribution transformers rated 25 kVA and 47 rated 

50 kVA. These 78 center-tapped distribution transformers are utilized to feed the 

secondary distribution circuits which are used to flow electrical power to residential 

homes. 
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8.2.2 Secondary Distribution System Representation 

Secondary distribution circuits are added in this study to connect customers (the base 

loads) to distribution transformers. Once the base loads are connected, their profiles 

can be generated and added to the system beside the demand profile of FCSs where 

the system’s voltage quality is analyzed accordingly. 

8.2.2.1 Residential Homes 

Each center-tapped distribution transformer rated 50 kVA and 25 kVA is utilized to 

feed a group of 12 residential homes and a group of 6 residential houses, respectively. 

The number of homes served by each distribution transformer is equivalent to the 

corresponding single-phase spot load in the primary system. Therefore, a total of 750 

residential homes is connected to 78 distribution transformers via service drops with 

random lengths between 80 to 100 feet; this is emanated from a routing single-phase 

triplex 120/240 V secondary main with length 125 feet. Specifications of secondary 

distribution system components (distribution transformer, secondary main, and 

service drop) utilized in this study, are illustrated in Appendix B. Figure 8.2 shows 

the layout of the secondary distribution circuits adopted in this study. This study 

presumes that all residential houses are in the same climate zone, namely a 4C, and 

thus their daily load profile are specified accordingly, as detailed in chapter 6 section 

6. According to the analyzed residential yearly load profiles in chapter 6, all 

dwellings located in climate zone 4C equipped with gas heaters, but without electric 

water heaters. In [229], findings show that the median of the annual peak demand for 
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similar dwellings is 4.93 kVA. Thus, 4.93 kVA, at 0.9 lagging power factor, is 

assigned to represent the required peak load of each residential house in this study. 

One-phase primary load

S = 44.72 kVA replaced with 

secondary circuit

V = 2.04 kV

V = 120/240 V

Pole-mounted Center-

tapped Trans. = 50 kVA

Secondary main 

Service drop

Pole

OFF ON

Three-phase primary main feeder, V =  4.16 kV

OFF ON
One-phase primary load

S = 22.36 kVA replaced with 

secondary circuit

V = 2.04 kV

V = 120/240 V

Pole-mounted Center-

tapped Trans. = 25 kVA

 

Figure 8.2 Layout of Secondary Distribution Circuits Used to Supply Residential Homes 

8.2.2.2 Commercial Facilities 

Four commercial facilities are utilized in this work; three of which are quick service 

restaurants connected to the test system at nodes 47, 49, 65, and one medium office 

connected at node 48. These commercial loads are connected to the primary 

distribution system using three-phase two-winding distribution transformers of 

which three are rated 30 kVA and one is rated 15 kVA. The peak load of each type 

of commercial building is assigned by analyzing the annual load profile (before they 

are normalized in chapter 6 section 6.4.3) determining the median of the maximum 

demand value. Their load profiles in 4C climate zone are used and obtained, as 

explained in chapter 7 section 7. The peak load for a quick service restaurant is a 
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28.56 kVA while it is a 13.33 kVA for a medium office, this is at 0.9 lagging power 

factor for both of them. Connection of the aforementioned facilities to the test system 

proposed in this work is depicted in Figure 8.3. 

Fast

Charging 

Station

P+jQ

Quick service restaurant

V = 346/600 V

Pad-mounted 

three-phase 

Trans. = 50 kVA

OFF ON

Medium office

Three-phase primary main feeder, V =  4.16 kV

Three-phase primary 

load

replaced with 

secondary circuits

Pad-mounted 

three-phase 

Trans. = 30 kVA

Pad-mounted 

three-phase 

Trans. = 15 

kVA

V = 120/208 V V = 120/208 V
Residual load of 

the substituting 

primary load

 

Figure 8.3 Sample of Three-Phase Secondary Loads Connected to the Primary Feeder 

8.2.3 Fast Charging Stations’ Inclusion 

There are two approaches to represent the output power of FCSs: charging with a 

real profile and charging with an estimated profile. The distinctions of these two 

approaches are illustrated in detail in chapter 7 section 7.2. These two methods of 

charging are considered in this work and their impacts on the modified IEEE 123–

Node are compared. Each FCS is connected to the primary main feeder using a three-

phase distribution transformer rated 50 kVA as indicated in Figure 8.3. The number 

of FCSs utilized in this work and their locations are illustrated in Table 8.1. The load 
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profile for these FCSs are generated as previously described in detail in chapter 5 

section 6. This study assumes that only 15% of the total number of residential homes 

have EVs and recharge them at the FCSs. The 15% represents the electric portion of 

new passenger car sales in British Columbia, according to [230].  

Table 8-1 Locations and Numbers of FCSs 

Location Number of FCSs Number of Ports 

Node 47 2 2 

Node 48 5 5 

Node 49 2 2 

Node 65 2 2 

Node 76 5 5 

Node 610 3 3 

8.2.4 Battery Energy Storage Units’ Integration 

Battery Energy Storage Systems (BESUs) are proposed in this study to mitigate the 

impact of FCSs on voltage quality. BESUs are installed in the test system at the same 

locations where the FCSs are connected, as shown in Table 8.1. Each BESU is 

connected to the secondary side of the distribution transformer where its rated storage 

capacity is 250 kWh and its rated power is 50 kW [81]. BESUs are operated in three 

different states: idling state, discharging state, and charging/discharging state. In the 

idling operating mode, the BESUs do not absorb or supply any power to the FCS. In 

the discharge mode, the BESUs produce power to the FCSs and do not consume any 

power from the system. In the charge/discharge operating mode, the BESUs consume 

power from the grid when the FCSs are not occupied and inject that power to FCSs 

when they are being utilized by EVs. 
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8.2.5 Distribution Static Compensators’ Placement 

Distribution Static Compensator (D-STATCOM) is a shunt device operated in two 

different modes: a voltage control mode and a current control mode. In the voltage 

control mode, D-STATCOM is utilized to regulate the bus voltage to which the 

device is connected. In the current control mode, D-STATCOM is used to 

compensate the line current to become a balanced undistorted sinusoid. The aim of 

using D-STATCOMs in this study is to maintain the bus voltages to which D-

STATCOMs are placed; this is either by producing or absorbing reactive power to 

alleviate the effect of FCSs on the primary distribution system. A three-phase D-

STATCOM is connected to the primary side of the three-phase distribution 

transformers, as displayed in Figure 8.3. It is assumed that the reactive power of D-

STATCOM that can be absorbed or injected into the system varies from -2000 kVAr 

to 2,000 kVAr. 

8.3 Conducting the Load Flow Analysis 

At this point, the test system was modeled, its nominal voltage was given, its 

configuration was described, and some of the primary nodes were modified to 

include secondary distribution circuits. The secondary circuits’ components were 

specified and installed in the system. Parameters for residential houses, commercial 

facilities, FCSs, BESUs, and D-STATCOM were defined and their load profiles were 

generated accordingly. Therefore, a load flow analysis is required to determine the 

voltage magnitudes and phase angles at all nodes of the modified test system, which 

consists of 2,415 nodes. The load flow analysis is repeated until the termination 
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condition is satisfied. The termination condition is explained in chapter 7 section 

7.4.2.2. The mean value of the voltage magnitudes and phase angles over all trials 

are utilized in this study. The result of this is a matrix in which the number of rows 

correspond to the number of nodes in the system and the number of columns 

represent the daily voltage profile. The values of this matrix represent the possible 

impact of FCSs on the electric distribution system. Therefore, these values are 

analyzed and compared with the limits of power quality variations explained in 

Chapter 6.    

8.4 Scenarios and Results 

In this section, multiple cases are considered to highlight the impact of the FCSs on 

the test system and to demonstrate the effectiveness of the proposed mitigation 

methods on voltage quality. Whenever the word "modified test system" is used, 

henceforth it indicates the IEEE 123-bus feeder modified to include residential 

houses and commercial facilities as previously explained. Four scenarios have been 

conducted on the modified test system in order to integrate: 1) FCS only, 2) FCSs 

equipped with BESUs in discharge mode only, 3) FCSs equipped with BESUs in 

charge and discharge modes, and 4) D-STATCOMs placed in the primary system. 

The first scenario is utilized as a base case to show the impacts of FCSs on the power 

quality variations, whereas the remaining cases are utilized to address these impacts 

in different degrees. The impacts and proposed mitigation methods are depicted and 

reported numerically for two types of FCSs: those with estimated charging rates and 
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those with real charging rates. In each scenario, three types of power quality indices 

are calculated and compared with the related standards.  

8.4.1 Description of the Applied Scenarios 

8.4.1.1 Connecting FCSs Only 

In this case, only FCSs are connected to the modified test system. The system 

consists of 750 houses; 15% of these houses are assumed to have EVs and recharge 

them using FCSs. Two types of charging methods are considered: an estimated 

output power of the FCS equals to its rated power, and a real output power of the 

FCS obtained experimentally. The two charging profiles will be utilized to charge 

one type of EVs, that is a Chevy Bolt. Only one type of EV was considered because 

the real charging profile corresponds to the demand profile of a Chevy Bolt. 

Therefore, two independent simulations are conducted in this case in order to 

compare the impact of these FCSs on the power quality of the system. 

8.4.1.2 Connecting FCSs Equipped with BESUs in Discharge Mode Only 

In this scenario, each FCS integrated in the first case is equipped with a BESU with 

a rated storage capacity of 250 kWh and a rated power of 50 kW. The number of 

BESUs in the modified system are equal to number of FCSs and they are connected 

to the secondary side of the distribution transformers. BESUs are operated in this 

case in the discharging state to produce a specified active power in order to alleviate 

the demand of FCSs on the grid. The rate of discharge of each BESU is specified to 

be equivalent to the output power of the FCS in which that BESU is equipped with. 

The output of BESUs follows the output power of FCSs until either the BESU is 



164 

 

 

depleted or the EV’s battery is full. Therefore, the BESUs are active and in the 

discharging state when the FCSs are busy; the BESUs are in the idling state when 

the FCSs are unoccupied. In the case of an estimated output power of the FCS, the 

BESU rate of discharge is a constant and equal to 50 kW, which is equivalent to the 

rated power of the FCS under consideration. In contrast, the BESU rate of discharge 

is a variable in the case of a variant output power of the FCS. 

8.4.1.3 Connecting FCSs Equipped with BESUs in Charge and Discharge Modes 

The main distinction between this and the previous case is that the BESUs operate in 

both the discharging and charging states. When the BESU operates in the discharging 

state, it injects a power to the system corresponding to its rate of discharge. When 

the BESU operates in the charging state, it absorbs power from the system depending 

on its rate of charge. As explained previously, the BESU operates in the discharging 

state when there is an EV consuming power from the FCS. The BESU operates in 

the charging state when the FCS is not utilized. Therefore, unlike the previous case, 

the BESU operates in the idling state only when it is full, and the FCS is not used. 

The BESU charging and discharging rates are equivalent and equal to the output 

power of the FCS in which that BESU is equipped with. In the previous scenario, 

BESUs were utilized to alleviate the impact of FCSs using a specified storage 

capacity of 250 kWh. As a number of discharging cycles are increased, the storage 

capacity is decreased by an equivalent amount of its discharging rate until either the 

battery is exhausted, or the discharging cycle is no longer required. Contrary to the 

previous case, the BESU is utilized in this case in its charging state in order to 
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investigate the situation when the storages were depleted in the previous case and 

more discharging cycles were required. 

8.4.1.4 Connecting FCSs and Placing D-STATCOMs in primary Systems 

In this case, instead of equipping the FCSs with BESUs, D-STATCOMs are 

connected at the point-of-common coupling to mitigate the possible impacts of FCSs. 

Therefore, D-STATCOMs are used in this study to inject or absorb reactive power 

varying from -2000 kVAr to 2,000 kVAr to maintain the secondary voltage of each 

three-phase transformer close to its nominal value which is 600 V. Also, there are 

commercial facilities connected to different distribution transformers, and these 

distribution transformers are supplied by the same primary buses that are utilized to 

feed other distribution transformers to which FCSs are connected. Thus, D-

STATCOMs are used in the primary distribution system to regulate the bus voltages 

to which these commercial facilities are linked. 

8.4.2 Voltage Quality Assessment Results and Discussion 

The impact of FCSs on the modified system is analyzed and quantified using three 

different assessment methods: the voltage range, the voltage unbalance, and the 

voltage flicker. In the case of voltage range, the undervoltage and the overvoltage 

limits are utilized and compared respectively with the minimum voltage and the 

maximum voltage experienced by each node in the primary distribution system. In 

the case of voltage unbalance, the unbalance limit is compared with the maximum 

deviation from the average of each three-phase primary voltage divided by the 

average of the corresponding three-phase primary voltage. In the case of voltage 
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flicker, the ratio of the primary voltage deviation to the nominal primary voltage 

value is calculated and compared with the tolerance of irritation for a 15-minute 

period.  Also, the percentile of short- and long-term flicker severity indices are 

calculated and compared with the compatibility levels explained in Table 3-11. The 

node 65 is utilized to compare between the two methods of charging and to compare 

between the effectiveness of the considered scenarios on the system. Node 65 is used 

to apply the comparisons because it is a primary node at which the voltage is 4.16 

kV and represents a point of common coupling to which three different three-phase 

distribution transformers are connected to supply two FCSs operating at 600 V and 

one quick service restaurant operating at 208 V. 

8.4.2.1 Assessment and Discussion of Under-Voltage and Over Voltage 

Figure 8.4 to Figure 8.9 depict the assessment in this subsection. Figure 8.4 

represents the evaluation of the first scenario when only FCSs are connected to the 

modified system. The figure shows the minimum and the maximum line-to-neutral 

voltages experienced during the day by each node in the primary of the system under 

study. Also, the minimum and maximum limits are illustrated in this figure. 

Exceeding the minimum limit means that there is under-voltage while exceeding the 

maximum limit indicates an over-voltage. Figure 8.4 clarifies that none of the 

primary nodes violate the limits of under-voltage or over-voltage. Also, the figure 

explains that the system under study is unbalanced of which the phases A and C have 

higher loads than phase B. FCS is a three-phase device connected to a three-phase 

distribution transformer as depicted in Figure 8.3; thus, there is no impact on the 

balance of the system by the FCSs. Regarding to the output power of the FCSs, 
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Figure 8.5 compares between two methods of charging: a charging with constant 

rate, and a charging with variant rate.  

 

Figure 8.4 Minimum and Maximum Voltage Experienced by Each Primary Node When only 

FCSs are Connected (First Scenario) 

Figure 8.5 consists of three graphs: the first graph represents the voltage measured at 

the primary side of the distribution transformers, the second graph explains the 

voltage profile measured at the secondary side of one of the two distribution 
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transformers connected to the FCSs, and the third graph shows the voltage profile 

measured at the secondary side of the distribution transformer used to supply the 

quick service restaurant.  

 

Figure 8.5 Voltage Waveform Measured at PCC at Node 65 When only FCSs are Connected 

(First Scenario) 

The nominal voltage of each graph is shown in the y-axis whereas the x-axis 

represents the time of day. Although both charging methods operate within the 

service voltage limits, charging with constant rates has more effect as can be seen in 
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Figure 8.5. When refereeing to the voltage waveform for a 600-voltage base in Figure 

8.5, the FCS is represented in the modified system as a constant real and reactive 

power load, and its voltage is required at each time. When the output power of the 

FCS is increased, the voltage at the FCS bus is decreased and vice versa. In the case 

of estimated charging rates, the output power always equals the rated power of the 

FCS, which is 50 kW. Therefore, the voltage in this case is mainly affected by the 

rated power of the FCS and not by the SOC of the EVS. In case of variant charging 

rates, the output power of the FCS is a function of the battery SOC. When the battery 

SOC is increased, the required power from the FCS is reduced, as shown in Figure 

8.6. Accordingly, there is an obvious distinction in the voltage profiles corresponding 

to the two methods of charging. The primary voltage profiles in Figure 8.5 are 

influenced by the demand on their corresponding FCSs. There are some variations in 

the pattern between the primary voltage profiles and their corresponding secondary 

profiles. The variations in the pattern of the primary and secondary voltages in Figure 

8.5 are produced due to the demand on their corresponding second FCS supplied 

from the same primary node, as mentioned above. Figure 8.6 below depicts the 

impact of the second scenario when the BESUs are included in the secondary buses 

to which the FCSs are connected. The output of the BESUs is equivalent to the output 

power of the FCSs and thus the BESUs rate of discharge is either a constant and 

equal 50 kW or is a variable determined by the EV’s battery SOC.  
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Figure 8.6 Voltage Waveform Measured at PCC at Node 65 When FCSs are Equipped   BESUs 

in Discharging Mode only (Second Scenario) 

Therefore, the BESU in this case is in the idling state when the power is not required. 

Otherwise, the BESU supplies the required power until it is exhausted or the EV’s 

battery is full. When refereeing to the voltage waveforms for a 600-voltage base in 

Figure 8.6, during the period of 12 AM to 06 AM, the voltage profiles for both 

charging methods are gradually decreased comparing to their profiles during the 
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same times in the first scenario. At 06:00 am, the BESUs are depleted and the FCSs 

are fed by the distribution system and thus the voltage profiles after that are identical 

to the profiles in the first scenario, for the FCSs and for the quick service restaurant. 

The voltage profile of the commercial load is affected because the BESUs inject the 

required power of the FCSs, and this will relieve the voltage at the primary node, 

which is a common bus-bar between the two types of distribution transformers 

feeding the FCSs and commercial facilities. Figure 8.7 shows the impact of the third 

scenario when the BESUs operate in charging and discharging states. In this case, 

the system is loaded either by the FCSs demand or by the BESUs demand in the 

charging state. The system is alleviated in this case only when no charging events 

are required and the BESUs are in the idling state. Figure 8.7 clarifies that when the 

BESU operates in charging and discharging states, the voltage profile in the case of 

estimated charging rates is improved, as shown around 12:00 pm, comparing to the 

previous scenario when the BESUs were operated in idling or discharging states. In 

contrast, the voltage profiles in the case of variant charging rates are almost similar 

in both scenarios due to the injected power by the BESU, which lasts longer in serve 

when compared to its state in the first charging method which depletes quickly. 

Figure 8.8 illustrates the effect of the fourth scenario when the D-STATCOMs are 

connected to the primary side of the distribution transformers from which the FCSs 

are supplied. Instead of using BESUs to produce active power, D-STATCOMs are 

utilized to inject a reactive power to mitigate the impact of the FCSs. Figure 8.8 

clearly shows that D-STATCOMs are able to maintain the voltage at the point of 

common coupling and hence mitigate the impact of FCSs. 
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Figure 8.7 Voltage Waveform Measured at PCC at Node 65 When FCSs are Equipped with 

BESUs in Discharging and Charging Modes (Third Scenario) 

Although both methods of charging in Figure 8.8 depict a similar voltage profile, the 

voltages at the primary side of distribution transformers are not maintained at their 

nominal values.  
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Figure 8.8 Voltage Waveform Measured at PCC at Node 65 When FCSs are Connected and D-

STATCOMs are Placed in the Primary System (Fourth Scenario) 

The minimum and the maximum line-to-neutral voltages encountered during the day, 

corresponding to the fourth scenario are shown in Figure 8.10. Every group of points 

in Figure 8.10 that is lined vertically represent the minimum or maximum voltage 

values experienced corresponding to a specific node (phases). It is deduced that from 

that figure the difference in the voltage magnitudes, corresponding to a three or two 
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-phase node, is reduced on the test system under study. Not only is the impact of the 

FCSs mitigated, but also the voltage of the nodes is enhanced. 

 

Figure 8.9 Minimum and Maximum Voltage Experienced by Each Primary Node When FCSs 

are Connected and D-STATCOMs are Placed in the Primary System (Fourth Scenario) 

8.4.2.2 Assessment and Discussion of Voltage Unbalance 

Table 8-2 shows the maximum voltage unbalance that occurred in each scenario and 

its corresponding time of the day. The voltage unbalance is calculated for each node 

as explained in chapter 6 section 6.3.2, and then the maximum value of each scenario 
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is recorded in Table 8-2. Inspecting the values of maximum voltage unbalance 

demonstrates that none of the conducted scenarios violate the limit of voltage 

unbalance. This is due to the connection of FCSs as balanced three-phase 

components, and thus they impact the unbalanced phases of the system under study 

by the same degree. Moreover, the outcome of the table implies that in the case of 

estimated charging rates, the effects on the voltage unbalance is more than the effects 

in the case of variants charging rates. Also, BESUs and D-STATCOMs are 

connected as balanced three-phase components, but their performance is different in 

regard to the voltage unbalance. When the D-STATCOMs are utilized, the system’s 

voltage is improved and the deviation between its phases is reduced. Accordingly, 

this may lead to decrease the system’s power losses. 

Table 8-2 The Maximum Voltage Unbalance Encountered for Each Scenario 

Scenarios Charging Methods 
Max. Voltage 

Unbalance (%) 
Time (hh:mm:ss) 

First  
Estimated charging rates 2.072 19:03 

Actual charging rates 1.979 19:01 

Second  
Estimated charging rates 2.074 19:03 

Actual charging rates 1.979 19:01 

Third  
Estimated charging rates 2.091 19:10:30 

Actual charging rates 1.981 19:01:30 

Fourth 
Estimated charging rates 0.946 19:01 

Actual charging rates 0.929 19:01 

8.4.2.3 Assessment and Discussion of Voltage Fluctuation and Light Flicker 

The results of voltage fluctuations and light flickers are summarized in Table 8-3 and 

8-4. Four types of descriptive statistics are presented in each table: the minimum, the 

average, the 95th percentile, the maximum values, and in addition to locations of the 

maximum values encountered. The results compare two methods of charging using 
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three indices: the borderline of irritation, the Percentile Long Term (PLT) flicker 

severity index, and the Percentile Short Term (PST) flicker severity index. If the 

presented minimum value in the tables below is less than the limit corresponding to 

one of these indices, then there is no light flicker according to the indicator for that 

specified scenario. The results shown in Table 8-3 reveal that the light flicker is due 

to fluctuating the voltage in the first and second scenarios, which exceed the limits 

of all three indices in all phases. In the case of estimated charging rates, the violations 

are more than those caused by variant charging rates. Likewise, the results indicate 

that the flicker sensation indices were exceeded mostly in phase C, as illustrated in 

Table 8-3. The outcomes of the third scenario reported in Table 8-4, depict a similar 

pattern to the first and second scenarios regarding the flicker sensation. This is due 

to the changes in the operating modes of the BESUs, which depict a similar operating 

pattern as the FCSs. When the state of BESUs changes regularly between idling and 

discharging, as in the second scenario, or between idling, discharging, and charging 

states, as in the third scenario, voltage of the system changes in response to changing 

the states, which leads to the light flicker. The results of the fourth scenario are 

demonstrated in Table 8-4. The voltage is improved in this scenario as the borderline 

of irritation and PST were not violated by both methods of charging. However, the 

limit of PLT was exceeded. Table 8-5 shows the results when D-STATCOMs are 

connected to the primary and secondary systems. The statistics of Table 8-5 clearly 

indicate that no light flicker was encountered by any phase at all when monitored by 

nodes in the system. 
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Table 8-3 Statistics for Voltage Fluctuation and Light Flicker Indices (First and Second 

Scenarios) 

  First Scenario Second Scenario 

 Statistics Phase A Phase B Phase C Phase A Phase B Phase C 
Es

ti
m

at
ed

 C
h

ar
gi

n
g 
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C

u
rv
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Minimum 2.104514 2.100132 2.100139 2.100335 2.100044 2.100111 

Average 3.829982 2.72028 3.600796 3.827626 2.700978 3.578397 

95% 4.843636 3.548384 4.750689 4.878515 3.588395 4.776827 

Maximum 5.50102 4.151198 5.813875 5.533173 4.158636 5.84223 

Location Node 65 Node 76 Node 65 Node 65 Node 76 Node 65 

IE
EE

 1
4

5
3

 S
ta

n
d

ar
d

 F
lic

ke
r 

M
et

e
r 

P
LT

 

Minimum 0.800015 0.800999 0.800142 0.800791 0.800638 0.800844 

Average 1.302334 1.040018 1.23584 1.27646 1.031208 1.222055 

95% 1.55094 1.291831 1.507641 1.555034 1.293797 1.510696 

Maximum 1.585818 1.380742 1.631712 1.590915 1.384817 1.635308 

Location Node 151 Node 49 Node 51 Node 151 Node 49 Node 51 

P
ST

 

Minimum 1.001107 1.000042 1.000137 1.000333 1.000345 1.000181 

Average 1.381796 1.161789 1.335829 1.372318 1.148406 1.326598 

95% 1.558298 1.347758 1.552578 1.565473 1.352752 1.551008 

Maximum 1.609648 1.410413 1.659118 1.614746 1.41442 1.663479 

Location Node 151 Node 48 Node 51 Node 151 Node 49 Node 51 

A
ct

u
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h
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n
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St
an

d
ar

d
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E 
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u
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Minimum 2.101144 2.100092 2.100783 2.100007 2.100077 2.101413 

Average 2.334734 2.310633 2.372522 2.346644 2.310767 2.370005 

95% 2.474487 2.473983 2.585045 2.474487 2.473911 2.614384 

Maximum 2.474489 2.476119 2.693905 2.474489 2.476047 2.695528 

Location Node 150 Node 2 Node 65 Node 150 Node 2 Node 65 

IE
EE

 1
4

53
 S

ta
n

d
ar

d
 F
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ke

r 
M

et
e

r 

P
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Minimum 0.805646 0.801584 0.802932 0.805152 0.801465 0.800061 

Average 0.913962 0.934765 0.89153 0.913768 0.935327 0.891679 

95% 1.001467 1.09084 1.099189 1.073112 1.090922 1.075755 

Maximum 1.12708 1.127173 1.127123 1.127221 1.127314 1.127264 

Location Node 150 Node 150 Node 150 Node 150 Node 150 Node 150 

P
ST

 

Minimum 1.000036 1.000253 1.001256 1.001437 1.000326 1.000607 

Average 1.05734 1.076277 1.08842 1.072284 1.076156 1.083192 

95% 1.127094 1.127057 1.136327 1.127236 1.127182 1.137955 

Maximum 1.127094 1.12718 1.153111 1.127236 1.127321 1.153178 

Location Node150 Node150 Node 51 Node150 Node150 Node 51 
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Table 8-4 Statistics for Voltage Fluctuation and Light Flicker Indices (Third and Fourth 

Scenarios) 

  Third Scenario Fourth Scenario 

 Statistics Phase A Phase B Phase C Phase A Phase B Phase C 
Es

ti
m

at
ed

 C
h

ar
gi

n
g 

R
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e
s 

St
an

d
ar

d
 G

E 
Fl

ic
ke

r 
C

u
rv
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Minimum 2.100121 2.100003 2.100069 6.63E-08 1.05E-05 1.06E-08 

Average 3.731865 2.571804 3.499518 0.373022 0.545681 0.322703 

95% 4.909215 3.394763 4.613607 0.052648 0.605559 0.109406 

Maximum 5.392168 3.81736 5.695721 1.222637 1.22277 1.222742 

Location Node 65 Node 76 Node 65 Node150 Node150 Node 66 

IE
EE

 1
4

5
3

 S
ta

n
d

ar
d

 F
lic

ke
r 

M
et

e
r 

P
LT

 

Minimum 0.80793 0.802097 0.800873 0.003456 0.003709 0.003013 

Average 1.28503 1.028678 1.226992 0.381892 0.456663 0.355725 

95% 1.549205 1.261633 1.506106 0.793667 0.94245 0.782379 

Maximum 1.609083 1.338798 1.634354 0.977421 0.977479 0.977468 

Location Node 151 Node 48 Node 51 Node 1 Node 1 Node 1 

P
ST

 

Minimum 1.000509 1.000064 1.000472 0.003176 0.002178 0.000718 

Average 1.368176 1.129835 1.319034 0.371226 0.454293 0.344512 

95% 1.579031 1.31328 1.534912 0.783401 0.94275 0.795578 

Maximum 1.630537 1.354907 1.677372 0.97747 0.977506 0.989715 

Location Node 151 Node 49 Node 51 Node 60 Node 60 Node 21 

A
ct

u
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 C
h
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n
g 

R
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e
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d
ar

d
 G

E 
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r 
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u
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Minimum 2.100261 2.10005 2.100089 8.38E-09 5.72E-07 8.66E-09 

Average 2.398404 2.313614 2.37507 0.358414 0.49457 0.306707 

95% 2.499484 2.49975 2.499661 0.091325 0.604404 0.119856 

Maximum 2.499485 2.499862 2.689301 1.222529 1.222674 1.222644 

Location Node 150 Node 150 Node 65 Node 150 Node 150 Node 150 

IE
EE

 1
4

53
 S

ta
n

d
ar

d
 F

lic
ke

r 
M

et
e

r 

P
LT

 

Minimum 0.800319 0.801508 0.800981 0.004821 0.003443 0.001632 

Average 0.919812 0.935763 0.894694 0.374076 0.427697 0.342615 

95% 1.094794 1.094419 1.094462 0.770103 0.943785 0.768267 

Maximum 1.128538 1.128631 1.128581 0.977391 0.977452 0.977439 

Location Node 150 Node 150 Node 150 Node 1 Node 1 Node 1 

P
ST

 

Minimum 1.001689 1.000007 1.001393 0.000979 0.000869 0.000811 

Average 1.082293 1.075673 1.090387 0.36252 0.424386 0.329842 

95% 1.128553 1.127787 1.128592 0.782466 0.943693 0.804648 

Maximum 1.128553 1.128638 1.139586 0.97744 0.977479 0.977471 

Location Node 150 Node 150 Node 51 Node 61 Node 61 Node 61 
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Figure 8.10 Percentile Long Term (PLT) Flicker Severity Index Corresponding to the First 

Scenario 

 
Figure 8.11 Percentile Short Term (PST) Flicker Severity Index Corresponding to the First 

Scenario 
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Figure 8.12 Percentile Long Term (PLT) Flicker Severity Index Corresponding to the Fourth 

Scenario 

 
Figure 8.13 Percentile Short Term (PST) Flicker Severity Index Corresponding to the Fourth 

Scenario 
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The overall impacts of the first scenario, when only FCSs are connected on the 

system under study, are summarized in Figure 8.11 and 8.12. These figures depict 

the PLT values for the primary and FCS nodes, and the PST values for the FCS nodes 

only, for two methods of charging. A visual inspection for these two figures shows 

that the values of PLT and PST exceed their corresponding limits. The PLT and PST 

values are increased at the substation and at the point of common coupling to which 

the FCSs are connected. In contrast, Figure 8.13 and 8.14 reveal an overview of the 

improvement caused by connecting the D-STATCOMs on the primary sides of the 

distribution transformers. The PLT and PST values are extremely minimized at the 

point of common coupling as shown in Figure 8.13 and 8.14, respectively. The PST 

results in Figure 8.14 represent the values only for the nodes to which the FCSs are 

connected.  

  



182 

 

 

Chapter 9. A Novel Smart Charging Method Applied on Fast Charging 

Stations to Mitigate Voltage Fluctuation and Light Flicker 

This chapter presents a novel smart charging approach utilized in fast charging 

stations to mitigate the impact of voltage fluctuation and light flicker. The results of 

the proposed smart charging are compared with results of the uncontrolled charging 

conducted in this chapter as well. 

9.1 Input Data Required for Vehicle Charging Model 

9.1.1 Number of PBEVs 

The number of electric vehicles in the system, 𝒩𝐵𝑃𝐸𝑉, is determined as in (9.1). It is 

a function of number of houses in the system and number of vehicles in each house. 

As explained in section 8.2, a total of 750 residential homes are connected to 78 

distribution transformers in the distribution system under study. It is assumed that 

there are two vehicles per house, as proposed in [93], resulting in a total of 1500 

vehicles. A share of 𝒩𝐵𝑃𝐸𝑉requires charging their batteries using fast charging 

stations, as will be explained later. 

 𝒩𝐵𝑃𝐸𝑉 = 𝑥𝑝𝑒𝑛. 𝑛ℎ𝑜𝑢𝑠𝑒 . 𝑛𝑐𝑎𝑟 9.1 

where,  

𝒩𝐵𝑃𝐸𝑉 Number of electric vehicles in the system 

𝑥𝑝𝑒𝑛 
Share of electric vehicles with respect to the total number of vehicles 

in the system, 10% - 50% 

𝑛ℎ𝑜𝑢𝑠𝑒 Number of residential houses in the system, 750 houses 
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𝑛𝑐𝑎𝑟 Number of vehicles per house, 2 vehicles/house  

9.1.2 Types of PBEVs, their Shares and Charging Locations 

Figure 9.1 shows shares and charging locations for three types of vehicles. PBEVs 

are classified based on their battery capacities 𝜇 into:  

▪ PBEVs with small battery capacities, 𝜇𝑠 

▪ PBEVs with medium battery capacities, 𝜇𝑚 

▪ PBEVs with large battery capacities, 𝜇𝑙. 

Therefore, there is 𝒱𝑠 number of PBEVs in the system with small battery capacity 

𝜇𝑠 . The battery capacity limit of each  𝑣 ∈ 𝒱𝑠 is:  

 𝜇𝑠 ≤ 50 𝑘𝑤ℎ 9.2 

Also, there are 𝒱𝑚 and 𝒱𝑙 numbers of PBEVs with medium 𝜇𝑚 and 𝜇𝑙 large battery 

capacities in the system.  

 50 𝑘𝑤ℎ <  𝜇𝑚 ≤ 100 𝑘𝑤ℎ 9.3 

 𝜇𝑙 > 100 𝑘𝑤ℎ 9.4 

Each vehicle 𝜈 in the system can charge using home charger or FCS.  

 𝒱𝑠 = {𝒱𝐹𝐶𝑆
𝑠 ∪ 𝒱𝐻𝑜𝑚𝑒

𝑠 } 9.5 

 𝒱𝑚 = {𝒱𝐹𝐶𝑆
𝑚 ∪ 𝒱𝐻𝑜𝑚𝑒

𝑚 } 9.6 

 𝒱𝑙 = {𝒱𝐹𝐶𝑆
𝑙 ∪ 𝒱𝐻𝑜𝑚𝑒

𝑙 } 9.7 
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 𝒱 = {𝒱𝑠 ∪ 𝒱𝑚 ∪ 𝒱𝑙} 9.8 

 𝒱𝐹𝐶𝑆 = {𝒱𝐹𝐶𝑆
𝑠 , 𝒱𝐹𝐶𝑆

𝑚 , 𝒱𝐹𝐶𝑆
𝑙 } 9.9 

Assumptions: 

▪ Three different PBEVs are utilized in the system because of their high market 

shares representing more than 50% [210]. These vehicles are the Tesla Model 

S, Chevy Bold, and Nissan Leaf. 

▪ The Nissan Leaf is assumed to represent the group of PBEVs 𝒱𝑠 with large 

battery capacity, 𝜇𝑠. 

▪ The group of PBEVs 𝒱𝑚 with medium battery capacity 𝜇𝑚 is represented by 

the Chevy Bolt. 

▪ The Tesla Model S is utilized to represent the group of PBEVs 𝒱𝑙 with large 

battery capacity, 𝜇𝑙. 

The aforementioned vehicles charge from home and public charging stations. It is 

assumed that all public charging stations in [211] are FCS. This seems to be a realistic 

assumption for the following reasons: 

▪ As the battery price decreases, the battery capacity increases and thus it would 

not be sufficient (if there is a willingness and need) to charge the vehicle from 

slow charging stations.  

▪ EVs market share is forecasted to be 50% by 2030 [231]. As the market share 

of PBEVs increases, public charging stations need to meet the share increased 
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by increasing the utilization rate; that is not achievable by assuming slow 

charging stations.  

▪ Considering the value of charging time, especially for Ride-hailing EVs, 

commercial, and automated car-sharing EVs, FCSs are extremely important 

in reducing downtime due to charging. 

 

Figure 9.1 Charging Events by Locations [211] 

9.1.3 PBEVs Arriving Rate at FCS 

Figure 9.2 depicts a probability distribution of vehicle arrival rate and time at the 

FCS prior to charge [221]. The probability distribution in this figure is utilized to 

estimate the arrival rate according to their arrival time at the FCS by Markov Chain 

Mont Carlo simulation. The Birnbaum–Saunders distribution function is selected, as 

explained in section 7.5.1, to be the best distribution that fits the distribution shown 

in Figure 9.2. Markov Chain Mont Carlo is utilized to sample the selected distribution 
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as presented in Algorithm 7.4. The output of Algorithm 7.4 indicates to the hourly 

arrival rate at the FCS, which represents the start of charging at the FCS.  

 

Figure 9.2 Percent of PBEVs arriving per hour at the fast charging station(Arrival rate) [221] 

9.1.4 Level of Charged Batteries at the Starting of Charging from FCS 

In Chapter 7, section 7.6.4, the daily distance traveled is utilized to estimate the level 

of charged batteries at the starting of charging from FCS. However, in this chapter, 

the level of charged batteries, when they arrive at the FCS, is determined based on 

probability distributions. Figure 9.3 and 9.4 shows the battery state of charge (soc) 

at the starting of charging events at two different locations: at home and away from 

home. Based on the assumptions stated in section 9.1.2, it is assumed charging events 

at away from home charging locations will occurred at FCS and thus their 

corresponding probability distributions represent the level of charged batteries at 

FCS.  
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The probability distributions from Figure 9.3 and 9.4 are averaged as in Figure 9.5 

to depict the SOC level at the time of arrival at the FCS for the three types of vehicles 

mentioned in Section 9.1.2. It is not permitted for vehicles to charge from FCS more 

than 80% of their SOC [232], and thus Figure 9.5 shows the removed percent of 

charging events of 80% SOC and up. 

 

Figure 9.3 Nissan battery state of charge at the starting of charging events [233] 

 

Figure 9.4 Chevrolet battery state of charge at the starting of charging events [233] 
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Figure 9.5 Average battery state of charge at the starting of charging events at FCS 

9.2 Length of Time with PBEVs Drawing Power from FCS  

At this point, types of vehicles are specified as well as their share and charging 

locations are determined (Figure 9.1), their arrival rate at the FCS (Figure 9.2), and 

their level of charged batteries when they arrive at the FCS are depicted (Figure 9.5). 

To determine the energy required from the FCS for each charging event, Figure 9.6 

is utilized to estimate the length of time with a vehicle drawing power from the FCS. 

Given the length of the charging event, the rated power 𝛽 of FCS, and the efficiency 

𝜂𝐹𝐶𝑆 of the charger, the energy required from the FCS is estimated linearly, as shown 

in Figure 9.7. Therefore, given length of time 𝐿𝐹𝐶𝑆 in Figure 9.6, the kwh required 

𝑘𝑤ℎ𝐹𝐶𝑆 from the FCS in Figure 9.6 is generated as follows:  

 𝑘𝑤ℎ𝐹𝐶𝑆 = (
𝐿𝐹𝐶𝑆

𝜇𝑣

𝛽. 𝜂𝐹𝐶𝑆
. 𝜗
) . 𝜇𝑣 9.10 
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 𝜇𝑣: = {

𝜇𝑠, 𝑖𝑓 𝜈 ∈ 𝒱𝑠

𝜇𝑚, 𝑖𝑓 𝜈 ∈ 𝒱𝑚

𝜇𝑙, 𝑖𝑓 𝜈 ∈ 𝒱𝑙
 9.11 

𝑘𝑤ℎ𝐹𝐶𝑆 Energy required for vehicle 𝑣 from FCS, kwh 

𝐿𝐹𝐶𝑆 Length of time with vehicle connected to the fast charger, minute 

𝜇𝑣 Battery capacity of vehicle 𝑣, kwh 

𝜂𝐹𝐶𝑆 Efficiency of the fast charger, % 

𝜗 Factor to convert hour into minutes 

In Figure 9.7, the percentage increment of battery SOC is added to the initial battery 

SOC recorded at the time of arrival. The length of time is generated randomly by 

Monte Carlo Simulation to estimate the required energy from the grid. The minimum 

length of time with a vehicle drawing power from the FCS is assumed to be 5 minutes 

(Figure 9.6 for weekday (WD) and thus the minimum kwh required from the FCS 

per any charging event is 4 kwh (Figure 9.7).    

 

Figure 9.6 Distribution of Length of Time With a Vehicle Drawing Power From FCS per 

Charging Event [222] 
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Figure 9.7 Battery State of Charge at End of Charging From FCS Prior to Driving 

9.3 Length of Time with PBEVs Connected to FCS 

At this point, the required energy from the FCS per charging event is determined (as 

in Figure 9.7) and thus the customer can be billed according to the consumed energy 

from the FCS. However, customers who use commercial charging station are billed 

based on the length of time the vehicle is connected to FCS, not the length of time 

the vehicle draws power from the FCS [234]. Therefore, Figure 9.8 is utilized to 

show if there is a variation in the length of time when a vehicle is connected to or 

drawing power from a fast charging station. Distribution of the length of time a 

vehicle is connected to FCS per charging event (Figure 9.8) is nearly identical to the 

distribution of the length of time a vehicle is drawing power from FCS, per charging 

event (Figure 9.6). It is assumed that the customer departs from the FCS when the 

vehicle is charged with the required energy. Therefore, the customer is billed in this 

work only based on the electricity consumed per charging event.  
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Figure 9.8 Distribution of length of time with a vehicle connected to FCS per charging event 

[222] 

9.4 Charging Power 

9.4.1 Uncontrolled Charging 

The uncontrolled charging power 𝛽𝑢 is equal to the maximum output power of the 

charger. In this case, when a vehicle arrives at the FCS, it charges using the maximum 

output power of the FCS and thus the charging duration is estimated accordingly.  

 𝛽𝑢 = 𝛽 9.12 

9.4.2 Smart (Controlled) Charging 

In this case, FCS encompasses three charging powers:  

1. Premium,  

2. Regular, and 

3. Economic.  
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Each port can provide any of these services (charging power).  

Premium charging power: can provide an EV with an output power (𝛽𝑝) ranging 

from 𝑝 % to 𝑝 % of the maximum output power 𝛽.  

Regular charging power: can provide an EV with an output power (𝛽𝑟) ranging 

from 𝑟 % to 𝑟 % of the maximum output power 𝛽. 

Economic charging power: can provide an EV with an output power (𝛽𝑒) ranging 

from  𝑒 % to 𝑒 % of the maximum output power 𝛽. 

When a customer arrives at the FCS, a vehicle can be charged using any of the three 

available charging powers, which is determined randomly by the customer, based on 

a uniform random number. Once the charging power is determined, the vehicle will 

be charged using the selected power until the battery capacity reaches the required 

SOC. The costs of these charging powers are varied as well as their output powers, 

as will be explained in Chapter 10. 

9.5 Case Study and Assumptions 

We have three types of PBEVs, classified based on their battery capacities 𝜇 into: 

1. Small battery capacity, i.e. Nissan Leaf (𝜇𝑠 = 45.3 𝑘𝑤ℎ ), 

2. Medium battery capacity, i.e. Chevrolet Bolt (𝜇𝑚 = 66.6 𝑘𝑤ℎ ), and 

3. Large battery capacity, i.e. Tesla Model S (𝜇𝑙 = 110.5 𝑘𝑤ℎ ).  

These EVs charged from the Fast Charging Station (FCS) where this FCS consists 

of ℒ𝑝𝑜𝑟𝑡𝑠 number of ports. Each port has similar maximum output power 𝛽. The 
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output of this FCS is ℒ𝑝𝑜𝑟𝑡𝑠 × 𝛽𝐹𝐶𝑆. Therefore, the total output of the FCS at any 

instance of time can change from zero up to ℒ𝑝𝑜𝑟𝑡𝑠 × 𝛽𝐹𝐶𝑆.  

 𝛽𝐹𝐶𝑆: = {
𝛽𝑢,                      if uncontrolled charging
𝛽𝑝, 𝛽𝑟 , 𝛽𝑒 ,                      if smart charging

 9.13 

The objective is to maximize the output power of this FCS as follows: 

 𝑂𝐹 =∑(𝛽𝑡
𝑝
.𝒩𝑡

𝑝
+ 𝛽𝑡

𝑟 .𝒩𝑡
𝑟 + 𝛽𝑡

𝑒 .𝒩𝑡
𝑒)

𝑇

𝑡

 9.14 

 {
𝛽 = 𝛽𝑝 = 𝛽𝑟 = 𝛽𝑒   ,    if uncontrolled charging
𝛽 ≥ 𝛽𝑝 > 𝛽𝑟 > 𝛽𝑒   ,                  if smart charging

 9.15 

where, 

𝛽𝑡
𝑝
 Premium charging power, kw 

𝛽𝑡
𝑟 Regular charging power, kw 

𝛽𝑡
𝑒 Economic charging power, kw 

𝒩𝑡
𝑝
 

Number of PEV that charging using premium charging power at time 

𝑡 

𝒩𝑡
𝑟 Number of PEV that charging using regular charging power at time 𝑡 

𝒩𝑡
𝑒 

Number of PEV that charging using economic charging power at 

time 𝑡 

9.6 Smart Charging Constraints 

Charging power constraints are to specify limits of each charging power. Premium, 

regular, and economic charging powers are bounded as follows: 

 𝑝. 𝛽 ≤  𝛽𝑡
𝑝 ≤ 𝑝. 𝛽 9.16 

 𝑟. 𝛽 ≤  𝛽𝑡
𝑟 ≤ 𝑟. 𝛽 9.17 
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 𝑒 . 𝛽 ≤  𝛽𝑡
𝑒 ≤ 𝑒. 𝛽 9.18 

Constrain (9.19) ensures that the drawing power from the FCS at any instance in time 

is not zero during the charging event, whereas (9.20) is to ensure that the maximum 

output power of the charger is not exceeded. Also, constrain (9.20) determines that 

the output of premium charging power is more than the output of regular charging 

power, which in turn is more than the output of the economic charging power.  

 𝑝, 𝑝, 𝑟, 𝑟, 𝑒, 𝑒, > 0 9.19 

 𝑒 < 𝑟 < 𝑝 ≤ 1 9.20 

 𝑝 ≤ 𝑝 9.21 

 𝑟 ≤ 𝑟 9.22 

 𝑒 ≤ 𝑒 9.23 

Constraint (9.24) ensures that the output power of the FCS is limited to its capacity.  

 𝒦 ≤ ℒ𝑝𝑜𝑟𝑡𝑠 × 𝛽 9.24 

where, 

𝛽 Maximum charging power per port, kw 

𝑝 Factor to set the upper limits of premium charging power, % 

𝑝 Factor to set the lower limits of premium charging power, % 

𝑟 Factor to set the upper limits of regular charging power, % 

𝑟 Factor to set the lower limits of regular charging power, % 

𝑒 Factor to set the upper limits of economic charging power, % 
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𝑒 Factor to set the lower limits of economic charging power, % 

Constraints (9.25) to (9.27) determine the number of PBEVs and the required 

charging power according to vehicles’ share. These constraints ensure that the share 

of vehicle charges from the FCS is not exceeded at any instance in time.  

 𝒩𝑡
𝑝 = (𝜂𝑆. 𝛼𝑡,𝑠,𝑝

𝑡𝑑𝑒 + 𝜂𝑚. 𝛼𝑡,𝑚,𝑝
𝑡𝑑𝑒 + 𝜂𝑙 . 𝛼𝑡,𝑙,𝑝

𝑡𝑑𝑒 ) . 𝒱𝐹𝐶𝑆, 𝑖𝑓 𝑡𝑑𝑒 > 𝑡 9.25 

 𝒩𝑡
𝑟 = (𝜂𝑆. 𝛼𝑡,𝑠,𝑟

𝑡𝑑𝑒 + 𝜂𝑚. 𝛼𝑡,𝑚,𝑟
𝑡𝑑𝑒 + 𝜂𝑙 . 𝛼𝑡,𝑙,𝑟

𝑡𝑑𝑒 ) . 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝑡𝑑𝑒 > 𝑡 9.26 

 𝒩𝑡
𝑒 = (𝜂𝑆. 𝛼𝑡,𝑠,𝑒

𝑡𝑑𝑒 + 𝜂𝑚. 𝛼𝑡,𝑚,𝑒
𝑡𝑑𝑒 + 𝜂𝑙 . 𝛼𝑡,𝑙,𝑒

𝑡𝑑𝑒 ) . 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝑡𝑑𝑒 > 𝑡 9.27 

 𝒱𝐹𝐶𝑆 = 𝛬𝐹𝐶𝑆.𝒩𝐵𝑃𝐸𝑉 9.28 

where, 

𝒩𝐵𝑃𝐸𝑉 Number of PBEV in the system 

𝛬𝐹𝐶𝑆 Share of PBEV that uses FCS, 𝑝. 𝑢. 

𝒱𝐹𝐶𝑆 Number of vehicles charge from FCS 

𝜂𝑠 
Share of PBEV with small battery capacity 𝑠 charges at the FCS at 

time 𝑡, 𝑝. 𝑢. 

𝜂𝑚 
Share of PBEV with medium battery capacity 𝑚 charges at the FCS 

at time 𝑡, 𝑝. 𝑢. 

𝜂𝑙 
Share of PBEV with large battery capacity 𝑙 charges at the FCS at 

time 𝑡, 𝑝. 𝑢. 

𝛼𝑡,𝑏𝑐,𝑝
𝑑𝑒  

Share of PBEV that have battery capacity 𝑏𝑐 charged using premium 

charging power at FCS at time 𝑡 and required departure time of 𝑑𝑒, 

𝑝. 𝑢. 

𝛼𝑡,𝑏𝑐,𝑟
𝑑𝑒  

Share of PBEV that have battery capacity 𝑏𝑐 charged using regular 

charging power at time 𝑡 and required departure time of 𝑑𝑒, 𝑝. 𝑢. 
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𝛼𝑡,𝑏𝑐,𝑒
𝑑𝑒  

Share of PBEV that have battery capacity 𝑏𝑐 charged using economic 

charging power at time 𝑡 and required departure time of 𝑑𝑒, 𝑝. 𝑢. 

Constraints (9.29) to (9.31) ensure that vehicles, i.e. with small, medium, or large 

battery capacities charge from the FCS according to their shares (𝜂). Therefore, at 

any instance in time the total number of vehicles, with the same battery capacities 

(𝒱𝐹𝐶𝑆
𝑠 , 𝒱𝐹𝐶𝑆

𝑚 , or 𝒱𝐹𝐶𝑆
𝑙 ), is not exceeded. Constraint (9.32) is to accommodate vehicles 

according to the fast charging station’s capacity.  

 (𝛼𝑡,𝑠,𝑝 + 𝛼𝑡,𝑠,𝑟 + 𝛼𝑡,𝑠,𝑒). 𝜂
𝑠 . 𝒱𝐹𝐶𝑆 ≤ 𝒱𝐹𝐶𝑆

𝑠  9.29 

 (𝛼𝑡,𝑚,𝑝 + 𝛼𝑡,𝑚,𝑟 + 𝛼𝑡,𝑚,𝑒). 𝜂
𝑚. 𝒱𝐹𝐶𝑆 ≤ 𝒱𝐹𝐶𝑆

𝑚  9.30 

 (𝛼𝑡,𝑙,𝑝 + 𝛼𝑡,𝑙,𝑟 + 𝛼𝑡,𝑙,𝑒). 𝜂
𝑙 . 𝒱𝐹𝐶𝑆 ≤ 𝒱𝐹𝐶𝑆

𝑙  9.31 

 𝒩𝑡
𝑝 +𝒩𝑡

𝑟 +𝒩𝑡
𝑒 ≤ ℒ𝑝𝑜𝑟𝑡𝑠 9.32 

 𝒱𝐹𝐶𝑆,𝑝
𝑣 : = {

𝛼𝑡,𝑠,𝑝. 𝜂
𝑠. 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑠

𝛼𝑡,𝑚,𝑝. 𝜂
𝑚. 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑚

𝛼𝑡,𝑙,𝑝. 𝜂
𝑙 . 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑙

 9.33 

 𝒱𝐹𝐶𝑆,𝑟
𝑣 : = {

𝛼𝑡,𝑠,𝑟 . 𝜂
𝑠 . 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑠

𝛼𝑡,𝑚,𝑟 . 𝜂
𝑚. 𝒱𝐹𝐶𝑆, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑚

𝛼𝑡,𝑙,𝑟 . 𝜂
𝑙. 𝒱𝐹𝐶𝑆, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑙

 9.34 

 𝒱𝐹𝐶𝑆,𝑒
𝑣 : = {

𝛼𝑡,𝑠,𝑒 . 𝜂
𝑠 . 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑠

𝛼𝑡,𝑚,𝑒 . 𝜂
𝑚. 𝒱𝐹𝐶𝑆, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑚

𝛼𝑡,𝑙,𝑒 . 𝜂
𝑙 . 𝒱𝐹𝐶𝑆 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆

𝑙

 9.35 

where, 

𝒱𝐹𝐶𝑆
𝑠  Number of PEV with small battery capacity uses the FCS 

𝒱𝐹𝐶𝑆
𝑚  Number of PEV with medium battery capacity uses the FCS 
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𝒱𝐹𝐶𝑆
𝑙  Number of PEV with large battery capacity uses the FCS 

ℒ𝑝𝑜𝑟𝑡𝑠 Number of ports in the fast charging station 

𝒱𝐹𝐶𝑆,𝑝
𝑣  The set of PEV charging by premium power 

𝒱𝐹𝐶𝑆,𝑟
𝑣  The set of PEV charging by regular power 

𝒱𝐹𝐶𝑆,𝑒
𝑣  The set of PEV charging by economic power 

At the time of arriving and plugging-in to the FCS, the SOC of each vehicle 𝑣 charges 

from the FCS 𝑣 ∈ 𝛬𝐹𝐶𝑆 is equal to 𝑠𝑜𝑐𝑡
𝑣, and thus while the vehicle remains in the 

FCS i.e., 𝑡𝜈
𝑎𝑟 < 𝑡 ≤ 𝑡𝜈

𝑑𝑒 , the SOC is updated as follows:  

 𝑠𝑜𝑐𝑡
𝑣: =

{
 
 
 
 
 

 
 
 
 
 
(
𝜇𝑣. 𝑠𝑜𝑐𝑡−1

𝑣 +
𝛽𝑡−1
𝑝

𝜗
𝜇𝑣

) . 100, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑝
𝑣

(
𝜇𝑣. 𝑠𝑜𝑐𝑡−1

𝑣 +
𝛽𝑡−1
𝑟

𝜗
𝜇𝑣

) . 100, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑟
𝑣

(
𝜇𝑣. 𝑠𝑜𝑐𝑡−1

𝑣 +
𝛽𝑡−1
𝑒

𝜗
𝜇𝑣

) . 100, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑒
𝑣

 9.36 

where, 

𝑠𝑜𝑐𝑡
𝑣 State-of-charge of vehicle 𝑣 at time 𝑡, % 

𝑠𝑜𝑐𝑡−1
𝑣  State-of-charge of vehicle 𝑣 at time 𝑡 − 1, % 

𝜇𝑣 Battery capacity of vehicle 𝑣, kwh 

𝜗 Factor to convert hour into minutes 

  𝒱𝐹𝐶𝑆,𝑝
𝑣 = {𝒱𝐹𝐶𝑆,𝑝

𝑠 ∪ 𝒱𝐹𝐶𝑆,𝑝
𝑚 ∪ 𝒱𝐹𝐶𝑆,𝑝

𝑙 } 9.37 

 𝒱𝐹𝐶𝑆,𝑟
𝑣 = {𝒱𝐹𝐶𝑆,𝑟

𝑠 ∪ 𝒱𝐹𝐶𝑆,𝑟
𝑚 ∪ 𝒱𝐹𝐶𝑆,𝑟

𝑙 } 9.38 
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 𝒱𝐹𝐶𝑆,𝑒
𝑣 = {𝒱𝐹𝐶𝑆,𝑒

𝑠 ∪ 𝒱𝐹𝐶𝑆,𝑒
𝑚 ∪ 𝒱𝐹𝐶𝑆,𝑒

𝑙 } 9.39 

where, 

𝜇𝑠 Capacity of small battery, 𝑘𝑤ℎ 

𝜇𝑚 Capacity of medium battery, 𝑘𝑤ℎ 

𝜇𝑙 Capacity of large battery, 𝑘𝑤ℎ 

At the time of arriving at the FCS, the customer specifies the desired SOC 𝑠𝑜𝑐𝑑𝑒𝑠
𝑣  

The desired SOC is bounded as in (9.40). The 𝑠𝑜𝑐𝑟𝑒𝑞 is determined as in (9.41) which 

represents here the minimum energy required from the FCS, according to the 

minimum length of time, 𝐿𝐹𝐶𝑆 = 5 minutes (Figure 9.6), with a vehicle 𝑣 drawing 

power from the FCS.  

 𝑠𝑜𝑐𝑟𝑒𝑞 < 𝑠𝑜𝑐𝑑𝑒𝑠
𝑣 ≤ 𝑠𝑜𝑐𝑚𝑎𝑥

𝑣 , ∀𝑣 ∈ 𝒱𝐹𝐶𝑆 9.40 

 𝑠𝑜𝑐𝑟𝑒𝑞: =

{
 
 
 
 
 
 

 
 
 
 
 
 

(

 
𝐿𝐹𝐶𝑆

𝜇𝑣

𝛽𝑡
𝑝. 𝜂𝐹𝐶𝑆

. 𝜗
)

 . 100, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑝
𝑣

(
𝐿𝐹𝐶𝑆

𝜇𝑣

𝛽𝑡
𝑟 . 𝜂𝐹𝐶𝑆

. 𝜗
) . 100, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑟

𝑣

(
𝐿𝐹𝐶𝑆

𝜇𝑣

𝛽𝑡
𝑒 . 𝜂𝐹𝐶𝑆

. 𝜗
) . 100, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑒

𝑣

 9.41 

As the vehicle SOC is updated as in (9.36), the desired SOC is achieved. Upon 

achieving 𝑠𝑜𝑐𝑑𝑒𝑠
𝑣 , vehicle 𝑣 departures from the FCS. The departure time is 

determined as in (9.42). 
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 𝑡𝜈
𝑑𝑒: =

{
 
 
 

 
 
 𝑡 + 𝜇𝑣. (

𝑠𝑜𝑐𝑑𝑒𝑠,𝑝
𝑣 − 𝑠𝑜𝑐𝑡,𝑝

𝑣

𝛽𝑡
𝑝 ) . 𝜗, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑝

𝑣

𝑡 + 𝜇𝑣. (
𝑠𝑜𝑐𝑑𝑒𝑠,𝑟

𝑣 − 𝑠𝑜𝑐𝑡,𝑟
𝑣

𝛽𝑡
𝑟 ) . 𝜗, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑝𝑟

𝑣

𝑡 + 𝜇𝑣. (
𝑠𝑜𝑐𝑑𝑒𝑠,𝑒

𝑣 − 𝑠𝑜𝑐𝑡,𝑒
𝑣

𝛽𝑡
𝑒 ) . 𝜗, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑒

𝑣

 9.42 

where, 

𝑠𝑜𝑐𝑑𝑒𝑠,𝑝
𝑣  

Desired state-of-charge at the departure time 𝑡𝜈
𝑑𝑒 of vehicle 𝑣 

charging by premium power, % 

𝑠𝑜𝑐𝑑𝑒𝑠,𝑟
𝑣  

Desired state-of-charge at the departure time 𝑡𝜈
𝑑𝑒 of vehicle 𝑣 

charging by regular power, % 

𝑠𝑜𝑐𝑑𝑒𝑠,𝑒
𝑣  

Desired state-of-charge at the departure time 𝑡𝜈
𝑑𝑒 of vehicle 𝑣 

charging by economic power, % 

𝑠𝑜𝑐𝑡,𝑝
𝑣  State-of-charge of vehicle 𝑣 charging by premium power at time 𝑡, % 

𝑠𝑜𝑐𝑡,𝑟
𝑣  State-of-charge of vehicle 𝑣 charging by regular power at time 𝑡, % 

𝑠𝑜𝑐𝑡,𝑒
𝑣  

State-of-charge of vehicle 𝑣 charging by economic power at time 𝑡, 

% 

𝑡𝜈
𝑑𝑒  The departure time of vehicle 𝑣 

It is noted that the departure time (𝑡𝜈
𝑑𝑒) is inversely proportional to the FCS charging 

power, i.e., 𝛽𝑡
𝑝
, 𝛽𝑡

𝑟,and 𝛽𝑡
𝑒. When the charging output power increases, the required 

service time (charging duration) decreases and vice versa. Therefore, when we 

maximize the output power of the FCS (the objective function), it leads to a reduction 

in wait time for other customers in the queue to charge their vehicles. However, the 

aim of using the proposed smart charging in this study is to reduce the voltage 

fluctuation to the point that it does not make any light flicker. Although, controlling 

the charging power leads to a reduction in voltage fluctuation, the proposed smart 
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charging does not sacrifice the main characteristic of the charging station, which is 

the FCS’s speed of charge.  

9.7 Flicker Assessment and Relation to Output Power of Fast Charging Station 

The flicker assessment approach proposed in this section is based on the assessment 

provided in [235], [236]. The approach relies on the following three steps [130]: 

1. Determining the maximum relative voltage change, 𝛤, caused by the 

offending load [FCS], 

2. Computing the corresponding flicker severity raised by that change, 

3. Adding flicker severity from all fluctuating loads. 

9.7.1 Relative Voltage Change Assessment 

In this step, the percent ratio of the voltage change caused by the fluctuation load 

(FCS) to the point-of-common-coupling (PCC) nominal voltage is calculated as 

follows [235].  

 𝛤 =
△𝒰

𝒰𝑝𝑐𝑐
. 100% 9.43 

where, 

𝛤 Relative voltage changes caused by FCS at point-of-common, % 

△𝒰 Voltage variation at point-of-common coupling, 𝑘𝑉 

𝒰𝑝𝑐𝑐 Nominal voltage at point-of-common, 𝑘𝑉 

The voltage fluctuation △𝒰 at the PCC of the FCS is approximated as follows [237]: 
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 △𝒰 =△ 𝛪(𝑟𝑝𝑐𝑐. cos(𝜃) + 𝜒𝑝𝑐𝑐 . sin(𝜃)) 9.44 

 

The fluctuation in the FCS current is calculated as follows: 

 △ 𝛪 =
△ 𝑆

𝒰𝑝𝑐𝑐
 9.45 

Therefore, the voltage fluctuation at the PCC is expressed as in (9.45). 

 △𝒰 =
△ 𝑆 (𝑟𝑝𝑐𝑐 . cos(𝜃) + 𝜒𝑝𝑐𝑐 . sin(𝜃))

𝒰𝑝𝑐𝑐
 9.46 

Given the power factor of the fluctuation load, active and reactive power variations 

(△𝔓 and △𝔔) caused by the fluctuation load are calculated as follows:  

 △𝔓 =△ 𝑆. cos(𝜃) 9.47 

 △𝔔 =△ 𝑆. sin(𝜃) =△ 𝔓. tan(𝜃) 9.48 

where, 

△ 𝑆 Apparent power variation at point-of-common coupling, 𝑘𝑉𝐴 

△𝔓 Active power load change at point-of-common coupling, 𝑘𝑤 

△𝔔 Reactive power load change at point-of-common coupling, 𝑘𝑉𝐴𝑟 

△ 𝛪 Current load change at point-of-common coupling, 𝐴𝑚𝑝 

𝜃 Network impedance angle, degree 

𝜒𝑝𝑐𝑐 Network reactance at point-of-common, ohms 

𝑟𝑝𝑐𝑐 Network resistance at point-of-common, ohms 

Therefore, △𝔓 represents the active power variations of the FCS; it varies from zero 

(all FCS ports are not utilized) to the maximum load 𝒦 (all ports are occupied).  
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Given that, the relative voltage change 𝛤 is expressed in terms of the active power 

variations as follows: 

 𝛤 =
△𝒰

𝒰𝑝𝑐𝑐
=
△𝔓. 𝑟𝑝𝑐𝑐 +△𝔓. 𝜒𝑝𝑐𝑐 . tan(𝜃)

𝒰𝑝𝑐𝑐2
. 100 9.49 

9.7.2 Flicker Severity Caused by the FCS 

Once the relative voltage fluctuation caused by the FCS is determined, the flicker 

severity at the PCC can be calculated based on the method provided in IEC 61000-

3-3 [236]. This method relies on the flicker time ℱ and the flicker curve provided in 

IEC 610003-7 [235]. The flicker time ℱ is expressed as follows: 

 ℱ = ℓ. (𝛤. 𝜑)𝛾 9.50 

where, 

ℱ 
Flicker time represents the flicker impression of a single voltage 

change, second  

𝜑 
Factor represents the waveform shape of voltage fluctuation, 

rectangular change  

ℓ Factor to comply with the flicker curve (Figure 9.9)  

𝛾 Coefficient to describe the source of disturbance  

 

The short-term flicker severity 𝑝𝑝𝑐𝑐
𝑠𝑡  is obtained by adding all flicker times, ℱ, over 

10-minute interval, 𝜁. The proposed assessment of the flicker severity caused by the 

FCS at the PCC is expressed as follows [130]: 
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Figure 9.9 Flicker Curves for Incandescent Light [130] 

 𝑝𝑝𝑐𝑐
𝑠𝑡 = (

 ∑ ℱ
𝑡+𝜉
𝑡

𝜁
)

1
𝛾

 9.51 

Given the number of voltage changes 𝛺 caused by the FCS per minute, the short-

term flicker severity is determined as follows: 

 𝑝𝑝𝑐𝑐
𝑠𝑡 = (

 𝜉. 𝛺. ℓ. (𝛤. 𝜑)𝛾

𝜁
)

1
𝛾

 9.52 

where, 

𝜉 Summation of all flicker times, minute 

𝛺 Number of voltage dips per minute 

𝜁 Total time interval of all flicker times, second 
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Substituting the expression of 𝛤 (equation (9.48)) into (9.51) relates the active power 

variations △𝔓, at PCC, with the flicker severity 𝑝𝑝𝑐𝑐
𝑠𝑡 . The limit of  𝑝𝑝𝑐𝑐

𝑠𝑡 , in the low 

voltage power system, is specified as a unity [116]. If that limit is not exceeded, the 

light flicker will not be observed. Therefore, the known limit of 𝑝𝑝𝑐𝑐
𝑠𝑡 , variations of 

the active power △𝔓 at PCC can be controlled to ensure it is not violating the limit 

of the flicker.  

 
𝑝𝑝𝑐𝑐
𝑠𝑡 =

(

 
 
 
 𝜉. 𝛺. ℓ. (

△ 𝔓. (𝑟𝑝𝑐𝑐 + 𝜒𝑝𝑐𝑐 . tan(𝜃))

𝒰𝑝𝑐𝑐2 . 100. 𝜑)

𝛾

 

𝜁

)

 
 
 
 

1
𝛾

 9.53 

From equation (9.23), variations of the active power at PCC is equal to FCS capacity. 

 △𝔓 = 𝒦 9.54 

Therefore, equation (9.52) can be rewritten in term of 𝒦 as follows: 

 𝒦 =

(

 
 
 
 

𝜁. 𝑝𝑝𝑐𝑐
𝑠𝑡  

𝜉. 𝛺. ℓ. (
(𝑟𝑝𝑐𝑐 + 𝜒𝑝𝑐𝑐 . tan(𝜃))

𝒰𝑝𝑐𝑐2 . 100. 𝜑)

𝛾

)

 
 
 
 

1
𝛾

 9.55 

Given the limit of short-term flicker severity, 𝑝𝑝𝑐𝑐
𝑠𝑡 < 1, equation (9.55) means that 

variation of the active power of the FCS at PCC will not lead to a noticeable light 
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flicker. Therefore, constraint (9.56) is imposed to maximize the output power of the 

FCS (objective function) while complying with the flicker severity limit. 

 𝛽𝑡
𝑝.𝒩𝑡

𝑝 + 𝛽𝑡
𝑟 .𝒩𝑡

𝑟 + 𝛽𝑡
𝑒 .𝒩𝑡

𝑒 ≤ 𝒦 9.56 

9.8 Test System 

The distribution system under study consists of 123 buses and operates at nominal 

voltage of 4.16 kV [224]. The main feeder is emanated from the substation radially 

and is fed by a three-phase transformer bank of 5 MVA at the substation. Two 

different charging methods, namely uncontrolled charging and smart charging are 

performed to evaluate their impacts on voltage fluctuation and light flicker. In each 

charging method, five case studies are considered whereas in each case a subset of 

all PBEVs in the system needs to charge from the FCS. In each case, the subset 

penetration is increased from 10% to 50%, by 10%. 

9.9 Case Study 

Case-1: Uncontrolled charging 

In this case, when vehicles arrive at the FCS, they charge using the maximum rated 

power of the charger. Therefore, there is no control on the output power of the 

charger. A daily charging profile is generated accordingly. This profile represents the 

demand of the FCS on the distribution system under study. Given that, the flicker 

severity is assessed as in equation (9.54).  

Case -2: Smart charging  
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In this case, a control is applied on the output power of the FCS. Therefore, three 

smart (controlled) charging powers are available at the FCS, namely premium, 

regular, and economic power. Constraint (9.55) is imposed in this case to generate 

the daily charging profile, which was generated, as explained in section 9.4. The 

generated profile, as per the proposed smart charging method, represents the demand 

of the FCS on the system under study. As explained before, this profile is affixed to 

the PCC to which the FCS is connected, and thus utilized to estimate the flicker 

severity, as in equation (9.54). 

The following are assumptions related to flicker assessment, whether in case of smart 

charging or uncontrolled charging:  

𝛽 is the maximum output power of the charger, 50 kw. 

ℒ𝑝𝑜𝑟𝑡𝑠 is assumed to be 4, 

𝑝𝑝𝑐𝑐
𝑠𝑡  is assumed to be 1, 

𝜑 is assumed to be 1, 

ℓ is a factor considered to be 2.3, 

𝛾 is an exponent assumed to be 3.2, 

𝜉 is considered to be 10 minutes, and 

𝜁 is considered to be 600 seconds. 

The flicker severity in equation (9.52) is affected by number of voltage dips per 

minutes (𝛺). The dips per minute is a function of the status of the chargers. When a 
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fast charger is activated (ON), it charges the vehicle with an output power of 𝛽𝐹𝐶𝑆 

kw. When the charger is deactivated (OFF), the output power goes to zero kw. In the 

ON/OFF status of the charger, the voltage at the PCC dips and deviates (△𝒰). The 

dips per minute is affected by the penetration of PBEVs charging from the FCS. 

When the penetration is increased, the dips per minute is increased, and vise vera. 

Therefore, different FCS penetrations (10%, 20%, 30%, 40, and 50%) have been 

considered. In each penetration, the dips per minute is determined and the flicker 

severity in (9.54) is calculated accordingly. The penetration of vehicles charging 

from the FCS, 𝛬𝐹𝐶𝑆, is a function of the total PBEVs in the system, 𝒩𝐵𝑃𝐸𝑉, which 

in turn is a function of the number of houses, i.e. 750 houses, two vehicle per house 

[93]. Vehicles, that charge from the FCS, arrive there according to the distribution 

shown in Figure 9.2. The highest rate of arrival at the FCS, as presented in Figure 

9.2, occurs at 4:00 p.m., > 7%. This means that more than 7% of all vehicles charge 

from the FCS at 4:00 p.m. Given the arrival rate at the FCS at 4:00 p.m., the 

penetration of vehicles charges from the FCS, and the number of PBEVs in the 

system, the dips per minute are determined accordingly, as shown in Table 9-1. 

If using the FCS contributes to light flicker, the light flicker mostly occurs at the hour 

that has highest arrival rate (at 4:00 p.m.), and thus at this hour the flicker severity 

index is at its highest value. If the smart charging is able to mitigate the flicker 

severity at that hour (4:00 p.m.), it implies that the flicker severity during the rest of 

the day is reduced by the proposed smart charging (according to the arrival rates and 

times in Figure 9.2). Therefore, the FCS flicker severity at 4:00 p.m. is evaluated by 
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both the proposed smart charging and the uncontrolled charging methods. Results of 

the evaluation are presented below.  

Table 9-1 Number of PBEVs Charging Via Fast Charging Station 

Penetration 

 Level 

 (Increase of 𝛬𝐹𝐶𝑆) 

Number of PBEVs in 

the System 

(𝒩𝐵𝑃𝐸𝑉) 

Number of PBEVs Use  

FCS (𝛬𝐹𝐶𝑆) 
Dips per 

minute 

(𝛺) in 24 Hours at 4:00 p.m. 

10% 150 51 4 0.14 

20% 300 102 8 0.28 

30% 450 153 12 0.42 

40% 600 204 16 0.56 

50% 750 255 20 0.7 

9.9.1 Results and Discussions 

In this section, the voltage fluctuation is assessed, and the resultant flicker severity 

is presented when vehicles are charged from the FCS using the uncontrolled and 

proposed smart charging methods. Figure 9.10 shows the daily charging demand on 

the FCS. Figure 9.10 encompasses three groups of vehicles, according to the used 

charging power. These groups charge from the FCS using the premium, regular, and 

economic charging power (as shown in the y-axis titles). Each horizontal bar in 

Figure 9.10 represents the charging duration of a vehicle using that charging power 

mentioned in y-axis. The total number of horizontal bars show the total number of 

vehicles charge from the FCS in that day.  In the case of uncontrolled charging power, 

all vehicles in Figure 9.10 charge using the same charging power (𝛽𝑢) and thus the 

charging durations are changed accordingly (not shown in Figure 9.10). When the 

penetration of vehicles charge from the FCS is increased, the number of horizontal 

bars, in Figure 9.10, is increased which, in turn, increases the daily voltage dips 

because of the on/off status of the chargers. Figure 9.11 depicts the comparison of 
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flicker severity for both methods of charging. The x-axis shows different penetration 

levels which represent the increased demand of vehicles on the FCS at the same hour 

of the day, i.e. at 4:00 p.m. The flicker severity values are depicted in the y-axis in 

Figure 9.11. A light flicker is observed if the flicker severity exceeds 1. It is noted 

from Figure 9.11 that as the penetration level is increased, the flicker index is 

increased. When the FCS charges vehicles by the uncontrolled charging method, the 

FCS violates the flicker tolerance especially when the demand on its service is 

increased by 20% and beyond. In contrast, the flicker limit was not violated when 

vehicles charge from the FCS, as per the proposed smart charging approach, even 

though when the penetration on the FCS is increased by 50%. Therefore, the 

proposed smart charging approach clearly shows that it is effective not only in 

mitigating the voltage fluctuations and light flicker, but also in reducing the flicker 

severity even when the FCS voltage dip per minute is increased five times.   
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Figure 9.10 Daily Demand per each Charging Power in FCS  
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Figure 9.11 Comparison of Flicker Level for the Uncontrolled and Proposed Smart Charging 

9.9.2 Effect of Full Charging of the Batteries on Flicker Severity 

In the previous section, the reported results assume that vehicles start their first trip 

from home with different states-of-charge, as shown in Figure 7.6. Most of these 

vehicles start the trip with almost fully charged batteries (i.e. > 90%). The reported 

results assume that vehicles are charged at night and then in the morning vehicles 

start the trip with different states-of-charge, as shown in Figure 7.6. Before they 

arrive home, a share of these vehicles requires a charge from the FCS, according to 

Figure 9.1, and arrived at the FCS with different states-of-charges distributed as in 

Figure 9.5, at different arrival rate as in Figure 9.2. 

There is no direct effect of fully charging the battery on the flicker severity index. 

Equation 9.52 shows factors that affect the flicker severity. The flicker severity is 

affected mainly by dips per unit time. The dip is a function of the on/off states of the 
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fast charger. When penetration of PBEVs that use the FCS is increased, the dips per 

unit time is increased as well. The question is what would motivate a customer to 

pay for charging via the fast charger while he/she has a home charger; the battery 

capacity is large; the daily round trip to/from home is within the battery driving 

range.  

The willingness to pay for charging is driven by the value of charging time or the 

opportune cost of charging; that is in turn varied according to segment of the market 

and consumers [238]. For personal use and privately-owned electric vehicles, most 

charging events are performed by home or work chargers where the vehicle is parked 

for a long time. During that period of time, the value of charging time is low and thus 

home or work chargers characterized as slow chargers are convenient. However, for 

shared privately-owned ride hailing or commercial automated ride-hailing electric 

vehicles, the value of charge time is high, especially on-shift charging [238]. Electric 

vehicles in this sector drive 29% more daily miles, require two times more charging 

power, and utilize fast chargers three times more, than personal-use vehicles, as 

reported in [239]. As free-floating car-sharing is adopted, the dependency on the FCS 

is increased to reduce downtime due to charging and, thus, the dips per unit time is 

expected to increase because of increasing FCS daily usage.  

9.9.3 Effect of Envelope of Flickers 

In this section, the flicker severity is investigated when the daily usage of the FCS is 

increased considering the proposed smart charging method. Results of flicker 

severity are depicted in Figure 9.12. 
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Although the penetration of vehicles charge from FCS in Figure 9.12 is like their 

penetration in Figure 9.11, they are different in that shares of vehicles (25%, 50%, 

and 75%) per penetration level in Figure 9.12 charges from the FCS three times a 

day, to imitate the charging pattern of shared electric vehicles. Therefore, according 

to the arrival rate presented in Figure 9.2, the highest rate of vehicles arriving at the 

FCS is at 4:00 p.m. The dips per hour in Figure 9.12 is three times more than that in 

Figure 9.11. The idea is to show the ability of the proposed smart charging method 

to reduce the flicker level if daily usage of the FCS per vehicle is increased.  

 

Figure 9.12 Flicker Level when the Penetration on the Proposed Smart Charging increases  

Results in Figure 9.12 show that the proposed smart charging can mitigate the flicker 

level, even if the penetration of vehicles charge from the FCS is increased up to 20% 

and 75% and these vehicles charge from FCS three times a day. When the share of 

vehicles that charge from FCS three times a day, is reduced to 25%, the proposed 
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smart charging is able to reduce the flicker, even if the penetration of vehicles 

charging from FSC is increased to 40%. Beyond this penetration and daily utilization 

rates, the flicker limit is exceeded. 

9.9.4 Effect of Smart Charging on Charging Duration 

Figure 9.13 presents the required charging time to charge vehicles with different 

battery capacities (explained in section 9.4) via a 50kw fast charger. The charging 

duration for each vehicle is calculated when its battery SOC is changed from 20% to 

80% using the uncontrolled and the proposed smart charging methods.  

As the output power of the charger is increased, the time it takes to charge the 

vehicle’s battery is decreased. The uncontrolled charging provides the highest output 

power and thus it requires less time to charge the battery SOC from 20% to 80% in 

comparison to the economic and regular charging methods, as depicted in Figure 

9.13. However, when the station encompasses multiple fast chargers and their 

operations are uncontrolled, a voltage fluctuation may occur, which, in turn, may 

cause exceeding the limit of light flicker.   

In contrast, the limit of the light flicker will not be violated when the proposed smart 

charging is utilized, as shown in section 9.9. However, the time it takes vehicles to 

charge their batteries the same amount of energy using the smart charging (economic 

or regular) is more than what it takes to charge by the uncontrolled charging.  



215 

 

 

 

Figure 9.13 Charging Duration to Increase Battery SOC from 20% to 80% using the Smart and 

Uncontrolled Charging 

Therefore, in order to make customers adopt smart charging method, the FCS 

operator/investor must offer a compromised solution that meets the regulation of the 

service provider and the needs of customers. The proposed compromise solution in 

this study is explained in Chapter 10.  

9.10 A comparative study 

In this section, a comparison study is conducted among the proposed method and 

other studies existing in the literature. The comparison is conducted according to 

three aspects: the charging power, the smart charging approach, and the reported 

flicker value. The previous work can be classified broadly into four groups: the first 

group considers uncontrolled and/or smart charging via a slow charging station (i.e., 

home charger). The second group applies the uncontrolled and/or smart charging but 

via a fast charger (i.e., fast charging station). Neither of these two groups study the 

impact of the charging station on the voltage fluctuation and light flicker. The third 
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group analyzes the impact of the voltage fluctuation on the light flicker whereas the 

fourth group of studies addresses and mitigates the light flicker. The source of the 

flicker in the last two groups is not the charging stations, it is caused by conventional 

loads such as arc furnace and rolling mill. The proposed method in this study 

addresses the impact of the fast charging station on voltage fluctuation and light 

flicker, and mitigates that impact using a novel smart charging approach that has not 

been utilized previously, to the best of the author’s knowledge. Table 9-2 presents a 

comparison of the proposed method in this thesis and other studies existing in 

literature. Table 9-3 illustrates impacts of charging electric vehicles according to the 

method and type on electricity systems, as per the previous work as well as the 

proposed smart charging method.    

Table 9-2 Comparison of the Previous Work and Proposed Method According to their charging 

Type and Effect on Light Flicker 

Reference Charging power Charging type Flicker 

 Slow Fast Uncontrolled Smart Analysis Mitigation 

[90], [91], [93], [240]       
[220]       
[241]       
[92]       

[242]       
[243], [244], [245]       

[237],[246], [247], [248], 

[249]       

[250]       
Proposed Smart Charging       

: Considered, : Not considered 

Table 9-3 Impact of Charging Method and Type [251] 

 Slow charging Fast charging 

 uncontrolled Smart charging uncontrolled with battery smart charging 

Electricity demand      
Peak demand      

Distribution grids      
Light flicker      

: Not exceed the limit, : Exceed the limit,  : affected,  : affected more 
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The concept of smart charging currently in the literature is listed in Figure 9.14. It 

encompasses different levels of control over the charging process, aiming to support 

the power system by achieving different objectives, as shown in Figure 9.14. The 

proposed smart charging in this study targets the future smart grid. It assumes that 

the same port (nozzle) of the fast charger is able to provide three different charging 

powers, namely economic, regular, and premium. The rate of charging in each 

charging power is defined by the FCS operator/investor and can be changed within 

the day according to different variables such as on-/off- peak hours and the local level 

of the produced renewable energy. Unlike smart charging in the previous work, 

customers can select the charging power in the proposed smart charging according 

to their priority.  At the time of arrival at the FCS, if time is most important for a 

customer, the premium charging power can be selected. In contrast, if a customer 

prioritizes cost, regular or economic charging power can be utilized. Therefore, the 

proposed smart charging method provides less control than those currently in the 

literature. Also, the proposed charging method opens the door for market competition 

among different fast charging providers to offer competitive rate of charging as well 

as competitive price for each charging power.  

Table 9.4 presents a comparison of flicker values as reported in the previous work as 

well as the current study. Unlike the uncontrolled charging, the proposed smart 

charging is able to reduce the light flicker and makes the FCS increase its rate of 

utilization without exceeding the standard limit of flicker. It is to be noted that the 

flicker values shown in Table 9.4 represent the short-term flicker severity index.  
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Figure 9.14 Comparison of  Smart Charging and services provided to the Grid  [252] 

 

Table 9-4 Comparison of the Previous Work and Proposed Method According to Flicker Level 

 Reference Reported flicker value 

Previous 

work 

[248] 2 

[247] 1.7 

[253] 1.05 

[254] 1.4 

[255] 1.26 

[249] 2.78 

[99] 2.6 

Current 

study 

Uncontrolled FCS, at 10% 

up to 40% of FCS 

utilization rate 

0.9-1.3 

FCS with energy storage 

system 
1.3 

FCS with DSTATCOM 0.79 

FCS with Smart charging, 

at 10% up to 40% of FCS 

utilization rate 

0.6-0.9 
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Chapter 10. A Novel Cost Model for Adopting the Smart Charging at the 

Fast Charging Station 

The proposed smart charging was explained in detail in Chapter 9. It was shown that 

the proposed smart charging is effective in regulating the voltage fluctuation and 

minimizing the light flicker. However, the cost of the flicker minimization was not 

clear. In this chapter, a novel cost model is developed assuming that the smart 

charging is operating with fairness policy that is (from the viewpoint of FCS 

operator) the value of cost for any customer at the FCS is equivalent to his/her value 

of time. Therefore, the cost of the proposed smart charging is determined and utilized 

to be compared with the cost of other flicker mitigation devices explained in Chapter 

4.  

10.1 Cost of Premium, Regular, and Economic Charging power 

10.1.1 Determining the Per Unit Time of the Smart Charging 

In Ontario, when a vehicle charges via a fast charger, the service is offered based on 

a fixed amount per hour, but the customer is billed by the minute, according to [256]. 

In order to determine the cost of any charging power proposed in this study, i.e. 

premium, regular, or economic, it is required to determine first the time the charging 

power takes to charge 1kwh in the battery. Then, that cost ($/1kwh) is multiplying 

by the total energy transferred (kwh). 

When the customer arrives at the FCS, two parameters are shared with the FCS: the 

initial and the required battery SOC. Therefore, given the required battery SOC and 

the relation of 1kwh per minute, the total kwh required from the FCS can be 
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calculated, and then the required time is determined. The required time to charge 

1kwh is inversely proportional to rate of the charging power. As the rated power 

increases, the time required to charge 1kwh decreases, and vice versa. The times it 

takes to charge 1kwh by premium, regular, and economic power are given as follows:  

 𝒯𝑝 =
1. 𝜗

𝛽𝑝
 10.1 

 𝒯𝑟 =
1. 𝜗

𝛽𝑟
 10.2 

 𝒯𝑒 =
1. 𝜗

𝛽𝑒
 10.3 

Where, 

𝒯𝑝 The time it takes to charge 1kwh by premium power, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝒯𝑟 The time it takes to charge 1kwh by regular power, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝒯𝑒 The time it takes to charge 1kwh by economic power, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

𝛽𝑝 Premium charging power, kw 

𝛽𝑟 Regular charging power, kw 

𝛽𝑒 Economic charging power, kw 

𝜗 Factor to convert hour into minutes 

10.1.2 Determining the Per Unit Cost of the Smart Charging 

After the required time to charge 1kwh per minute is found, the per unit cost can be 

modeled as follows:  

 𝛤𝑝 = 𝒞. 𝒯𝑝 10.4 
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 𝛤𝑟 = 𝛤𝑝.
𝒯𝑝

𝒯𝑟
 10.5 

 𝛤𝑒 = 𝛤𝑝.
𝒯𝑝

𝒯𝑒
 10.6 

 𝒞 =
𝔥

𝜗
 10.7 

Where, 

𝛤𝑝 The per unit cost of the premium charging, ($/𝑘𝑤ℎ) 

𝛤𝑟 The per unit cost of the regular charging, ($/𝑘𝑤ℎ) 

𝛤𝑒 The per unit cost of the economic charging, ($/𝑘𝑤ℎ) 

𝜗 Factor to convert hour into minutes 

𝔥 The per hour PBEV Fast charging cost, ($/ℎ) 

𝒞 The per minutes PBEV Fast charging cost, ($/𝑚𝑖𝑛. ) 

10.1.3 The Per Unit Cost of The Premium Charging Power 

In equation (10.4), the per unit cost for the premium charging power (𝛤𝑝) is a 

function of two factors: the premium charging power (𝛽𝑝), where (𝛤𝑝 = 𝒞.𝒯𝑝 =

𝒞.𝜗

𝛽𝑝
), and the per hour charging cost (𝒞). 𝛽𝑝 does not change and represents the 

maximum rated power available in the charger. Charging the battery using the 

maximum rated power will minimize the duration of the charge, which, in turn, saves 

the customer time. The other factor is the per hour charging cost which may change 

during the day (on- and off- peaks). When the per hour charging cost increases, the 

per unit cost of the premium charging power increases as well, and vice versa. The 

main advantage of using premium charging power is to get the maximum charging 
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rate and reduce the charging duration but at the highest cost, as explained in equation 

(10.1). 

10.1.4 The Per Unit Cost of The Regular Charging Power 

The per unit cost of the regular charging power (𝛤𝑟) is modeled as in equation (10.5). 

𝛤𝑟will not utilize the maximum charging rate which adversely increases the charging 

duration. The per unit regular charging cost is a function of two factors: the per unit 

cost of premium charging power (𝛤𝑝)  and a scaling factor (
𝒯𝑝

𝒯𝑟
). The scaling factor 

represents a rebate offered to the customer to adopt the regular charging power. The 

rebate is designed to compensate the increase in the charging duration by reducing 

the per unit regular charging cost. The per unit time of the premium power (𝒯𝑝) is 

less than the per unit time of the regular power (𝒯𝑟). Thus, the scaling factor (
𝒯𝑝

𝒯𝑟
) 

will scale down the per unit cost of the premium power (𝛤𝑝) in equation (10.5) which 

in turn will reduce the per unit cost of the regular charging power (𝛤𝑟). When the 

premium charging power is utilized, the customer will save time but not money. In 

contrast, when the regular charging power is utilized, the customer will save money 

but not time. The rebate factor is designed to save the per unit cost of the regular 

charging power by the same percent that the premium charging power saves the per 

unit charging time.  

10.1.5 The Per Unit Cost of The Economic Charging Power 

The economic charging power has the lowest cost but the highest charging duration 

according to its per unit cost and per unit charging time, respectively. The per unit 
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cost of the economic charging power (𝛤𝑒) is modeled as in equation (10.6). It is a 

function of two factors: the per unit cost of premium charging power (𝛤𝑝)  and a 

scaling factor (
𝒯𝑝

𝒯𝑒
). 𝒯𝑒 is more than 𝒯𝑟 which makes the scaling factor in 𝛤𝑒 is less 

than that in 𝛤𝑟 and thus the economic charging power offers more rebate. In this 

charging power the rebate is modeled to reduce the per unit charging cost, by the 

same percent that would reduce the per unit charging time if the premium charging 

power is utilized.  

10.2 Determining the Maximum Charging Cost 

The maximum cost of charge (ℂ𝑚𝑎𝑥) is estimated for any vehicle 𝜈 ∈ 𝒱𝐹𝐶𝑆 as in 

equation (10.8). The difference between the maximum and minimum state-of-charge 

(𝑆𝑜𝐶𝑚𝑎𝑥) and (𝑆𝑜𝐶𝑚𝑖𝑛) is multiplied by the battery capacity 𝜇𝑣 as in (10.8), to find 

the required energy in kwh. The cost of the required energy is calculated according 

to the per unit cost of the utilized charging power (𝒯𝐹𝐶𝑆). 

 ℂ𝑚𝑎𝑥 = 𝛤𝐹𝐶𝑆. 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 10.8 

 𝑆𝑜𝐶𝑚𝑎𝑥 = ℓ. 𝜇𝑣 10.9 

 𝑆𝑜𝐶𝑚𝑖𝑛 = ℓ. 𝜇𝑣 10.10 

 𝜇𝑣: = {

𝜇𝑠, 𝑖𝑓 𝜈 ∈ 𝒱𝑆
𝐹𝐶𝑆

𝜇𝑚, 𝑖𝑓 𝜈 ∈ 𝒱𝑚
𝐹𝐶𝑆

𝜇𝑙, 𝑖𝑓 𝜈 ∈ 𝒱𝑙
𝐹𝐶𝑆

 10.11 

 𝒯𝐹𝐶𝑆: = {

𝛤𝑝, 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑝
𝑣

𝛤𝑟 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑟
𝑣

𝛤𝑒 , 𝑖𝑓 𝜈 ∈ 𝒱𝐹𝐶𝑆,𝑒
𝑣

 10.12 

Where, 
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 𝒱𝐹𝐶𝑆,𝑝
𝑣 = {𝒱𝑆

𝐹𝐶𝑆,𝑝 ∪ 𝒱𝑚
𝐹𝐶𝑆,𝑝 ∪ 𝒱𝑙

𝐹𝐶𝑆,𝑝
} 10.13 

 𝒱𝐹𝐶𝑆,𝑟
𝑣 = {𝒱𝑆

𝐹𝐶𝑆,𝑟 ∪ 𝒱𝑚
𝐹𝐶𝑆,𝑟 ∪ 𝒱𝑙

𝐹𝐶𝑆,𝑟} 10.14 

 𝒱𝐹𝐶𝑆,𝑒
𝑣 = {𝒱𝑆

𝐹𝐶𝑆,𝑒 ∪ 𝒱𝑚
𝐹𝐶𝑆,𝑒 ∪ 𝒱𝑙

𝐹𝐶𝑆,𝑒} 10.15 

Where, 

ℂ𝑚𝑎𝑥 The maximum cost of charging a PBEV from FCS, $ 

𝛤𝐹𝐶𝑆 The per unit cost of fast charging, $/𝑘𝑤ℎ 

𝑆𝑜𝐶𝑚𝑎𝑥 The maximum allowable SOC for any PBEV, 𝑝. 𝑢. 

𝑆𝑜𝐶𝑚𝑖𝑛 The minimum allowable SOC for any PBEV, 𝑝. 𝑢. 

ℓ A percent to determine the maximum SOC, 𝑝. 𝑢. 

ℓ A percent to determine the minimum SOC, 𝑝. 𝑢. 

𝒱𝐹𝐶𝑆,𝑝
𝑣  A set of PBEVs charging by premium power 

𝒱𝐹𝐶𝑆,𝑟
𝑣  A set of PBEVs charging by regular power 

𝒱𝐹𝐶𝑆,𝑒
𝑣  A set of PBEVs charging by economic power 

𝜇𝑣 Capacity of a PBEV battery, 𝑘𝑤ℎ 

𝜇𝑠 Capacity of a small battery, 𝑘𝑤ℎ 

𝜇𝑚 Capacity of a medium battery, 𝑘𝑤ℎ 

𝜇𝑙 Capacity of a large battery, 𝑘𝑤ℎ 

𝒱𝑆
𝐹𝐶𝑆 A set of PEVs with small battery capacity uses the FCS 

𝒱𝑚
𝐹𝐶𝑆 A set of PEVs with medium battery capacity uses the FCS 

𝒱𝑙
𝐹𝐶𝑆 A set of PEVs with large battery capacity uses the FCS 
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10.3 Determining the Maximum Charging Duration 

When a vehicle 𝜈 ∈ 𝒱𝐹𝐶𝑆 arrives at the FCS with a minimum battery SOC (𝑆𝑜𝐶𝑚𝑖𝑛) 

and requires to charge the battery from the FCS to the maximum allowable limit 

(𝑆𝑜𝐶𝑚𝑎𝑥), this duration of the charge represents the maximum charging time if 𝜈 

utilizes the maximum per unit charging power 𝒯𝐹𝐶𝑆. The maximum duration of the 

charge is calculated in (10.16); it is a function of a battery capacity 𝜇𝑣 as in (10.11), 

and a type of the charging power 𝒯𝐹𝐶𝑆.  

 
𝕋𝑚𝑎𝑥 = 𝒯𝐹𝐶𝑆. 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 

10.16 

Where, 

 𝒯𝐹𝐶𝑆: = {

𝒯𝑝, 𝑖𝑓 𝜈 ∈ 𝒱𝑝

𝒯𝑟 , 𝑖𝑓 𝜈 ∈ 𝒱𝑟

𝒯𝑒 , 𝑖𝑓 𝜈 ∈ 𝒱𝑒
 10.17 

Where, 

𝕋𝑚𝑎𝑥 

The maximum time it takes a PBEV to be charged, from its minimum 

to its maximum state-of-charge, using FCS, (𝑚𝑖𝑛. ) 

𝒯𝐹𝐶𝑆 

The per unit time it takes to charge a PBEV, from its minimum to its 

maximum state-of-charge, using FCS, (𝑚𝑖𝑛./𝑘𝑤ℎ) 

10.4 FCS Data  

The number of vehicles that charge from an FCS may be influenced to a large extent 

by the location of that FCS. Therefore, the number of charging events may vary from 

location to location, leading to a variation in their demands/impacts on the grid. In 

order to estimate the demand of the FCS, multiple FCSs in different locations are 
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considered to generate an averaged energy profile representing the demand of the 

FCS on the grid. In this section, real data from nine FCSs are extracted and utilized 

to estimate the cost of smart charging. The reason of considering the average of these 

nine FCSs is to reduce the distinct variations of their annual profiles due to their 

locations. These FCSs are in Canada and sharing the same characteristics such as 

their rated power and the number of ports, but are located in different facilities such 

as workplaces, retail locations, and malls [221]. The typical data depicts vehicles’ 

energy consumption from the FCSs. Each energy demand profile consists of a 

number of charging events per each FCS distributed over a period of one year, and 

the required energy demand in kwh from the FCS for each charging event. 

10.5 Modelling of Per Event Energy Demand from the FCS 

To construct the average of the FCS demand profile, five values from each FCS 

typical data are utilized. These values are the maximum value 𝑢𝑙𝑖
𝑚𝑎𝑥, the minimum 

value 𝑢𝑙𝑖
𝑚𝑖𝑛, and the three sample quartiles (𝑞𝑖 , 𝑞𝑖, 𝑞𝑖), which represent the 25th , 50th, 

and 75th percentiles for FCS 𝑖. Given a cumulative distribution function 𝐹𝑖 for the ith 

FCS, percentiles can be calculated using the inverse of the cumulative distribution 

function as follows: 

 𝑞𝑖 = 𝑞25 = 𝐹𝑖
−1(25) 10.18 

 𝑞𝑖 = 𝑞50 = 𝐹𝑖
−1(50) 10.19 

 𝑞
𝑖
= 𝑞75 = 𝐹𝑖

−1(75) 10.20 

 𝑢𝑙𝑖
𝑚𝑎𝑥 = 𝑞100 = 𝐹𝑖

−1(100) 10.21 
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 𝑢𝑙𝑖
𝑚𝑖𝑛 = 𝑞1 = 𝐹𝑖

−1(1) 10.22 

where, 

𝑞𝑖 The 25th percentile of charging energy per charging event of FCS 𝑖 in a year, (𝑘𝑤ℎ) 

𝑞𝑖 The 50th percentile of charging energy per charging event of FCS 𝑖 in a year, (𝑘𝑤ℎ) 

𝑞
𝑖
 The 75th percentile of charging energy per charging event of FCS 𝑖 in a year, (𝑘𝑤ℎ) 

𝑢𝑙𝑖
𝑚𝑎𝑥 The maximum of charging energy per charging event of FCS 𝑖 in a year, (𝑘𝑤ℎ) 

𝑙𝑙𝑖
𝑚𝑖𝑛 The minimum of charging energy per charging event of FCS 𝑖 in a year, (𝑘𝑤ℎ) 

𝑖 Index for FCS, 𝑖 = 1,2, … . . 𝑓 

𝑓 Total number of considered FCSs 

The maximum values in the constructed FCS profile UL𝑚𝑎𝑥, is calculated by finding 

the average of all maximum values extracted from each FCS profile as shown in 

equation (10.23). Similarly, the minimum value of each FCS profile is collected and 

then averaged to construct the minimum value UL𝑚𝑎𝑥 in the constructed FCS profile 

as in equation (10.24). The three sample quartiles (𝑄, Q, 𝑄), in the constructed FCS 

profile are determined by collecting the first, second, and third quartiles of each FCS 

and then independently finding their average as in equations (10.25)-(10.27). 

 UL𝑚𝑎𝑥 =
∑ 𝑢𝑙𝑖

𝑚𝑎𝑥𝑓

𝑖=1

𝑓
 10.23 

 LL𝑚𝑖𝑛 =
∑ 𝑙𝑙𝑖

𝑚𝑖𝑛𝑓

𝑖=1

𝑓
 10.24 
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𝑄 =

∑ 𝑞𝑖
𝑓

𝑖=1

𝑓
 

10.25 

 Q =
∑ 𝑞𝑖
𝑓
𝑖=1

𝑓
 10.26 

 
𝑄 =

∑ 𝑞
𝑖

𝑓

𝑖=1

𝑓
 

10.27 

where, 

𝑄 
The average value of the first quartile of charging energy per charging event in a 

year, for 𝑓 number of FCSs, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

Q 
The average value of the second quartile of charging energy per charging event in a 

year, for 𝑓 number of FCSs, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

𝑄 
The average value of the third quartile of charging energy per charging event in a 

year, for 𝑓 number of FCSs, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

UL𝑚𝑎𝑥 
The average value of the maximum of charging energy per charging event in a year, 

for 𝑓 number of FCSs, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

LL𝑚𝑖𝑛 
The average value of the minimum of charging energy per charging event in a year, 

for 𝑓 number of FCSs, (𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡) 

10.6 Modelling of Annual Energy Demand from the FCS 

In this section, annual energy consumption from the FCS profile is determined and 

utilized to estimate the cost of smart charging. The annual energy demand from the 

FCS is calculated using two factors: the kwh per charging event and the average 

annual total number of charging events (𝛯). The kwh per charging events is 

calculated in the previous section and it consists of five values: 

𝑄, Q, 𝑄, UL𝑚𝑎𝑥, and UL𝑚𝑖𝑛. The annual number of charging events at an FCS is 
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influenced by the FCS’s location. Therefore, the annual number of charging events 

is represented by taking the average of all the annual charging events at all nine FCSs. 

The average annual total number of charging events is calculated as follows.  

 𝛯 =
∑ 𝜀𝑖
𝑓
𝑖=1

𝑓
 10.28 

Where, 

𝛯 

The average number of annual charging events in 𝑓 number of FCSs, 

(𝑒𝑣𝑒𝑛𝑡/𝑦𝑒𝑎𝑟) 

𝜀𝑖 The number of annual charging events in FCS 𝑖 

After the annual number of charging events and the energy demand for each charging 

event are determined, the annual energy demand from the FCS is estimated as 

follows: 

 ℧ = 𝑄. 𝛯 10.29 

 ℧ = Q. 𝛯 10.30 

 ℧ = 𝑄. 𝛯 10.31 

 ℧𝑚𝑎𝑥 = UL
𝑚𝑎𝑥. 𝛯 10.32 

 ℧𝑚𝑖𝑛 = LL𝑚𝑖𝑛. 𝛯 10.33 

Where, 

℧ 
The estimated 25th percentile value of annual charging energy for a 

FCS, (𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 
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℧ 
The estimated 50th percentile value of annual charging energy for a 

FCS, (𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

℧ 

The estimated 75th percentile value of annual charging energy for a 

FCS, (𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

℧𝑚𝑎𝑥 
The estimated maximum value of annual charging energy for a FCS, 

(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

℧𝑚𝑖𝑛 
The estimated minimum value of annual charging energy for a FCS, 

(𝑘𝑤ℎ/𝑦𝑒𝑎𝑟) 

 

℧𝑚𝑎𝑥: represents the maximum annual energy demand by vehicles from the FCS in 

kwh per year. 

℧𝑚𝑖𝑛: represents the minimum annual energy demand by vehicles from the FCS in 

kwh per year. 

℧: represents the 25th percentile annual energy demand by vehicles from the FCS in 

kwh per year. 

℧: represents the median annual energy demand by vehicles from the FCS in kwh 

per year. 

℧: represents the 75th percentile annual energy demand by vehicles from the FCS in 

kwh per year. 
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The meaning of ℧𝑚𝑎𝑥, for instance, is illustrated as follows: given the annual total 

number of charging events 𝛯 (𝑒𝑣𝑒𝑛𝑡), if UL𝑚𝑎𝑥 (
𝑘𝑤ℎ

𝑒𝑣𝑒𝑛𝑡
) is the maximum kwh required 

from a FCS per any charging event, then the total maximum kwh required from that 

FCS in that year is ℧𝑚𝑎𝑥 and equals to UL𝑚𝑎𝑥. 𝛯. The value of ℧𝑚𝑎𝑥 represents the 

total annual demand from the FCS if all vehicles, require UL𝑚𝑎𝑥 for each charging 

event occurs in that year. 

10.7 Computing the Cost of Smart Charging 

The annual cost of the proposed smart charging in this thesis can be divided into the 

rebate paid to customers for using regular and economic charging powers, and the 

revenue for energy sold to customers when using the FCS.  

10.7.1 Computing the Rebates 

In this section, the rebate of using the smart charging is computed. The proposed 

rebate is assumed to be instant and it is a function of the duration of the charge. When 

a customer uses the FCS, the customer can choose one of three charging powers: 

premium, regular, or economic charging power. When the premium charging power 

is chosen, the customer would not get a rebate. The rebate is paid instantly upon 

using regular or economic charging power. The annual rebate is computed as follows:  

 ∁𝑅𝑒𝑏= ℧. [(𝓇. (𝛤𝑝 − 𝛤𝑟)) + ((1 − 𝓇). (𝛤𝑝 − 𝛤𝑒))].
𝜂𝑠𝑚

100
 10.34 

 ∁𝑅𝑒𝑏= ℧. [(𝓇. (𝛤𝑝 − 𝛤𝑟)) + ((1 − 𝓇). (𝛤𝑝 − 𝛤𝑒))].
𝜂𝑠𝑚

100
 10.35 
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 ∁
𝑅𝑒𝑏
= ℧. [(𝓇. (𝛤𝑝 − 𝛤𝑟)) + ((1 − 𝓇). (𝛤𝑝 − 𝛤𝑒))].

𝜂𝑠𝑚

100
 10.36 

 ∁𝑚𝑎𝑥
𝑅𝑒𝑏 = ℧𝑚𝑎𝑥. [(𝓇. (𝛤

𝑝 − 𝛤𝑟)) + ((1 − 𝓇). (𝛤𝑝 − 𝛤𝑒))].
𝜂𝑠𝑚

100
 10.37 

 ∁𝑚𝑖𝑛
𝑅𝑒𝑏= ℧𝑚𝑖𝑛. [(𝓇. (𝛤

𝑝 − 𝛤𝑟)) + ((1 − 𝓇). (𝛤𝑝 − 𝛤𝑒))].
𝜂𝑠𝑚

100
 10.38 

Where, 

∁𝑅𝑒𝑏 
The 25th percentile annual rebate paid to customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

∁𝑅𝑒𝑏 
The median annual rebate paid to customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

∁
𝑅𝑒𝑏

 

The 75th percentile annual rebate paid to customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

∁𝑚𝑎𝑥
𝑅𝑒𝑏  

The maximum annual rebate paid to customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

∁𝑚𝑖𝑛
𝑅𝑒𝑏  

The minimum annual rebate paid to customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

𝓇 A uniform random number  

𝜂𝑠𝑚 Share of PBEV that utilize smart charging power at FCS, 𝑝. 𝑢. 

If 𝛤𝑟 = 𝛤𝑒 = 𝛤𝑝 in equations (10.34) to (10.38), then 𝜂𝑠𝑚 = 0. It means that all 

customers utilize the premium charging power because the share of customers using 

regular and economic charging powers (𝜂𝑠𝑚) is zero. Therefore, the (maximum, 

minimum, 25th percentile, 50th percentile, 75th percentile) annual rebates in equations 

(10.34) to (10.38) are zero. In that case, the FCS operator would not pay any rebate 
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to customers and the annual cost is represented only by revenue from selling the 

energy to customers who use the premium charging power.  

If, in equations (10.34) to (10.38), 𝛤𝑟 ≠ 𝛤𝑒 and/or 𝛤𝑒 ≠ 𝛤𝑝, then 𝜂𝑠𝑚 ≠ 0. It means 

that regular and/or charging power have/has been utilized in that year. The share of 

customers utilizing these two charging powers (regular and economic) is determined 

by the factor 𝜂𝑠𝑚. Multiple penetrations of the smart charging (𝜂𝑠𝑚) are considered 

in this regard. The penetration is varied from 0% up to 100% by 10%. The factor 𝓇, 

in equations (10.34) to (10.38), is utilized to determine the percent of customers who 

used regular charging power and the percent of customer who used economic 

charging power. The factor 𝓇 is randomly generated using a uniform random number 

and repeated multiple times. In equation (10.34) for instance, when 𝓇 = 1, it means 

that share of vehicle uses the regular charging power is 𝜂𝑠𝑚, and thus the economic 

charging power has not been utilized. In contrast, when 𝓇 = 0, it means that shares 

of vehicle use the economic charging power is 𝜂𝑠𝑚 and thus the regular charging 

power has not been utilized. When 𝓇 = 0.5, it means that 50% of 𝜂𝑠𝑚 uses the 

regular charging power while the economic charging power is utilized by the other 

50% of 𝜂𝑠𝑚. Therefore, 𝓇 is a shaping factor utilized to assign, based on the 

penetration of 𝜂𝑠𝑚, percent of vehicles that uses the regular charging power, and the 

percent of vehicles that uses the economic charging power. Equations (10.34) to 

(10.38) can be written in a long form as follows: 

 ∁𝑅𝑒𝑏= [
1

𝑓
.∑𝑞𝑖

𝑓

𝑖=1

. 𝜀𝑖] [
𝒞. 𝜗

𝛽𝑝
[(𝓇. (1 −

𝛽𝑟

𝛽𝑝
)) + ((1 − 𝓇). (1 −

𝛽𝑒

𝛽𝑝
))] [(

𝜂𝑠𝑚

100
)]] 10.39 
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 ∁𝑅𝑒𝑏= [
1

𝑓
.∑𝑞𝑖

𝑓

𝑖=1

. 𝜀𝑖] [
𝒞. 𝜗

𝛽𝑝
[(𝓇. (1 −

𝛽𝑟

𝛽𝑝
)) + ((1 − 𝓇). (1 −

𝛽𝑒

𝛽𝑝
))] [(

𝜂𝑠𝑚

100
)]] 10.40 

 ∁
𝑅𝑒𝑏
= [

1

𝑓
.∑𝑞

𝑖

𝑓

𝑖=1

. 𝜀𝑖] [
𝒞. 𝜗

𝛽𝑝
[(𝓇. (1 −

𝛽𝑟

𝛽𝑝
)) + ((1 − 𝓇). (1 −

𝛽𝑒

𝛽𝑝
))] [(

𝜂𝑠𝑚

100
)]] 10.41 

 ∁𝑚𝑎𝑥
𝑅𝑒𝑏 = [

1

𝑓
.∑𝑢𝑙𝑖

𝑚𝑎𝑥

𝑓

𝑖=1

. 𝜀𝑖] [
𝒞. 𝜗

𝛽𝑝
[(𝓇. (1 −

𝛽𝑟

𝛽𝑝
)) + ((1 − 𝓇). (1 −

𝛽𝑒

𝛽𝑝
))] [(

𝜂𝑠𝑚

100
)]] 10.42 

 ∁𝑚𝑖𝑛
𝑅𝑒𝑏= [

1

𝑓
.∑𝑢𝑙𝑖

𝑚𝑖𝑛

𝑓

𝑖=1

. 𝜀𝑖] [
𝒞. 𝜗

𝛽𝑝
[(𝓇. (1 −

𝛽𝑟

𝛽𝑝
)) + ((1 − 𝓇). (1 −

𝛽𝑒

𝛽𝑝
))] [(

𝜂𝑠𝑚

100
)]] 10.43 

10.7.2 Computing the Revenue 

The revenue of selling energy to vehicles from the FCS is determined in this section. 

The FCS makes revenue when customers utilize it to charge their vehicles, regardless 

of which charging power was utilized. There are three charging power available in 

the FCS: premium, regular, and economic charging power. The revenue is a function 

of the charging duration. Therefore, annual charging energy is utilized to estimate 

annual revenues. The annual revenue is computed as follows: 

 ℛ𝑅𝑒𝑣 = ℧. [(
((100 − 𝜂𝑠𝑚). 𝛤𝑝)

100
) + (((𝓇. 𝛤𝑟) + ((1 − 𝓇). 𝛤𝑒)) .

𝜂𝑠𝑚

100
)] 10.44 

 ℛ𝑅𝑒𝑣 = ℧. [(
((100 − 𝜂𝑠𝑚). 𝛤𝑝)

100
) + (((𝓇. 𝛤𝑟) + ((1 − 𝓇). 𝛤𝑒)) .

𝜂𝑠𝑚

100
)] 10.45 

 ℛ
𝑅𝑒𝑣

= ℧. [(
((100 − 𝜂𝑠𝑚). 𝛤𝑝)

100
) + (((𝓇. 𝛤𝑟) + ((1 − 𝓇). 𝛤𝑒)) .

𝜂𝑠𝑚

100
)] 10.46 
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 ℛ𝑚𝑎𝑥
𝑅𝑒𝑣 = ℧𝑚𝑎𝑥 . [(

((100 − 𝜂𝑠𝑚). 𝛤𝑝)

100
) + (((𝓇. 𝛤𝑟) + ((1 − 𝓇). 𝛤𝑒)) .

𝜂𝑠𝑚

100
)] 10.47 

 ℛ𝑚𝑖𝑛
𝑅𝑒𝑣 = ℧𝑚𝑖𝑛. [(

((100 − 𝜂𝑠𝑚). 𝛤𝑝)

100
) + (((𝓇. 𝛤𝑟) + ((1 − 𝓇). 𝛤𝑒)) .

𝜂𝑠𝑚

100
)] 10.48 

Where, 

ℛ𝑅𝑒𝑣 
The 25th percentile annual revenue from customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑅𝑒𝑣 
The median annual revenue from customers for using smart charging 

power, ($/𝑦𝑒𝑎𝑟) 

ℛ
𝑅𝑒𝑣

 

The 75th percentile annual revenue from customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑚𝑎𝑥
𝑅𝑒𝑣  

The maximum annual revenue from customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

ℛ𝑚𝑖𝑛
𝑅𝑒𝑣  

The minimum annual revenue from customers for using smart 

charging power, ($/𝑦𝑒𝑎𝑟) 

In equation (10.44) for example, 𝜂𝑠𝑚 represents the share of vehicles that utilize 

smart charging (regular and economic charging powers). If 𝜂𝑠𝑚 = 0, it means that 

only premium charging power was utilized, and the annual revenue is calculated 

accordingly. It also means that the annual revenue of using regular or economic 

charging powers is zero. In contrast, when 𝜂𝑠𝑚 = 100, revenue of using premium 

charging power is zero because the premium charging power was not utilized by any 

vehicles. Different penetration levels of 𝜂𝑠𝑚 are considered to compute annual 
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revenue of the FCS. In equation (10.44) for instance, the factor 𝓇 is used to define 

the share of customers that use regular charging power from those who use economic 

charging power. The factor 𝓇 is generated using uniform random number and it is 

effective only when 𝜂𝑠𝑚 > 0. The function of 𝓇 in equation (10.44) is as illustrated 

in the previous section. For instance, when 𝜂𝑠𝑚 = 10% and 𝓇 = 0.3, according to 

equation (10.44), it means that: 

▪ The percent of vehicles that uses premium charging power is 100 − 𝜂𝑠𝑚 =

90%, 

▪ The percent of vehicles that uses regular charging power is 𝓇. 𝜂𝑠𝑚 = 0.3 ∗

10% = 3%, 

▪ The percent of vehicles that uses premium charging power is (1 − 𝓇). 𝜂𝑠𝑚 =

0.7 ∗ 10% = 7%. 

Therefore, the (maximum, minimum, 25th percentile, 50th percentile, 75th percentile) 

annual revenue in equations (10.44) to (10.48) is determined according to 

deterministic and stochastic factors: 

▪ The deterministic factor is penetration level 𝜂𝑠𝑚, which is varied from 0% up 

to 100% by 10%. 

▪ The stochastic factor is 𝓇, which is generated using a uniform distribution.  

▪ The annual charging energy (℧,℧, ℧, ℧𝑚𝑎𝑥 , ℧𝑚𝑖𝑛) is another stochastic factor 

which represents the vehicle demand from the FCS per year.  
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Equations (10.44) to (10.48) can be written in a long form as follows: 

 ℛ𝑅𝑒𝑣 = [
1

𝑓
∑(𝑞𝑖 . 𝜀𝑖)

𝑓

𝑖=1

]

[
 
 
 
 
𝒞. 𝜗

𝛽𝑝
. [(

((100 − 𝜂𝑠𝑚))

100
) + (((𝓇.

𝛽𝑟

𝛽𝑝
) + ((1 − 𝓇).

𝛽𝑒

𝛽𝑝
)) .

𝜂𝑠𝑚

100
)]

]
 
 
 
 

 10.49 

 ℛ𝑅𝑒𝑣 = [
1

𝑓
∑(𝑞𝑖 . 𝜀𝑖)

𝑓

𝑖=1

]

[
 
 
 
 
𝒞. 𝜗

𝛽𝑝
. [(

((100 − 𝜂𝑠𝑚))

100
) + (((𝓇.

𝛽𝑟

𝛽𝑝
) + ((1 − 𝓇).

𝛽𝑒

𝛽𝑝
)) .

𝜂𝑠𝑚

100
)]

]
 
 
 
 

 10.50 

 ℛ
𝑅𝑒𝑣

= [
1

𝑓
∑(𝑞

𝑖
. 𝜀𝑖)

𝑓

𝑖=1

]

[
 
 
 
 
𝒞. 𝜗

𝛽𝑝
. [(

((100 − 𝜂𝑠𝑚))

100
) + (((𝓇.

𝛽𝑟

𝛽𝑝
) + ((1 − 𝓇).

𝛽𝑒

𝛽𝑝
)) .

𝜂𝑠𝑚

100
)]

]
 
 
 
 

 10.51 

 

ℛ𝑚𝑎𝑥
𝑅𝑒𝑣 = [

1

𝑓
∑(𝑢𝑙𝑖

𝑚𝑎𝑥 . 𝜀𝑖)

𝑓

𝑖=1

]

[
 
 
 
 
𝒞. 𝜗

𝛽𝑝
. [(

((100 − 𝜂𝑠𝑚))

100
)

+ (((𝓇.
𝛽𝑟

𝛽𝑝
) + ((1 − 𝓇).

𝛽𝑒

𝛽𝑝
)) .

𝜂𝑠𝑚

100
)]

]
 
 
 
 

 

10.52 

 

ℛ𝑚𝑖𝑛
𝑅𝑒𝑣 = [

1

𝑓
∑(𝑢𝑙𝑖

𝑚𝑖𝑛 . 𝜀𝑖)

𝑓

𝑖=1

]

[
 
 
 
 
𝒞. 𝜗

𝛽𝑝
. [(

((100 − 𝜂𝑠𝑚))

100
)

+ (((𝓇.
𝛽𝑟

𝛽𝑝
) + ((1 − 𝓇).

𝛽𝑒

𝛽𝑝
)) .

𝜂𝑠𝑚

100
)]

]
 
 
 
 

 

10.53 

10.8 Comparison of Rebate and Revenue 

In this section, the ratio of revenue to rebate per maximum charging duration using 

regular/economic charging power is explained. When a customer charges his/her 

vehicle from the FCS, this makes revenue for the FCS. A rebate is given for the 

charging event if that customer uses regular or economic charging power. Therefore, 
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the per event charging cost can be utilized to estimate the revenue and rebate given 

to customers if they charge their vehicles via regular or economic charging power.  

The maximum cost of charge was determined previously as follows: 

 ℛ𝑅𝑒𝑣,𝑝 = 𝛤𝑝. 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑐) 10.54 

 ℛ𝑅𝑒𝑣,𝑟 = 𝛤𝑟 . 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 10.55 

 ℂℛ
𝑅𝑒𝑣,𝑒

= 𝛤𝑒 . 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 10.56 

The maximum rebate per charge is estimated similarly as follow:  

 ∁𝑅𝑒𝑏,𝑝= (𝛤𝑝 − 𝛤𝑝). 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 10.57 

 ∁𝑅𝑒𝑏,𝑟= (𝛤𝑝 − 𝛤𝑟). 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 10.58 

 ∁𝑅𝑒𝑏,𝑒= (𝛤𝑝 − 𝛤𝑒). 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛) 10.59 

The ratio of the revenue to the rebate of the regular charging power, for example, per 

the maximum charging duration is estimated using equations (10.55) and (10.58) as 

follows: 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

𝛤𝑟 . 𝜇𝑣. (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛)

(𝛤𝑝 − 𝛤𝑟). 𝜇𝑣 . (𝑆𝑜𝐶𝑚𝑎𝑥 − 𝑆𝑜𝐶𝑚𝑖𝑛)
=

𝛤𝑟

(𝛤𝑝 − 𝛤𝑟)
 10.60 

Where, 

ℛ𝑅𝑒𝑣,𝑟 

Revenue from a customer when the regular charging power is 

utilized, $ 

∁𝑅𝑒𝑏,𝑟 

Rebate paid to a customer when the regular charging power is 

utilized, $ 

From equation (10.5), the per unit cost of the regular charging power 𝛤𝑟 , is 
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 𝛤𝑟 = 𝛤𝑝.
𝒯𝑝

𝒯𝑟
 10.61 

Substituting (10.61) into (10.60), we get 

 

ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

𝛤𝑟

(𝛤𝑝 − 𝛤𝑟)
=

𝛤𝑝.
𝒯𝑝

𝒯𝑟

(𝒞. 𝒯𝑝 − 𝛤𝑝.
𝒯𝑝

𝒯𝑟)
=

𝛤𝑝. 𝒯𝑝

(𝒞. 𝒯𝑝. 𝒯𝑟 − 𝛤𝑝.
𝒯𝑝. 𝒯𝑟

𝒯𝑟 )

=
𝛤𝑝. 𝒯𝑝

(𝒞. 𝒯𝑝. 𝒯𝑟 − 𝛤𝑝. 𝒯𝑝)
 

10.62 

Taking 𝒯𝑝 as common factor in (10.62), we get 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

𝛤𝑝. 𝒯𝑝

𝒯𝑝. (𝒞. 𝒯𝑟 − 𝛤𝑝)
=

𝛤𝑝

(𝒞. 𝒯𝑟 − 𝛤𝑝)
 10.63 

Substituting equation (10.4), the per unit cost of the premium charging power 𝛤𝑝, 

into (10.63), we get: 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

𝒞.𝒯𝑝

(𝒞. 𝒯𝑟 − 𝒞.𝒯𝑝)
 10.64 

Taking 𝒞 as common factor in (10.64), we get 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

𝒞.𝒯𝑝

𝒞. (𝒯𝑟 − 𝒯𝑝)
=

𝒯𝑝

𝒯𝑟 − 𝒯𝑝
 10.65 

From equation (10.1) and (10.2), the per unit time of the premium and regular 

charging powers 𝒯𝑝and 𝒯𝑟, are: 

 𝒯𝑝 =
𝜗

𝛽𝑝
 10.66 
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 𝒯𝑟 =
𝜗

𝛽𝑟
 10.67 

Substituting equation (10.66) and (10.67) into (10.65), we get: 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

𝜗
𝛽𝑝

(
𝜗
𝛽𝑟
−
𝜗
𝛽𝑝
)

 10.68 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
𝛤𝑟 =

1

(
𝛽𝑝

𝛽𝑟
−
𝛽𝑝

𝛽𝑝
)
=

1

(
𝛽𝑝

𝛽𝑟
− 1)

 10.69 

 

From equation (9.15) and (9.16), the premium and regular charging powers 𝛽𝑝and 

𝛽𝑟, are functions of the maximum rated power of the charger 𝛽, and are bounded as 

follows: 

 𝑝. 𝛽 ≤  𝛽𝑝 ≤ 𝑝. 𝛽 10.70 

 𝑟. 𝛽 ≤  𝛽𝑟 ≤ 𝑟. 𝛽 10.71 

Also, from equations (9.19) and (9.20), we have 

 𝑝 ≤ 1 10.72 

 𝑝, 𝑝 > 𝑟 10.73 

Therefore, 

 𝛽𝑝 > 𝛽𝑟 10.74 

If,  
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 𝑝𝑜𝑝. 𝛽 ∈ [𝑝. 𝛽, 𝑝. 𝛽] 10.75 

 𝑟𝑜𝑝. 𝛽 ∈ [𝑟. 𝛽, 𝑟. 𝛽] 10.76 

Then, 

 𝑝𝑜𝑝 > 𝑟𝑜𝑝 10.77 

 𝑝𝑜𝑝, 𝑟𝑜𝑝 ∈ (0,1] 10.78 

Where, 

𝑝𝑜𝑝 Optimal factor to set the limit of premium charging power, 𝑝. 𝑢. 

𝑟𝑜𝑝 Optimal factor to set the limit of regular charging power, 𝑝. 𝑢. 

Substituting equations (10.75) and (10.76) in equation (10.69), we get 

 
ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
=

1

(
𝛽𝑝

𝛽𝑟
− 1)

=
1

(
𝑝𝑜𝑝. 𝛽
𝑟𝑜𝑝. 𝛽

− 1)
=

1

(
𝑝𝑜𝑝

𝑟𝑜𝑝 − 1)
 10.79 

Equation (10.79) means that, as the charging duration from the FCS increases, the 

rebate increases as well; however, the revenue increases much more by the factor of 

ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
. This factor 

ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
 is shaped by the ratio of  

𝑝𝑜𝑝

𝑟𝑜𝑝
. The rebate is increased when 

the rated power of regular charging is decreased. The rated power of the regular 

charging is controlled by 𝑟𝑜𝑝, as equations in (9.16) and (10.76). Therefore, 

decreasing 𝑟𝑜𝑝 results in an increase in the ratio of 
𝑝𝑜𝑝

𝑟𝑜𝑝
, (𝑝𝑜𝑝 ≫ 𝑟𝑜𝑝) making the 

ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
 

to decrease. In contrast, when the 𝑟𝑜𝑝 is increased it results in a reduction in the ratio 

of  
𝑝𝑜𝑝

𝑟𝑜𝑝
, (𝑝𝑜𝑝 ≈ 𝑟𝑜𝑝) which in turns makes the 

ℛ𝑅𝑒𝑣,𝑟

∁𝑅𝑒𝑏,𝑟
 in (10.79) to increase.  
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Similarly, given the optimal factor to set the limit of economic charging power, 𝑒𝑜𝑝, 

as follows: 

 𝑒𝑜𝑝. 𝛽 ∈ [𝑒. 𝛽, 𝑒. 𝛽] 10.80 

 𝑝𝑜𝑝 > 𝑒𝑜𝑝 10.81 

Then, the ratio of the revenue to the rebate of the economic charging power per the 

maximum charging duration is estimated as follows: 

 
ℛ𝑅𝑒𝑣,𝑒

∁𝑅𝑒𝑏,𝑒
=

1

(
𝑝𝑜𝑝

𝑒𝑜𝑝 − 1)
 10.82 

Where, 

ℛ𝑅𝑒𝑣,𝑒 

Revenue from a customer when the economic charging power is 

utilized, $ 

∁𝑅𝑒𝑏,𝑒 

Rebate paid to a customer when the economic charging power is 

utilized, $ 

10.9 Results and Discussions 

10.9.1 Per Unit Time and Per Unit Cost of the Smart Charging 

Figures 10.1 and 10.2 depict the required time and cost, as explained in section 10.1, 

to charge vehicles with 1kwh and 25kwh using premium, regular, and economic 

charging powers. It is noted that premium charging power achieves the shortest time 

to charge a vehicle with 1kwh, but it has highest per unit charging cost. Also, it is 

noted that regular charging power requires lower time to charge 1kwh but more cost 

than economic power. The proposed smart charging preserves a balance between the 
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required time and cost to charge 1kwh by the proposed charging power. For example, 

referring to Figure 10.1, the required time to charge 1kwh by premium power is 1.333 

minute whereas it is 1.447 minutes by regular power. The proposed cost to charge 

1kwh by premium power is 0.3777 $ whereas it is a 0.347 $ to charge by regular 

power. The ratio of time required by premium power to the time required by regular 

power is 
1.333

1.447
= 0.92, whereas the ratio of the cost incurred by using premium power 

to regular power is 
0.377

0.347
= 1.08. This means that when premium power is utilized, 

the required time to charge 1kwh is decreased by 8% than the required time to charge 

the same energy by regular power. However, the incurred cost when premium power 

is utilized is increased by 8% than the incurred cost when the regular charging power 

is utilized. Similarly, the ratio of premium power to regular is found to be ±13%. It 

is obvious that the proposed smart charging preserves a balance between the time 

and cost to charge 1kwh, by different charging powers.  

10.9.2 Effect of Charging Power on Charging Duration and Charging Cost 

The maximum charging duration and the corresponding charging costs are 

determined based on the following assumptions: 

▪ The minimum state-of-charge of vehicles is 𝑆𝑜𝐶𝑚𝑖𝑛 = 0.2 𝑝. 𝑢 [257], [258]. 

▪ Given the battery safety considerations, the maximum state-of-charge using 

FCS is 𝑆𝑜𝐶𝑚𝑎𝑥 = 0.8 𝑝. 𝑢., as in [232]. 

▪ Given  𝑆𝑜𝐶𝑚𝑎𝑥 and 𝑆𝑜𝐶𝑚𝑖𝑛, the maximum charging duration is determined 

as in equation (10.16). 
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▪ The charging efficiency is 90%, as in [259], [260].  

▪ The Nissan Leaf is utilized to represent a vehicle with a small battery 

capacity, 𝜇𝑠 = 45 𝑘𝑤ℎ. 

▪ The Chevy Bolt is utilized to represent a vehicle with a small battery capacity, 

𝜇𝑚 = 66 𝑘𝑤ℎ. 

▪ The Tesla Model S is utilized to represent a vehicle with a small battery 

capacity, 𝜇𝑙 = 110 𝑘𝑤ℎ. 

 

Figure 10.1 Required Time and Cost to Charge 1kwh by the Smart Charging 

Premium Regular Economic

Time to charge 1kwh 1.333333333 1.449275362 1.53256705

Cost to charge 1kwh 0.377777778 0.347555556 0.328666667
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Figure 10.2 Required Time and Cost to Charge 25kwh by the Smart Charging 

The maximum per unit charging duration is determined by taking the difference 

between 𝑆𝑜𝐶𝑚𝑎𝑥 and 𝑆𝑜𝐶𝑚𝑖𝑛. Given the battery capacity 𝜇𝑠, 𝜇𝑚 , or, 𝜇𝑙 , and the 

charging type 𝛤𝑝, 𝛤𝑟, or 𝛤𝑒, maximum charging durations and costs are obtained as 

in (10.8) and (10.16). Figures 10.3 to 10.5 visualize the effect of the proposed smart 

charging on vehicles with different battery capacities. It is noted that the charging 

duration and charging costs increase when the battery capacity increases. 
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Figure 10.3 Required Time and Cost to add 70% SOC into Bolt EV Battery 

 

Figure 10.4 Required Time and Cost to add 70% SOC into Leaf EV Battery 
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Figure 10.5 Required Time and Cost to add 70% SOC into Tesla Model S Battery 

10.9.3 Descriptive Statistics of Annual Data for Multiple FCSs 

The per event annual energy profile for FCSs are obtained as in [221], and described 

by maximum value, minimum value, and 25th, 50th, and 75th percentiles, as presented 

in Figure 10.6. The annual number of charging events occurs in FCSs, as presented 

in Figure 10.7. A clear variation among these annual profiles is depicted in Figure 

10.6 and 10.7. 
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Figure 10.6 A boxplot of the Energy Demand on FCS per Charging Event in a Year 

 

Figure 10.7 Number of Annual Charging Events for Different FCSs 

10.9.4 Average Annual Energy Required from FCS 
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as the three quartiles (𝑄1 = 25𝑡ℎ , 𝑄2 = median, and 𝑄3 = 75
𝑡ℎ) percentiles. As 

explained previously, the average number of charging events (𝛯) represents the 

annual number of charging events that may occur at the FCS. Given 𝛯, the energy 

required by vehicles for each charging event from the FCS is not determined. 

 

Figure 10.8 The Energy Required Per Changing Event and the Average Numbers of Events 

In order to determine the annual energy required from the FCS in both extreme 

directions, the maximum (UL𝑚𝑎𝑥) and minimum (UL𝑚𝑖𝑛) values are utilized. The 

percentiles are utilized to quantitatively describe the annual energy required from the 

FCS. The average annual energy required from the FCS is obtained, as shown in 

equation (10.29) – (10.33). The reason of generating the average energy required 

from the FCS, is to compute the annual costs of rebate and revenue. The annual cost 

of the rebate is a function of penetration of the smart charging. Given the annual 

energy required from the FCS, different penetration levels of 𝛯 are considered, as 

presented in Table 10-1. 
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Table 10-1 Max., Min., and Quantile Annual Energy Required by Different Penetration Levels 

of the Proposed Smart Charging 

  

Penetration of Smart Charging 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 
A

n
n

u
a

l 
E

n
er

g
y
 R

eq
u

ir
ed

 i
n

 

k
w

h
 

UL𝑚𝑖𝑛 0 312.5 625 937.5 1250 1562.5 1875 2187.5 2500 2812.5 3125 

℧ 0 1812.5 3625 5437.5 7250 9062.5 10875 12687 14500 16312 18125 

℧ 0 2887.5 5775 8662.5 11550 14437 17325 20212 23100 25987 28875 

℧ 0 4187.5 8375 12562 16750 20937 25125 29312 33500 37687 41875 

UL𝑚𝑎𝑥 0 8187.5 16375 24562 32750 40937 49125 57312 65500 73687 81875 

10.9.5 Fast Charging Station Annual Revenue and Rebate 

Figure 10.9 to 10.13 present the annual rebate and revenue considering different 

energy required from the FCS:  

▪ the minimum annual charging energy (Figure 10.9) obtained as in (10.33), 

▪ the 25th percentile annual charging energy (Figure 10.10) obtained as in 

(10.29), 

▪ the 50th percentile annual charging energy (Figure 10.11) obtained as in 

(10.30), 

▪ the 75th percentile annual charging energy (Figure 10.12) obtained as in 

(10.31), 

▪ and the maximum charging energy (Figure 10.13) obtained as in (10.32).  

In each figure, the rebate represents the annual cost paid to the customer for using 

smart charging with regular and/or economic charging power. The annual rebate is 
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shown in the right y-axis of each figure. The revenue is shown in the left y-axis of 

each figure and represents the costs obtained from selling the energy to customers 

when customers charge via premium 𝛽𝑝, regular 𝛽𝑟, and/or economic 𝛽𝑒 charging 

power. Each bar represents a result for a specific penetration of smart charging.  

For example, result of the first bar in Figure 10.9 is obtained as follows: 

given: 

▪ the minimum annual charging energy as shown in Figure 10.8, 𝑄 =

2.461 𝑘𝑤ℎ/𝑒𝑣𝑒𝑛𝑡. 

▪ the average annual charging energy as presented in Figure 10.8 is 𝛯 =

1250 𝑒𝑣𝑒𝑛𝑡. 

▪ penetration of the smart charging 𝜂𝑠𝑚 = 0. 

▪ the costs of premium, regular, and economic charging powers as shown in 

Figure 10.1 are 𝛤𝑝 = 0.378 $/𝑘𝑤ℎ, 𝛤𝑟 = 0.348 $/𝑘𝑤ℎ, and 𝛤𝑒 = 0.329 $/

𝑘𝑤ℎ. 

▪ the uniform random number 𝓇 is to determine the share of regular and 

economic power for each penetration.  

▪ the optimal factors for the premium 𝑝𝑜𝑝, regular 𝑟𝑜𝑝, and economic 𝑒𝑜𝑝 

power are 1, 0.925, and 0.875. 

then, 
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▪ the average minimum annual charging energy required from the FCS is 

𝑄. 𝛯 = 3076.25 𝑘𝑤ℎ 

▪ the annual rebate and revenue are calculated as in Equations (10.83) and 

(10.84) (rewritten below) as follows: 

 ℛ𝑅𝑒𝑣 = ℧. [(
((100 − 𝜂𝑠𝑚). 𝛤𝑝)

100
) + (((𝓇. 𝛤𝑟) + ((1 − 𝓇). 𝛤𝑒)) .

𝜂𝑠𝑚

100
)] 10.83 

 ∁𝑅𝑒𝑏= ℧. [(𝓇. (𝛤𝑝 − 𝛤𝑟)) + ((1 − 𝓇). (𝛤𝑝 − 𝛤𝑒))].
𝜂𝑠𝑚

100
 10.84 

▪ the revenue of the smart charging is zero because 𝜂𝑠𝑚 = 0, as well as the 

rebate ∁𝑅𝑒𝑏= 0. 

▪ thus, the revenue ℛ𝑅𝑒𝑣 is calculated from selling the energy from using the 

premium power only, ℛ𝑅𝑒𝑣 = 3076.25 ∗ 0.378 = 1162.82 $/𝑦𝑒𝑎𝑟. 

▪ the ratio of the revenue to the rebate of using the smart charging is 9 and 

obtained by averaging optimal factors, 𝑟𝑜𝑝 and 𝑒𝑜𝑝, and substituting the 

average into equations (10.79) or (10.82). 

By increasing 𝜂𝑠𝑚, the rest of the bars in Figure 10.9 can be obtained. When 𝜂𝑠𝑚 ≠

0, the revenue and rebate of using regular and economic charging power are 

determined by randomly assigned 𝓇. The revenue and rebate of using the smart 

charging are assigned by taking their average, individually, after multiple iteration 

(350 iterations) as recommended in [258].  

From Figure 10.9 to 10.13, it is noted that: 
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▪ the annual revenue changes slightly as the penetration of the smart charging 

increases. This means that as the revenue of using the premium power 

decreases, it is compensated by using the regular and economic charging 

powers. Therefore, the proposed smart charging preserves the annual 

revenue.  

▪ the annual revenue is increased as the energy required from the FCS is 

increased (i.e. increased from ℧ to ℧ as presented in Figures 10.9 and 10.13).  

▪ the rebate is increased as the penetration of the smart charging is increased 

(i.e., 𝜂𝑠𝑚 increased considering the same Figure 10.9).  

▪ also, the amount of the annual rebate is increased as the annual energy 

required from the FCS is increased (i.e. increased from ℧𝑚𝑖𝑛 to ℧𝑚𝑎𝑥 as 

shown in  Figures 10.9 and 10.13). 

 

 

Figure 10.9 Revenue and Rebate of the Minimum Annual Charging Energy 
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Figure 10.10 Revenue and Rebate of the 25th percentile Annual Charging Energy 

 

Figure 10.11 Revenue and Rebate of the Median Annual Charging Energy 
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Figure 10.12 Revenue and Rebate of the 75th percentile Annual Charging Energy 

 

Figure 10.13 Revenue and Rebate of the Maximum Annual Charging Energy 
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the flicker is to avoid the service disconnection on the facility. The utility point of 

view is to protect their equipment as well as nearby customers.  

  

Figure 10.14 Effect of Voltage Fluctuations on Different Stakeholders 

When the operation of fast charging stations causes a voltage fluctuation and light 

flicker, the FCSs may get disconnected resulting in financial losses. The financial 

losses are represented by the FCS downtime. The downtime is the total amount of 

time that the FCS is not accessible. The FCS downtime and its losses can be 

interpreted as the cost of voltage flicker incurred by the FCS’s owner.  

In order to avoid FCS downtime, voltage fluctuation and light flicker should be 
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DSTATCOM, according to the cost per kVAr basis and the total annual equivalent 

cost. The total annual equivalent cost of DSTATCOM is 14,568 $/year.  

The proposed smart charging in this study can also be utilized to mitigate the voltage 

fluctuation and light flicker. To make customers adopt the proposed smart charging, 

an instant rebate is paid to the customer for each charging event from the FCS, as 

explained in 10.7. The annual rebate can be interpreted as the annual cost incurred 

by the FCS to mitigate the light flicker thereby avoiding financial losses due to the 

FCS downtime. The annual rebate is a function of the annual penetration of smart 

charging, as illustrated in section 10.9.5. Figure 10.15 shows the annual rebates of 

different penetrations of the proposed smart charging.  

 

Figure 10.15 Annual Cost of the Proposed Smart Charging 

As presented in Figure 10.15, the rebate is not only a function of the penetration of 

the smart charging, but is also a function of the minimum, maximum, 25th, 50th, and 
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of the smart charging with the annual cost of the DSTATCOM, the annual average 

rebate of using the smart charging is calculated. The annual average rebate is 

estimated by averaging the values of equations (10.39) – (10.43). From Figure 10.15, 

it is noted that the average rebate increases from nearly $140 to $1400 as the smart 

charging penetration increases from 10% to 100%. This means that the minimum 

annual cost incurred by the FCS when the proposed smart charging is applied is $140, 

whereas the maximum annual incurred cost by the FCS is $1400.  

Figure 10.16 represents the cost percentage decrease when the proposed smart 

charging is utilized, in comparison to the cost of DSTATCOM.  The annual cost of 

the proposed smart charging is reduced by a minimum of 90% to a maximum of 99% 

of the cost of the DSTATCOM, in comparison to the annual cost of the 

DSTATCOM. Figure 10.16 clearly shows that the proposed smart charging achieves 

a tremendous reduction in the cost of mitigating voltage fluctuation and light flicker. 

 

Figure 10.16 Comparison of Costs of the Proposed Smart Charging and DSTATCOM  
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Chapter 11. Conclusion and Future Work 

11.1 Summary and Conclusions  

The goal of the research in this thesis was to quantify the impact of integrating the 

fast charging station on the voltage fluctuation and light flicker, and to mitigate that 

impact. The motivation for the study was explained in Chapter 1 as well as the 

objectives.  

In Chapter 2, the previous work related to the impacts and mitigation techniques of 

FCSs are reviewed. The chapter can be classified into two parts: the first part aimed 

to review the impacts of FCSs reported by the previous studies; the second part 

attempted to investigate the proposed mitigation methods for the anticipated impacts 

of FCSs found according to the first part. In this chapter, the impacts of FCS were 

surveyed from two perspectives: the first was on the power quality of distribution 

systems while the second was on generating the demand profile of the FCS. 

In Chapter 3, the response of lighting technology to voltage fluctuation has been 

discussed. Characteristics of different types of lamps such as lifetime, efficacy, cost, 

and market share were presented. The adverse impacts of voltage fluctuation on the 

lighting technology and the power system were indicated. Several flicker metrics 

were explained in this chapter as well as the flicker response of different types of 

lamps. 

In Chapter 4, mitigation of voltage fluctuation and light flicker has been discussed. 

The standard utility practice when a customer’s equipment violates the flicker limit 

as well as the responsibility to mitigate that violation are presented. Multiples voltage 
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fluctuation mitigation technologies were reviewed and compared based on different 

criteria such as their control range, harmonic content, losses, overload capability, and 

response time. Besides, this chapter attempted to quantify and compare the costs of 

several flicker mitigation devices, considering the initial purchase price and the 

maintenance costs. Also, the advantages and the disadvantages of these flicker 

mitigation devices were discussed in this chapter. The best flicker mitigation device 

was selected according as per these comparisons. 

In Chapter 5, an overview of electric distribution networks was introduced. Overhead 

and underground main components, whether in the primary or secondary systems, 

were explained and their functions were illustrated as well.  

In Chapter 6, benchmark models for residential and multiple commercial loads, 

located in different cities, are utilized to develop corresponding probabilistic profiles. 

The cities are classified based on their climate zones the corresponding residential 

and commercial profiles are grouped accordingly. Each profile of each group is 

divided based on the seasons into four subgroups and then each subgroup is further 

divided into weekdays and weekends. The principle component analysis is applied 

to reduce and prepare the aggregated data in each subgroup for the clustering using 

the k-means method. The cluster is evaluated using supervised and unsupervised 

validity indices. The obtained load profiles are utilized to represent the loads in the 

electric distribution system under study. 

In Chapter 7, a probabilistic charging profile was proposed to represent the fast 

charging stations energy requirements when they are utilized by PBEVs. Several 
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parameters were considered to generate the probabilistic profiles such as number of 

electric vehicles, size of battery capacities, arriving rate and time, battery state-of-

charge at the time of arrival, and length of time with a battery drawn power from the 

charger. The Markov Chain Monte Carlo, relying on Metropolis-Hastings sampler, 

was utilized to estimate these parameters based on selected distributions. Also, two 

charging methods were explained in this chapter: the first method assumes that the 

output power of the charging station is estimated, and the second method presumes 

that the output power is actual.  

In Chapter 8, the test system is developed and modified to include fast charging 

stations, commercial loads, and residential houses. Different scenarios were applied 

on the test system, to quantify the impact of the FCSs on the voltage quality, and to 

mitigate that impact by different mitigation devices such as DSTATCOMDs and 

battery energy storage unit. The voltage quality of each scenario in this chapter was 

analyzed based on three different assessment methods: the voltage range, the voltage 

unbalance, and the voltage fluctuation and light flicker.  

In Chapter 9, a novel smart charging approach is proposed to mitigate the impact of 

voltage fluctuation and light flicker. The proposed charging method assumes that the 

same port of the fast charger can provide three different charging powers, namely 

economic, regular, and premium. Selection of the charging power is determined by 

the customer, but their charging rates are defined by the FCS operator/investor and 

can be changed within the day according to different variables such as system peak, 

FCS demand, and the local level of the produced renewable energy. Objective and 
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constraints of the smart charging are included in this chapter. Effect of the proposed 

charging on the charging duration as well as the effect of full charging of batteries 

are analyzed.  Two case studies were conducted in this chapter to evaluate impacts 

of the proposed charging method as well as uncontrolled charging, on voltage 

fluctuation and light flicker. A comparative study is presented in this chapter to 

compare results of the proposed method with the relevant wok.  

In Chapter 10, the per unit cost and time of the proposed smart charging are 

determined. The per unit regular/economic charging cost is modeled to be a function 

of the per unit cost of premium charging power and a scaling factor. A scaling factor 

is proposed to represent a rebate offered to the customer to adopt the regular and 

economic charging powers. The rebate is designed to compensate the increase in the 

charging duration by reducing the per unit cost of regular and economic charging 

power. The cost is modeled to preserve a balance in the required cost to charge 1kwh 

by the regular or economic power to the required time to charge 1kwh by the 

premium power, and vice versa. The annual cost of the proposed smart charging is 

estimated in this chapter and compared with the cost of best flicker mitigation device 

as selected in Chapter 4. 

The main findings of this thesis are as follows: 

▪ Results reveal that integrating the fast charging station has adverse impacts 

on the voltage fluctuations which lead to light flicker. The impact is a 

function of different parameters such as the rated power of the charger, the 
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number of chargers in the station, and share of vehicles charges from the fast 

charging station.   

▪ The study shows that flicker response of different types of lamps is varied. 

Some of modern lamps are immune to flicker. Nevertheless, the voltage 

fluctuation still has adverse impact on power system equipment and may lead 

them to irregular operation.  

▪ Results indicate that voltage fluctuation and light flicker caused by 

integrating the fast charging station can be mitigated. Among several 

mitigation devices, the distribution static compensator is selected according 

to the defined criteria in this study. The study shows that not only the voltage 

fluctuation is mitigated by the distribution static compensator, but also the 

voltage unbalance in the system is reduced. Nevertheless, the cost of the 

distribution static compensators is very high (14,568 $/year), and it is not 

reasonable to be incurred by the fast charging station operator/investor.  

▪ When the uncontrolled charging method is applied, the flicker limit is 

exceeded when the demand on the fast charging station is increased by 20%. 

In contrast, the proposed smart charging can mitigate the voltage fluctuation 

and light flicker even though when the penetration on the FCS is increased 

by 50%.  

▪ Three different charging powers are proposed in the smart charging: the 

premium, regular, and economic charging power. A rebate is given to 

customer to adopt the smart charging. Results reveal that as the smart 
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charging penetration increases from 10% to 100% the average annual rebate 

increases from $140 to $1400. The annual cost of the proposed smart 

charging is less than the annual cost of the DSTATCOM by a minimum of 

90% to a maximum of 99%.  

▪ Results show that the required time to charge 1kwh by premium, regular and 

economic powers are is 1.333, 1.449, and 1.532 minute/kwh, respectively. 

The proposed cost to charge 1kwh by the aforementioned powers are 0.377, 

0.347, and 0.328 $/kwh. The ratio of time required by premium power to the 

time required by regular and economic power are 0.92 and 0.87 whereas the 

ratio of the cost incurred by using premium power to regular and economic 

powers are 1.08 and 1.14. This means that when premium power is used, the 

required time to charge 1kwh are decreased by 8% and 14% than the required 

time to charge the same energy by regular and economic power, but the 

incurred cost of using the premium power are increased by 8% and 14% than 

the incurred cost when the regular and economic charging power are utilized, 

and vice versa. 

11.2 Research Contributions of the Thesis  

The main contributions of this research are as follows:  

▪ Proposing a novel smart charging approach that quantifies and mitigates the 

impact of FCS on the voltage fluctuation and light flicker. 

▪ The development of a novel set of smart charging constraints which offers 

more flexibility to customers than those currently in the literature, in which 
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customer can select the charging power according to customer’s priority 

whether to time or the cost.   

▪ The development of a novel cost model of the proposed smart charging that 

preserves the balance of customer's value of time and value cost. 

▪ Developing probabilistic demand profiles for FCS based on two approaches: 

when the output power of FCSs are estimated, and when the output power of 

FCSs are actual. 

▪ Estimating the cost of several voltage fluctuation mitigation devices and 

compared them based on different criteria such as their response time, losses, 

harmonic content, and control range.  

▪ Proposing probabilistic models at different climate zones for different 

commercial and residential loads.  

11.3 Future Work 

Different topics related to this work can be investigated in the future. Some of these 

topics are as follow: 

▪ Equipping the fast charging station with photovoltaics may contribute 

positively to reduce the difference between the premium to the regular and 

economic charging powers; however, the photovoltaics may contribute 

negatively on the flicker level. A future work can be conducted to determine 

the effect.    



266 

 

 

▪ The proposed smart charging in this thesis mainly aims to reduce the voltage 

fluctuation and flicker level and to balance the customer's value of time to the 

value of cost. The first aim is for benefit of the FCS investor while the second 

is for benefit of the customer. Reducing the system peak was not considered 

and it is a benefit for the system operator. The smart charging can be 

formulated to consider the system peak and the time-of-use price in its 

constraints, which is open the door for a future work.   

▪ Studying the impacts of the climate zones on EV driving patterns, which 

impacts the charging patterns and affecting several power components in the 

distribution grids. 
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Appendices  

Appendix A.  

A1. IEEE 123-Bus Standard Test Distribution System Data 

Table A-1 Three-Phase Switch Positions 

Configuration Phasing 

Phasing 

Conductor 

ACSR 

Normal 

Conductor 

ACSR 

Spacing 

ID 

1 ABCN 336,400 26/7 4/0 6/1 500 

2 CABN 336,400 26/7 4/0 6/1 500 

3 BCAN 336,400 26/7 4/0 6/1 500 

4 CBAN 336,400 26/7 4/0 6/1 500 

5 BACN 336,400 26/7 4/0 6/1 500 

6 ACBN 336,400 26/7 4/0 6/1 500 

7 CAN 336,400 26/7 4/0 6/1 505 

8 ABN 336,400 26/7 4/0 6/1 505 

9 AN 1/0 1/0 510 

10 BN 1/0 1/0 510 

11 CN 1/0 1/0 510 

Table A-2 Overhead Line Configuration Data 

Node A Node B Normal 

13 152 closed 

18 135 closed 

60 160 closed 

61 610 closed 

97 197 closed 

150 149 closed 

250 251 open 

450 451 open 

54 94 open 

151 300 open 

300 350 open 

 

Table A-3 Underground Line Configuration Data 

Configuration Phasing Cable Spacing ID 

12 ABC 1/0 AA, CN 515 
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Table A-4 Primary Transformer Data 

Transformer kVA kVA- High kVA- Low R% X% 

Substation 5000 115 - D 4.16 Gr - W 1 8 

XFM-1 150 4.16 - D 0.480 - D 1.27 2.72 

Table A-5 Shunt Capacitors Data 

Node  Phase-A kVAr Phase-B kVAr Phase-C kVAr 

83 200 200 200 

88 50 0.0 0.0 

90 0.0 50 0.0 

92 0.0 0.0 250 

Table A-6 Regulator Data 

ID Line Segment Location 
Monitoring 

Phase 
Bandwidth 

PT 

Ratio 

Primary 

CT Rating 
R X 

Voltage 

Level 

1-A 150-149 150 A 2.0 Volt 20 700 3 7.5 120 

2-A 9-14 9 A 2.0 Volt 20 50 0.4 0.4 120 

3-A 25-26 25 A 1.0 Volt 20 50 0.4 0.4 120 

3-C 25-26 25 C 1.0 Volt 20 50 0.4 0.4 120 

4-A 160-67 160 A 2.0 Volt 20 300 0.6 1.3 124 

4-B 160-67 160 B 2.0 Volt 20 300 1.4 2.6 124 

4-C 160-67 160 C 2.0 Volt 20 300 0.2 1.4 124 

Table A-7 Sport Load Data 

Node  
Load 

Model 

Ph-1 

kW 

Ph-1 

kVAr 

Ph-2 

kW 

Ph-2 

kVAr 

Ph-3 

kW 

Ph-3 

kVAr 

1 Y-PQ 40 20 0 0 0 0 

2 Y-PQ 0 0 20 10 0 0 

4 Y-PQ 0 0 0 0 40 20 

5 Y-I 0 0 0 0 20 10 

6 Y-Z 0 0 0 0 40 20 

7 Y-PQ 20 10 0 0 0 0 

9 Y-PQ 40 20 0 0 0 0 

10 Y-I 20 10 0 0 0 0 

11 Y-Z 40 20 0 0 0 0 

12 Y-PQ 0 0 20 10 0 0 

16 Y-PQ 0 0 0 0 40 20 

17 Y-PQ 0 0 0 0 20 10 

19 Y-PQ 40 20 0 0 0 0 

20 Y-I 40 20 0 0 0 0 

22 Y-Z 0 0 40 20 0 0 

24 Y-PQ 0 0 0 0 40 20 

28 Y-I 40 20 0 0 0 0 

 



292 

 

 

Table A-8 Sport Load Data 

Node  
Load 

Model 

Ph-1 

kW 

Ph-1 

kVAr 

Ph-2 

kW 

Ph-2 

kVAr 

Ph-3 

kW 

Ph-3 

kVAr 

29 Y-Z 40 20 0 0 0 0 

30 Y-PQ 0 0 0 0 40 20 

31 Y-PQ 0 0 0 0 20 10 

32 Y-PQ 0 0 0 0 20 10 

33 Y-I 40 20 0 0 0 0 

34 Y-Z 0 0 0 0 40 20 

35 D-PQ 40 20 0 0 0 0 

37 Y-Z 40 20 0 0 0 0 

38 Y-I 0 0 20 10 0 0 

39 Y-PQ 0 0 20 10 0 0 

41 Y-PQ 0 0 0 0 20 10 

42 Y-PQ 40 20 0 0 0 0 

43 Y-PQ 0 0 20 10 0 0 

45 Y-PQ 0 0 0 0 40 20 

46 Y-I 0 0 0 0 20 10 

47 Y-Z 0 0 0 0 40 20 

48 Y-PQ 20 10 0 0 0 0 

49 Y-PQ 40 20 0 0 0 0 

50 Y-I 20 10 0 0 0 0 

51 Y-Z 40 20 0 0 0 0 

38 Y-PQ 0 0 20 10 0 0 

39 Y-PQ 0 0 0 0 40 20 

41 Y-PQ 0 0 0 0 20 10 

42 Y-PQ 20 10 0 0 0 0 

43 Y-Z 0 0 40 20 0 0 

45 Y-I 20 10 0 0 0 0 

46 Y-PQ 20 10 0 0 0 0 

47 Y-I 35 25 35 25 35 25 

48 Y-Z 70 50 70 50 70 50 

49 Y-PQ 35 25 70 50 35 25 

50 Y-PQ 0 0 0 0 40 20 

51 Y-PQ 20 10 0 0 0 0 

52 Y-PQ 40 20 0 0 0 0 

53 Y-PQ 40 20 0 0 0 0 

55 Y-Z 20 10 0 0 0 0 

56 Y-PQ 0 0 20 10 0 0 

58 Y-I 0 0 20 10 0 0 

59 Y-PQ 0 0 20 10 0 0 

60 Y-PQ 20 10 0 0 0 0 

62 Y-Z 0 0 0 0 40 20 
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Table A-9 Sport Load Data 

Node  
Load 

Model 

Ph-1 

kW 

Ph-1 

kVAr 

Ph-2 

kW 

Ph-2 

kVAr 

Ph-3 

kW 

Ph-3 

kVAr 

63 Y-PQ 40 20 0 0 0 0 

64 Y-I 0 0 75 35 0 0 

65 D-Z 35 25 35 25 70 50 

66 Y-PQ 0 0 0 0 75 35 

68 Y-PQ 20 10 0 0 0 0 

69 Y-PQ 40 20 0 0 0 0 

70 Y-PQ 20 10 0 0 0 0 

71 Y-PQ 40 20 0 0 0 0 

73 Y-PQ 0 0 0 0 40 20 

74 Y-Z 0 0 0 0 40 20 

75 Y-PQ 0 0 0 0 40 20 

76 D-I 105 80 70 50 70 50 

77 Y-PQ 0 0 40 20 0 0 

79 Y-Z 40 20 0 0 0 0 

80 Y-PQ 0 0 40 20 0 0 

82 Y-PQ 40 20 0 0 0 0 

83 Y-PQ 0 0 0 0 20 10 

84 Y-PQ 0 0 0 0 20 10 

85 Y-PQ 0 0 0 0 40 20 

86 Y-PQ 0 0 20 10 0 0 

87 Y-PQ 0 0 40 20 0 0 

88 Y-PQ 40 20 0 0 0 0 

90 Y-I 0 0 40 20 0 0 

92 Y-PQ 0 0 0 0 40 20 

94 Y-PQ 40 20 0 0 0 0 

95 Y-PQ 0 0 20 10 0 0 

96 Y-PQ 0 0 20 10 0 0 

98 Y-PQ 40 20 0 0 0 0 

99 Y-PQ 0 0 40 20 0 0 

100 Y-Z 0 0 0 0 40 20 

102 Y-PQ 0 0 0 0 20 10 

103 Y-PQ 0 0 0 0 40 20 

104 Y-PQ 0 0 0 0 40 20 

106 Y-PQ 0 0 40 20 0 0 

107 Y-PQ 0 0 40 20 0 0 

109 Y-PQ 40 20 0 0 0 0 

111 Y-PQ 20 10 0 0 0 0 

112 Y-I 20 10 0 0 0 0 

113 Y-Z 40 20 0 0 0 0 

114 Y-PQ 20 10 0 0 0 0 
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Table A-10 Line Segment Data 

Node A Node B Length (feet) Configuration 

1 2 175 10 

1 3 250 11 

1 7 300 1 

3 4 200 11 

3 5 325 11 

5 6 250 11 

7 8 200 1 

8 12 225 10 

8 9 225 9 

8 13 300 1 

9 14 425 9 

13 34 150 11 

13 18 825 2 

14 11 250 9 

14 10 250 9 

15 16 375 11 

15 17 350 11 

18 19 250 9 

18 21 300 2 

19 20 325 9 

21 22 525 10 

21 23 250 2 

23 24 550 11 

23 25 275 2 

25 26 350 7 

25 28 200 2 

26 27 275 7 

26 31 225 11 

27 33 500 9 

28 29 300 2 

29 30 350 2 

30 250 200 2 

31 32 300 11 

34 15 100 11 

35 36 650 8 

35 40 250 1 

36 37 300 9 

36 38 250 10 

38 39 325 10 

40 41 325 11 

 



295 

 

 

Table A-11 Line Segment Data 

Node A Node B Length (feet) Configuration 

40 42 250 1 

42 43 500 10 

42 44 200 1 

44 45 200 9 

44 47 250 1 

45 46 300 9 

47 48 150 4 

47 49 250 4 

49 50 250 4 

50 51 250 4 

52 53 200 1 

53 54 125 1 

54 55 275 1 

54 57 350 3 

55 56 275 1 

57 58 250 10 

57 60 750 3 

58 59 250 10 

60 61 550 5 

60 62 250 12 

62 63 175 12 

63 64 350 12 

64 65 425 12 

65 66 325 12 

67 68 200 9 

67 72 275 3 

67 97 250 3 

68 69 275 9 

69 70 325 9 

70 71 275 9 

72 73 275 11 

72 76 200 3 

73 74 350 11 

74 75 400 11 

76 77 400 6 

76 86 700 3 

77 78 100 6 

78 79 225 6 

78 80 475 6 

Ggg 



296 

 

 

Table A-12 Line Segment Data 

Node A Node B Length (feet) Configuration 

80 81 475 6 

40 41 325 11 

40 42 250 1 

81 82 250 6 

81 84 675 11 

82 83 250 6 

84 85 475 11 

86 87 450 6 

87 88 175 9 

87 89 275 6 

89 90 225 10 

89 91 225 6 

91 92 300 11 

91 93 225 6 

93 94 275 9 

93 95 300 6 

95 96 200 10 

97 98 275 3 

98 99 550 3 

99 100 300 3 

100 450 800 3 

101 102 225 11 

101 105 275 3 

102 103 325 11 

103 104 700 11 

105 106 225 10 

105 108 325 3 

106 107 575 10 

108 109 450 9 

108 300 1000 3 

109 110 300 9 

110 111 575 9 

110 112 125 9 

112 113 525 9 

113 114 325 9 

135 35 375 4 

149 1 400 1 

152 52 400 1 

160 67 350 6 

197 101 250 3 
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Line Configuration 1: 

[

0.4576 + 𝑗1.0780 0.1560 + 𝑗0.5017 0.1535 + 𝑗0.3849
0.1560 + 𝑗0.5017 0.4666 + 𝑗1.0482 0.1580 + 𝑗0.4236
0.1535 + 𝑗0.3849 0.1580 + 𝑗0.4236 0.4615 + 𝑗1.0651

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.6765 −1.8319 −0.6982
−1.8319 5.9809 −1.1645
−0.6982 −1.1645 5.3971

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 2: 

[

0.4666 + 𝑗1.0482 0.1580 + 𝑗0.4236 0.1560 + 𝑗0.5017
0.1580 + 𝑗0.4236 0.4615 + 𝑗1.0651 0.1535 + 𝑗0.3849
0.1560 + 𝑗0.5017 0.1535 + 𝑗0.3849 0.4576 + 𝑗1.0780

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.9809 −1.1645 −1.8319
−1.1645 5.3971 −0.6982
−1.8319 −0.6982 5.6765

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 3: 

[

0.4615 + 𝑗1.0651 0.1535 + 𝑗0.3849 0.1580 + 𝑗0.4236
0.1535 + 𝑗0.3849 0.4576 + 𝑗1.0780 0.1560 + 𝑗0.5017
0.1580 + 𝑗0.4236 0.1560 + 𝑗0.5017 0.4666 + 𝑗1.0482

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.3971 −0.6982 −1.1645
−0.6982 5.6765 −1.8319
−1.1645 −1.8319 5.9809

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 4: 

[

0.4615 + 𝑗1.0651 0.1580 + 𝑗0.4236 0.1535 + 𝑗0.3849
0.1580 + 𝑗0.4236 0.4666 + 𝑗1.0482 0.1560 + 𝑗0.5017
0.1535 + 𝑗0.3849 0.1560 + 𝑗0.5017 0.4576 + 𝑗1.0780

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.3971 −1.1645 −0.6982
−1.1645 5.9809 −1.8319
−0.6982 −1.8319 5.6765

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 5: 

[

0.4666 + j1.0482   0.1560 + j0.5017 0.1580 + j0.4236
0.1560 + j0.5017 0.4576 + j1.0780 0.1535 + j0.3849
0.1580 + j0.4236 0.1535 + j0.3849 0.4615 + j1.0651

]
Ω

𝑚𝑖𝑙𝑒
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[
5.9809 −1.8319 −1.1645
−1.8319 5.6765 −0.6982
−1.1645 −0.6982 5.3971

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 6: 

[

0.4576 + j1.0780 0.1535 + j0.3849 0.1560 + j0.5017
0.1535 + j0.3849 0.4615 + j1.0651 0.1580 + j0.4236
0.1560 + j0.5017 0.1580 + j0.4236 0.4666 + j1.0482

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.6765 −0.6982 −1.8319
−0.6982 5.3971 −1.1645
−1.8319 −1.1645 5.9809

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 7: 

[

0.4576 + j1.0780 0.0000 + j0.0000 0.1535 + j0.3849
0.0000 + j0.0000 0.0000 + j0.0000 0.0000 + j0.0000
0.1535 + j0.3849 0.0000 + j0.0000 0.4615 + j1.0651

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.1154 0.0000 −1.0549
0.0000 0.0000 0.0000
−1.0549 0.0000 5.1704

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 8: 

[

0.4576 + j1.0780 0.1535 + j0.3849 0.0000 + j0.0000
0.1535 + j0.3849 0.4615 + j1.0651 0.0000 + j0.0000
0.0000 + j0.0000 0.0000 + j0.0000 0.0000 + j0.0000

]
Ω

𝑚𝑖𝑙𝑒
 

[
5.1154 −1.0549 0.0000
−1.0549 5.1704 0.0000
0.0000 0.0000 0.0000

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 9: 

[

1.3292 + j1.3475 0.0000 + j0.0000 0.0000 + j0.0000
0.0000 + j0.0000 0.0000 + j0.0000 0.0000 + j0.0000
0.0000 + j0.0000 0.0000 + j0.0000 0.0000 + j0.0000

]
Ω

𝑚𝑖𝑙𝑒
 

[
4.5193 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000

]
μS

𝑚𝑖𝑙𝑒
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Line Configuration 10: 

[

0.0000 + j0.0000 0.0000 + j0.0000 0.0000 + j0.0000
0.0000 + j0.0000 1.3292 + j1.3475 0.0000 + j0.0000
0.0000 + j0.0000 0.0000 + j0.0000 0.0000 + j0.0000

]
Ω

𝑚𝑖𝑙𝑒
 

[
0.0000 0.0000 0.0000
0.0000 4.5193 0.0000
0.0000 0.0000 0.0000

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 11: 

[
0.0000  0.0000 0.0000  0.0000 0.0000  0.0000
0.0000  0.0000 0.0000  0.0000 0.0000  0.0000
0.0000  0.0000 0.0000  0.0000 1.3292  1.3475

]
Ω

𝑚𝑖𝑙𝑒
 

[
0.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0000 0.0000 4.5193

]
μS

𝑚𝑖𝑙𝑒
 

 

Line Configuration 12: 

[

1.5209 + j0.7521 0.5198 + j0.2775 0.4924 + j0.2157
0.5198 + j0.2775 1.5329 + j0.7162 0.5198 + j0.2775
0.4924 + j0.2157 0.5198 + j0.2775 1.5209 + j0.7521

]
Ω

𝑚𝑖𝑙𝑒
 

[
67.2242 0.0000 0.0000
0.000 67.2242 0.0000
0.0000 0.0000 67.2242

]
μS

𝑚𝑖𝑙𝑒
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Appendix B.  

B1. Secondary Distribution System Data 

 

Table B-1 Secondary Distribution Transformer Data 

Transformer 

Location 
kVA kVA- High kVA- Low R% X% 

Residential 25 kVA 2.402 Gr-W 0.240 Gr -W 0.5367 1.0733 

Residential 50 kVA 2.402 Gr-W 0.240 Gr -W 1.0140 1.7238 

Commercial 15 kVA 4. 16 Gr-W 0.208 Gr -W 1.6 2.53 

Commercial 30 kVA 4.16 Gr-W 0.208 Gr -W 1.96 2.4 

FCS 50 kVA 4.16 Gr-W 0.600 Gr -W 1.61 3.98 

FCS 150 kVA 4.16 Gr-W 0.600 Gr -W 1.53 5.8 

FCS 300 kVA 4.16 Gr-W 0.600 Gr -W 1.81 7.17 

 

Table B-2 Secondary Type and Conductor Data 

Secondary 

Line Type 
Conductor 

GMR 

(feet) 

Diameter 

(Inch) 

Resistance 

(𝛀/𝑚𝑖. ) 
Insulation 

Thick. (mil) 

Length 

(feet) 

Main Line  4/0 AA 0.0158 0.522 0.484 80 125 

Service Drop 1/0 AA 0. 0111 0.368 0.97 80 [80,100] 

 

Secondary Main Line 

[
0.1587 + 𝑗0.0711 0.0670 + 𝑗0.0417
0.0670 + 𝑗0.0417 0.1587 + 𝑗0.0711

]
Ω

𝑘𝑓𝑒𝑒𝑡
 

 

Secondary Service Drop 

[
0.2891 + 𝑗0.1159 0.1054 + 𝑗0.0842
0.1054 + 𝑗0.0842 0.2891 + 𝑗0.1159

]
Ω

𝑚𝑖𝑙𝑒
 

 

 

 


