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Abstract: The introduction of electrical vehicle charging infrastructure including EV charger, 9 
renewable energy resource at secondary feeder in distribution system has been increased as one of 10 
countermeasure for global environmental issues. However, the Electric Vehicle Charging (EVC) 11 
infrastructure may act as the peak load in distribution system, which can adversely impact on the 12 
voltage stability when the electric vehicle is quickly charged. Therefore, to keep within the limit 13 
capacity of secondary feeder and allowable limit for feeder voltage, this paper proposes a 14 
stabilization method by the Energy Storage System (ESS) control strategy at secondary feeder in 15 
order to be not violated over than lower and upper limit. Also, this paper presents the estimation 16 
method to keep the proper standard value of State of Charge (SOC). From the simulation results, 17 
the voltage stabilization operation by ESS should make the feeder voltages of the distribution 18 
system(secondary feeder) introduced EVC Infra keep better voltage conditions, also estimation 19 
method to keep the proper standard value is confirmed that the SOC of ESS when is the standby 20 
condition could be exactly kept within the proper reference range. Therefore, it is confirmed that 21 
this strategy is effective tool to solve the voltage problems by ESS. 22 

Keywords: electrical vehicle charging infrastructure; State of charge; stabilization method; ESS 23 
control strategy; coordination operation; violation of voltage; Energy Storage System 24 

 25 

1. Introduction 26 

As power systems have been deregulated and decentralized according to the technology 27 
development of small-scale electric vehicle charging infrastructure including EV charger, Renewable 28 
Energy Resource (RES) have been actively interconnected and operated at secondary feeder in 29 
distribution systems. Therefore, many power quality and allowable capacity at feeder problems such 30 
as voltage variations and acceptable capacity in secondary feeder may be occurred, when EVC infra 31 
including RES are interconnected at secondary feeder in distribution system [1-4]. Specifically, When 32 
EV infra including the RES is operated in the secondary feeder, the feeder voltage is increased or 33 
decreased than allowable limit by the EV charging capacity and the output of the renewable energy 34 
resource. For example, when the output of renewable energy is better than the customer power, the 35 
feeder voltage is increased by the reverse power flow. Also, when the EV charge capacity and the 36 
customer power are increased, the feeder voltage has a characteristic to be dropped by heavy load. 37 

A charging price based EVC strategies have been proposed to mitigate the impacts of EV 38 
charging on the distribution system [5-13]. In [5], EV charging demand is constructed by means of 39 
the route characteristics of EV users, and the charging price is determined considering the voltage 40 
deviation of distribution system. Therefore, the area where a high EV charge demand is expected is 41 
priced high, and accordingly the EV charging demand become low so that grid voltage could stay in 42 
stable range. And Time-of-Use (TOU) pricing scheme is introduced to decrease the peak load demand 43 
and alleviate overloading on the transformer [6-12]. In addition, an automatic demand response 44 
(ADR) strategy was proposed as a real-time price-based method [13]. Minimizing the cost of EV 45 
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charging price, while self-consumption of PV generation, and reducing the impact on voltage of 46 
distribution system. However, above studies have a limitation that it is difficult to respond 47 
immediately to the voltage fluctuations caused by the EV charging loads in distribution system. 48 

In another approach, the EV battery charging process in EV charger is operated to support grid 49 
voltage. The Fast Charging Station (FSC) is composed of two converters, AC/DC and DC/DC 50 
internally [14-16]. The grid connected converter (AC/DC) is controlled to inject the reactive power 51 
into the grid for voltage regulation and EV charger (DC/DC) is performed charging process based on 52 
a constant current/reduced constant current method [14-15]. These studies have addressed the bi-53 
directional EV charger concept to improve the grid voltage quality. In [16], suggested a decoupled 54 
concept between grid side converter and EV chargers. The grid side converter is in charge of reactive 55 
power, AC system voltage and DC-link voltage. And EV chargers control the constant voltage (CV) 56 
and constant current (CC) to EV battery. Despite the advantages of directly controlling the grid 57 
voltage by supplying reactive power, above researches have constraints on the use of commercial 58 
product due to the DC-link voltage and the need for customized EV chargers. Therefore, in order to 59 
keep within the limit capacity of secondary feeder and allowable limit for feeder voltage, this paper 60 
proposes a stabilization method at secondary feeder by the ESS control strategy which is operated as 61 
the charging mode when RES output should be violated for feeder capacity, or the discharge mode 62 
when customer power and EV power should be higher than limit capacity of feeder. 63 

This paper presents Electric Vehicle Infra stabilization (EVI) algorithm to keep allowable limit 64 
for power and voltage of secondary feeder through the ESS introduction with electric vehicle and 65 
renewable energy resource at end of section. Also, this paper proposes the estimation method to keep 66 
the proper standard value of SOC (it is named the State of Reference, SOR) considering ESS operation 67 
condition when ESS is not operated by EVI-algorithm. Based on the modeling of EVI-algorithm and 68 
SOR algorithm by MATLAB/SIMULINK software, it is confirmed that feeder voltages in distribution 69 
system (secondary feeder) can be maintained within allowable limit and to be keep as proper SOC. 70 
Meanwhile, the voltage stabilization operation by ESS should make the feeder voltages of the 71 
distribution system (secondary feeder) introduced EVC Infra keep better voltage conditions, also 72 
estimation method to keep the proper standard value is confirmed that the SOC of ESS when is the 73 
standby condition could be exactly kept within the proper reference range under coordinating 74 
situation. Therefore, the case study results show that this strategy is effective tool to solve the voltage 75 
problems by ESS operation. 76 

2. Introduction necessity of ESS for voltage regulation at secondary feeder with EV infra  77 

When the electric charging system including the renewable energy resource is operated in the 78 
secondary feeder, the feeder voltage is increased or decreased than allowable limit by the EV charging 79 
capacity and the output of the renewable energy resource. For example, when the output of 80 
renewable energy is upper than the customer power, the feeder voltage is increased by the reverse 81 
power flow. Also, when the EV charge capacity and the customer power are increased, the feeder 82 
voltage has a characteristic to be dropped by heavy load. Therefore, in order to keep within the limit 83 
capacity of secondary feeder and allowable limit for feeder voltage, this paper proposes a 84 
stabilization method at secondary feeder by the ESS control strategy which is operated as the 85 
charging mode when RES output should be violate the feeder capacity. Also, it is controlled the 86 
discharge mode when customer power and EV power should be higher than limit capacity of feeder. 87 
And, this paper presents the estimation method to keep the proper standard value of SOC 88 
considering ESS operation condition when ESS is not operated by voltage stabilization function. 89 
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 90 

Figure 1. Strategy of power stabilization in secondary feeder by ESS. 91 

Meanwhile, voltage stabilization method by ESS is based on the principle of the following feeder 92 
voltage characteristics. The feeder current of each section is controlled by operation of ESS that feeder 93 
current decreases when ESS is operated as discharging mode and feeder current increases in case ESS 94 
is operated as charging mode as shown in figure 2. At this time, the secondary feeder voltages are 95 
dropped or raised by the relationship between fixed impedance and the current capacity at the prior 96 
sections of an ESS site. 97 

 98 

(a) Current characteristic in the grid in case of the ESS charging. 99 
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 100 
(b) Current characteristic in the grid in case of the ESS discharging. 101 

Figure 2. Current characteristic in the grid according to the ESS operation. 102 

Therefore, this paper presents method to expand the acceptance of EV charging infrastructure 103 
through ESS operation, and presents a stabilization strategy of power to keep the feeder voltage 104 
within the allowable limit in secondary feeder. Also, this paper proposes the proper standard range 105 
of ESS SOC to operate the ESS at all time. 106 

3. Line impedance decision algorithm for operation of voltage stabilization ESS 107 

The feeder voltage of the distribution system is changed by the current magnitude with the 108 
variation value and the line impedance with the fixed value. At this time, feeder voltage has a 109 
characteristic which is increased by the reverse power flow when the output of renewable energy is 110 
better than the customer power and is dropped by heavy load when the EV charge capacity and the 111 
customer power are increased. Under these concept, to presents a stabilization strategy of voltage to 112 
keep the feeder voltage within the allowable limit in secondary feeder, decision problem of line 113 
impedance is very important in proposed algorithm. 114 

Therefore, in order to operate the ESS introduced in the electric charging system, this paper 115 
presents method to determine the line impedance based on the voltage and the passing current on 116 
the existing secondary feeder with RES and EV infra. Specifically, Optimal line impedance value have 117 
a general relationship with pole transformer voltage and power common coupling voltage at EVS 118 
infra including passing current as shown in equation (1). Therefore, the optimal line impedance 119 
values can be calculated by solving the equation for 𝑈௣.௧௥, 𝑈௖௜  and 𝐼௖௜ . 120 

𝑂𝑏𝑗. 𝑡𝑜 𝑍௡ = 𝑙𝑟 ൥෍ ෍
𝑈௣.௧௥(𝑡) − 𝑈௖௜(𝑡)

𝐼௖௜(𝑡)
× 𝐶𝑂𝑆𝜃௖௜(𝑡)

௡

௜ୀଵ

௠

௧ୀ଴

൩                      (1) 121 

Where, 𝑍௡ is line impedance value, 𝑙𝑟 is liner regression method, 𝑈௣.௧௥(𝑡) is pole transformer 122 
voltage, 𝑈௖௜(𝑡) is power common coupling voltage at EV infra, 𝐼௖௜(𝑡) is passing current at secondary 123 
feeder, 𝐶𝑂𝑆𝜃௖௜(𝑡) is Power factor at secondary feeder, 𝑚 is measuring time, n is ESS site (EV infra) 124 
section number of secondary feeder.  125 

Solving the equation for 𝑍௡  in equation (1) cannot provide a linear function and has wide 126 
distribution characteristic as depicted in Figure 4. Therefore, the solution of optimal line impedance 127 
values is equivalent to finding coefficients of the first order equation of equation (2). It is desirable to 128 
minimize the differences between optimal line impedance value and the first order equation. The 129 
Least Square Method (LSM) is now introduced in order to find optimal Line impedance. The squared 130 
summation of differences is formulated as: 131 
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 132 
Figure 3. Distribution characteristics of line impedance 133 

𝑀𝑖𝑛 𝑞 = ෍ ൤𝑍௡(𝑡) −
𝑈𝑑𝑟𝑜𝑝(𝑡)

𝐼௖௜(𝑡)
൨

ଶ்

௧ୀଵ

                                  (2) 134 

             𝑆𝑢𝑏𝑗. 𝑡𝑜 𝑈ௗ௥௢௣(𝑡) = 𝑈௣.௧௥(𝑡) − 𝑈௖௜(𝑡) 135 

where, q is error function and T is total number of time interval. 136 
By minimizing q in Eq. (3), Zn can be obtained as: 137 

𝒁𝒏 =
ቂ∑ (∑ ൬ቀ𝑼𝒑.𝒕𝒓(𝒕) − 𝑼𝒄𝒊(𝒕)ቁ × 𝑪𝑶𝑺𝜽𝒄𝒊(𝒕)൰ − 𝑻 ∑ ൬ቀ𝑼𝒑.𝒕𝒓(𝒕) − 𝑼𝒄𝒊(𝒕)ቁ × 𝑪𝑶𝑺𝜽𝒄𝒊(𝒕)൰𝒎

𝒕ୀ𝟏
𝒏
𝒊ୀ𝟏

𝒎
𝒕ୀ𝟏 ቃ

(∑ 𝑰𝒄𝒊(𝒕))𝒎
𝒕ୀ𝟏

𝟐
− 𝑻(∑ 𝑰𝒄𝒊(𝒕))𝒎

𝒕ୀ𝟏
𝟐

 (𝟑) 138 

4. Optimal operation algorithm of ESS for voltage regulation 139 

4.1. EVI-Algorithm of ESS for voltage regulation 140 

Figure 4 assumed that the ESS is installed at the end of the secondary feeder, distribution system 141 
(secondary feeder) model is expressed that stabilizes the voltage of the distribution system by the ESS 142 
operation. Meanwhile, this paper presents method to keep allowable limit for power and voltage of 143 
secondary feeder through the ESS introduction with electric vehicle and renewable energy resource 144 
at end of section. 145 

 146 

Figure 4. Configuration of secondary feeder with EV infra for proposed method. 147 

As mentioned earlier, the concept of proposed strategy can be follows as; 148 
Firstly, it is confirmed the rated capacity (maximum current) of secondary feeder through the 149 

visual inspection. And, the voltage characteristics from the pole transformer to the end section are 150 
analyzed by each voltage characteristics for heavy load and maximum output of renewable energy 151 
resource. After that, secondary feeder voltages with EV infra are controlled within allowable limit 152 
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(upper limit, lower limit) by charging and discharging of ESS As much as the voltage (∆𝑈ாௌௌ) out of 153 
the limit capacity of the secondary feeder. This concept is expressed in figure 5. 154 

 155 

Figure 5. Operation concept of proposed method. 156 

On the other hands, the voltage is compensated by the ESS as much as the voltage voltage  157 
(∆𝑈ாௌௌ ) limit capacity of the secondary feeder that is defined as the Voltage Compensation Rate 158 
(VCR). In this case, secondary feeder is stabilized by ESS operation with a charging/discharging value 159 
in which the VCR is converted into active power. However, ESS can has problems by frequent 160 
operation when VCR is terminated to the upper limit and lower limit warnings. Therefore, this paper 161 
presents a setting method of VCR with margin as shown in figure 6. Specifically, the margin 162 
(Bandwidth) is applied to the under area of upper limit and over area of lower limit, and ESS is 163 
operated by considering VCR and bandwidth coefficient.    164 

 165 
(a) VCR considering margin(Bandwidth) in case of discharging  166 

 167 
(b) VCR considering margin(Bandwidth) in case of discharging 168 

Figure 6. Concept of VCR considering margin (Bandwidth). 169 

Therefore, proposed EVI-algorithm by ESS can be summarized as shown in figure 7. 170 

 171 

Figure 7. Concept for EVI-algorithm by ESS. 172 
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4.2 SOR-Algorithm of ESS for voltage regulation 173 

The charging and discharging operation of the ESS are generally carried out based on 50%SOC 174 
(SOC, state of charge) in order to operate ESS during the 24h. However, the ESS introduced for 175 
voltage stabilization in the distribution system including secondary feeder has a problem in operating 176 
standard value as the fixed SOC because the number of charges and discharges is different per hour. 177 
If the operating standard value of SOC is calculated by real-time per daily or hour, it is possible to 178 
stable operation than existing method like 50% of SOC. Therefore, Also, this paper proposes the 179 
estimation method to keep the proper standard value of SOC (it is named the State of Reference, SOR) 180 
considering ESS operation condition when ESS is not operated by EVI-algorithm as shown in Figure 181 
8. Meanwhile, The proper SOR is continuously estimated from result value of the previous hour or 182 
daily operation pattern of ESS that charging and discharging operation of ESS is performed based on 183 
fixed SOC when operate the ESS for the first time.  184 

 185 

Figure 8. Concept of estimation method for State of Reference of ESS. 186 

Under these concept, SOR is calculated as the sum of 50% SOC (initial value of ESS) and the rate 187 
of change in [kWh] charging and discharging capacity [%] of ESS for each time period as shown in 188 
Figure 8. And, Statistic calculation method for SOR (State of Reference, SOR) estimation is expressed 189 
in equation (4). 190 

SOR୲୦(h) = ෍ ൝൥
∑ 𝑃ாௌௌି௖௛௔௥௚௘(𝑦, 𝑡) − ∑ 𝑃ாௌௌିௗ௜௦௖௛௔௥௚ (𝑦, 𝑡)௦௘௖

௧ୀଵ
௦௘௖
௧ୀଵ

∑ 𝑃ாௌௌି௖௛௔௥௚௘(𝑦, 𝑡) + ∑ 𝑃ாௌௌିௗ௜௦௖௛௔௥௚ (𝑦, 𝑡)௦௘௖
௧ୀଵ

௦௘௖
௧ୀଵ

× 100[%]൩ + 50[%]ൡ

௧௛

௬ୀଵ

       (4) 191 

where, SOR୲୦(୦) is proper standard value of SOC each time period, 𝑃ாௌௌି௖௛௔௥௚௘  charging capacity of 192 
ESS for one time, 𝑃ாௌௌିௗ௜௦௖௛௔௥௚  is discharging capacity of ESS for one time, th is application time 193 
zone of SOR. 194 

If the setting width of SOR is very small, ESS can has problems by frequently the operation when 195 
the ESS is controlled to proper standard value. To solve the problems, this paper proposes a method 196 
to apply the margin of ±𝐷𝐵(Deadband, DB) to the SOR of ESS in equation (5). 197 

 baundary of SOR୲୦(ℎ)[%] =   SOR୲୦(ℎ)[%] − 𝐷𝐵[%] ≤ SOR୲୦(ℎ)[%] ≤ SOR୲୦(ℎ)[%] − 𝐷𝐵[%] (5) 198 

where DB [%] is margin of SOR 199 

4.3 Coordination control strategy between EVI-algorithm and SOR-algorithm for ESS  200 

In this paper, operation of ESS by proposed coordination control strategy between EVI-201 
Algorithm and SOR-algorithm are classified into three categories as bellows; 202 

 203 
[Category 1] When the voltage in secondary feeder violates the upper limit and lower limit. 204 

Case l. Only one voltage is not kept within upper limit and lower limit 205 
Case 2. Multiple voltages are not kept within upper limit and lower limit 206 
 207 

[Category 2] When ESS is performed as SOR-algorithm operation 208 
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The voltage in secondary feeder for ESS operation is the measured voltage for each section. This 209 
concept is summarized as follows; 210 

 211 
A. In case voltage in secondary feeder violates the upper limit and lower limit; 212 
 213 
Firstly, in case of voltage to be violated in only one section, ESS is operated after determination 214 

of capacity as much as voltage compensation range at violated section as shown in figure 9. 215 

 216 

Figure 9. Case of voltage to be violated in only one section. 217 

And, when is the voltage to be violated in multiple section, voltage compensation range of ESS 218 
is determined based on the largest voltage at violated feeders shown in figure 10. 219 

 220 

Figure 10. Case of voltage to be violated in multiple sections. 221 

B. In case ESS is performed as SOR-algorithm operation; 222 
 223 
ESS preforms SOC operation by SOR-algorithm when has a relationship between to be not 224 

operated as stabilization method and to be not kept within SOR boundary as expressed in figure 11. 225 

 226 

Figure 11. SOC operation of ESS within SOR. 227 

As mentioned earlier, coordination control operation procedure of ESS to stabilize power and 228 
voltage of secondary feeder is categorized by 8 steps as below. 229 

 230 
[STEP 1] In order to determine voltage range(𝑈௩௜௢௟௔௧௜௢௡) from rated voltage to the upper limit 231 

and lower limit in secondary feeder with EV infra, it is calculated as multiply of the maximum 232 
allowable current in secondary feeder, estimated value of line impedance from chapter 3, load factor 233 
as shown in equation (6). Here, load factor is based on the heavy load (LF: from 0.7 to 0.8) voltage 234 
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range. And also, voltage range in each section has as same value because of linear characteristic of 235 
voltage based on the current variation. 236 

𝑈௩௜௢௟௔௧௜௢௡ = 𝐼௠௔௫ × 𝑍௡ × 𝐿𝐹                                  (6) 237 

where, 𝑈௩௜௢௟௔௧௜௢௡ is voltage range in secondary feeder, 𝐼௠௔௫ is maximum allowable current and 𝐿𝐹 238 
is load factor at heavy load. 239 

 240 
[STEP 2] The upper limit and lower limit which are allowable limit value is determined by rated 241 

voltage and voltage range that calculated by the [STEP 1] considering capacity of secondary feeder 242 
as expressed by equation (7) and Equation (8).  243 

𝑈௎ = 𝑈௡ + 𝑈௩௜௢௟௔௧௜௢௡                                  (7) 244 

𝑈௅ = 𝑈௡ − 𝑈௩௜௢௟௔௧௜௢௡                                   (8) 245 

where, 𝑈௎ is upper limit of voltage, 𝑈௅ is lower limit of voltage and 𝑈௡ is rated voltage in 246 
secondary feeder based on the 1 phase 2 wire. 247 

 248 
[STEP 3] ESS is difficult to frequent operation as instantons value within 1sec because of lamp 249 

late time of the pcs for ESS and the life cycle of the electric device. Also, generators for frequency 250 
regulator are operated as an average power value over 10 seconds. Under these concept, this step 251 
secures the stability of ESS through the time interval for ESS operation as applying average real- time 252 
voltage value at secondary feeder during the set time as show in equation (9). Merely, operation time 253 
of ESS is only determined by set time to calculate average real- time voltage value.  254 

𝑈௖௜ି௧(𝑡௫) = ቈන 𝑈௖௜(𝑡)
௧ୀ௧௫

௧ୀ଴

቉ /𝑡௫                           (9) 255 

where, 𝑈௖௜ି௧(𝑡𝑥) is average voltage in secondary feeder during 𝑡௫ time, 𝑡௫ is continuous operation 256 
time before next operation time of ESS and 𝑈௖௜(𝑡) is real-time voltage in secondary feeder.   257 

 258 
[STEP 4] Based on the calculated voltage in equations (9) earlier, the stabilization operation 259 

signal by ESS is recognized by condition of charging mode and discharging mode. Meanwhile, ESS 260 
is operated as charging mode in which alpha value is “1” and beta value is “0” when the average 261 
voltage of Eq. (9) is exceeded the upper limit. And also, ESS is operated as discharging mode in which 262 
alpha value is “0” and beta value is “1” when the average voltage of Eq. (10) is kept below the lower 263 
limit. At the relation equation (10), because voltage compensation rate determined at previous time 264 
period is summed at average voltage, it is applied in condition equation. However, in the initial 265 
operation of the ESS, the voltage compensation range of the previous time is assumed to be zero 266 
value. 267 

𝛼(𝑡௫), 𝛽(𝑡௫) = ቎

𝑈௖௜ି௧(𝑡௫) + ∆𝑈ாௌௌ(𝑡௫ − 1) > 𝑈௎ 𝛼 = 1, 𝛽 = 0

𝑈௖௜ି௧(𝑡௫) + ∆𝑈ாௌௌ(𝑡௫ − 1) > 𝑈௅ 𝛼 = 0, 𝛽 = 1

𝑈௅ ≤ 𝑈௖௜ି௧(𝑡௫) + ∆𝑈ாௌௌ(𝑡௫ − 1)  ≤ 𝑈௎ 𝛼 = 0, 𝛽 = 0

቏      (10) 268 

where, 𝛼(𝑡௫)  is the charging mode signal for voltage stabilization by ESS and 𝛽(𝑡௫)  is the 269 
discharging mode signal for voltage stabilization by ESS. 270 
 271 

[STEP 5] On the other hand, when the ESS does not operated as a voltage stabilization function, 272 
it is possible to determine the SOR operation. Firstly, in case all section voltages of secondary feeder 273 
is satisfied within allowable limit, changing and discharging signal of ESS must be determined as 274 
𝛼 = 0 and 𝛽 = 0 from the [STEP 2]. And, all feeder voltages should be kept within target ± value 275 
(𝑈௡ ± 𝑇𝑚) range which is the set value between the rated voltage and limit voltage (upper limit and 276 
lower limit). Therefore, when all of the above conditions are satisfied, the primary condition signal 277 
(γ) for the SOR operation of ESS becomes “γ=1” as expressed by equation (11). Where, In order to 278 
prevent operation frequently at SOR operation condition, target ± margin which means proper 279 
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value between the rated voltage and limit values is applied to setting voltage range for SOR 280 
operation. And, charging and discharging of ESS for SOR operation will be determined at next step. 281 

𝛼(𝑡௫), 𝛽(𝑡௫), 𝛾(𝑡௫) 282 

= ൤
(𝑈௅ − 𝑈௡) × 𝑇𝑚 + 𝑈௡ ≤ 𝑈௖௜ି௧(𝑡௫) ≤ (𝑈௎ − 𝑈௡) × 𝑇𝑚 + 𝑈௡ 𝛼 = 0, 𝛽 = 0, 𝛾 = 1

𝑒𝑙𝑠𝑒 𝛼 = 0, 𝛽 = 0, 𝛾 = 0
൨    (11) 283 

where, 𝛾 is primary condition signal(𝛾) for the SOR operation and 𝑇𝑚 is proper value between the 284 
rated voltage and limit values. 285 

 286 
[STEP 6] In this step, charging or discharging signals of ESS for SOR are determined based one 287 

primary condition signal(𝛾) of ESS SOR operation at [STEP 5]. Meanwhile, from the proposed SOR 288 
algorithm of the chapter 4.2, ESS is carried out charging mode (1/4 kW value of ESS rated capacity) 289 
when the SOC is lower than SOR range considering DB. And also ESS is performed as discharging 290 
mode (1/4 kW value of ESS rated capacity) when the SOC of ESS is upper than SOR range. Under 291 
these concept, operation signal SOR operation is formulated by; 292 

𝜖(𝑡௫), 𝛿(𝑡௫) = ቎

𝑆𝑂𝐶(𝑡௫) > 𝑆𝑂𝑅(𝑡௫) + 𝐷𝐵 𝜖(𝑡௫) = 1, 𝛿(𝑡௫) = 0

𝑆𝑂𝐶(𝑡௫) < 𝑆𝑂𝑅(𝑡௫) − 𝐷𝐵 𝜖(𝑡௫) = 0, 𝛿(𝑡௫) = 1

𝑆𝑂𝑅 − 𝐷𝐵 ≤ 𝑆𝑂𝐶(𝑡௫) ≤ 𝑆𝑂𝑅(𝑡௫) + 𝐷𝐵 𝑛𝑜𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑒

቏         (12) 293 

where, 𝜖(𝑡௫): is charging signal for SOR operation,𝛿(𝑡௫) is discharging signal for SOR operation and 294 
DB is margin of SOR. 295 

Therefore, condition for voltage stabilization and SOR operation are classified by bellows; 296 

Table 1. Operation signal classification of ESS. 297 

Classification Signal Condition 
𝜶 𝜷 𝜸 𝝐 𝜹 

Charging operation of voltage stabilization 1 0 - - - 
Discharging operation of voltage stabilization 0 1 - - - 

Charging operation within SOR range 0 0 1 0 1 
Discharging operation within SOR range 0 0 1 1 0 

Not opertion 

0 0 0 0 0 
0 0 1 0 0 
0 0 0 1 0 
0 0 0 0 1 

 298 
[STEP 7] Determination of voltage compensation rate considering Bandwidth 299 
 300 
Based on the determination for voltage stabilization operation of ESS, the decision problem for 301 

the voltage compensation range is defined in equation (13). In other words, the voltage compensation 302 
rate(∆𝑈ாௌௌ(𝑡௫)) to maintain from violated voltage to allowable limit are calculated by limit voltage at 303 
[STEP 2], margin of voltage (Bandwidth), measured average voltage at [STEP 3], voltage 304 
compensation rate of previous time, charging/discharging signal of ESS when operation of ESS is 305 
decided as voltage stabilization function. Here, voltage compensation rate of previous time is 306 
assumed as “zero” in case the ESS has not been operated in the previous time or initial time. Also, 307 
the + ∆𝑈ாௌௌ(𝑡௫) means a compensation range value for ESS discharging and - ∆𝑈ாௌௌ(𝑡௫) means a 308 
compensation range value for ESS charging. 309 

    ∆𝑈ாௌௌ(𝑡௫) = 𝛼(𝑡௫)(𝑈௖௜ି௧(𝑡௫) − 𝑈௎ + 𝐵𝑤) − 𝛽(𝑡௫)(𝑈௖௜ି௧(𝑡௫) − 𝑈௅ − 𝐵𝑤)         (13)310 
+ 𝛼(𝑡௫)(∆𝑈ாௌௌ(𝑡௫ − 1) + 𝛽(𝑡௫)(∆𝑈ாௌௌ(𝑡௫ − 1)      311 

where, ∆U୉ୗୗ(t୶)  is voltage compensation rate by the ESS and Bw is margin for voltage 312 
compensation rate. 313 
 314 
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[STEP 8] Voltage and Stabilization operation of ESS 315 
 316 
On the other hands, the output of the ESS when ESS voltage stabilization is operated as 317 

afunction.as shown in Equation (14) is determined by the impedance value from the chapter 2, 318 
voltage compensation rate from the [STEP 7], measuring average voltage from the [STEP 3]. 319 

𝑃ாௌௌ(𝑡௫) = (
∆𝑈ாௌௌ(𝑡௫)

𝑍௡

× 𝑈௖௜ି௧(𝑡௫)) × 3𝑝ℎ𝑎𝑠𝑒 (14) 

where, 𝑃ாௌௌ(𝑡௫) is output of ESS. 320 
 321 
[STEP 9] SOR operation of ESS 322 
 323 
In this step. SOR operation of ESS expressed by equation (15) is carried out when the ESS does 324 

not operated as a voltage stabilization function. In order words, ESS is performed about 1/4 of ESS 325 
rated capacity [kW] when is assumed as signal(γ)=1, signals (ϵ,δ)=1,0 or (ϵ,δ)=0,1. Here, γ signal, ϵ 326 
and δ signals are results value occurred from the [Step 5] and [Step 6]. Also, the + value of 𝑃ாௌௌ(𝑡௫) 327 
means ESS discharging state and - value means ESS charging state. 328 

𝑃ாௌௌ(𝑡௫) = 𝜖(𝑡௫)𝛿(𝑡௫) ቆ
𝐸𝑆𝑆𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦[𝑘𝑊]

4
ቇ − 𝜖(𝑡௫)𝛿(𝑡௫) ቆ

𝐸𝑆𝑆𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦[𝑘𝑊]

4
ቇ (15) 

[STEP 10] After operation of all step, procedure is returns to [STEP 2] and re-decides whether to 329 
operate ESS. 330 

 331 
As mentioned earlier, coordination operation procedure between EVI-algorithm and SOR-332 

algorithm for ESS is expressed by; 333 

 334 

Figure 12. Flowchart of coordination control strategy between EVI-algorithm and SOR-algorithm for 335 
ESS. 336 

  337 
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5. Modeling of electric vehicle charging infrastructure at secondary feeder  338 

In order to perform the verification of the coordination control strategy between AVI-algorithm 339 
and SOR algorithm at secondary feeder in distribution system proposed above, this chapter present 340 
the simulation modeling of the low voltage distribution system, ESS, photovoltaic system, loads, and 341 
the proposed algorithm for the electric vehicle using MATLAB/SIMULINK. In this simulation model, 342 
it is assumed that there is no harmonic and frequency variation, and only the positive sequence is 343 
considered. Therefore, the RMS based phasor model is suitable under this environment and also is 344 
able to simulate for long-term scenarios. 345 

5.1. Battery Energy Storagy System modeling for voltage stabilization 346 

The ESS for voltage stabilization, which is connected to the EVC infra in low voltage distribution 347 
system, consists of a battery that is able to charging and discharging energy and a DC/DC converter 348 
that is responsible for bi-directional power flow through voltage control, and an inverter that is in 349 
charge of synchronizing with AC system. As shown in figure 13, the ESS modeling is constructed to 350 
follow the command value from the supervisory controller like an Energy Management System 351 
(EMS). Therefore, that it is controlled by the proposed algorithm. 352 

 353 

Figure 13. Bi-directional grid connected Inverter model with ESS. 354 

5.2. Loads(Consumer) and EV Loads(Charging) modeling 355 

The loads are limited to the general customer and the electric vehicles, all assumed to be the 356 
general resistive load. In general, load patterns vary according to weather, season, and even hour, so 357 
it is modeled to make output followed the input values. Consumers and EV load patterns for various 358 
scenarios are generated for each hour, based on 24 hours a day. Here, the EV loads is limited to one-359 
way direction so that the energy flows from load to secondary feeder. 360 

5.3. Photovoltaic power generation modeling 361 

The photovoltaic system consists of a solar panel and a power converter, and DC output power 362 
from solar panel is determined by the irradiation and temperature. In this step, MPPT (Maximum 363 
Power Point Tracking) control of the power converter extracts maximum energy and transforms it to 364 
the AC output. The combination of the photovoltaic module changes the output characteristics of the 365 
voltage and current of the DC power, and it determines the topology of the photovoltaic power 366 
converter. In this paper, it is assumed that the photovoltaic system operates by the MPPT through 367 
equations (16) to (17) [20]. 368 

𝐼௠௣ =  𝐼௣௩ − 𝐼௢ ൤exp ൬
𝑉௠௣ + 𝐼௠௣𝑅௦

𝑁௔𝑉
൰ − 1൨ −

𝑉௠௣ + 𝐼௠௣𝑅௦

𝑅௦௛

 (16) 

−
𝐼௠௣

𝑉௠௣

= −
𝐼଴

𝑁௔𝑉
ቆ1 −

𝐼௠௣

𝑉௠௣

𝑅௦ቇ ൤exp ൬
𝑉௠௣ + 𝐼௠௣𝑅௦

𝑁௔𝑉
൰൨ −

1

𝑅௦௛

ቆ1 −
𝐼௠௣

𝑉௠௣

𝑅௦ቇ (17) 
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where, 𝑉  is the thermal voltage, 𝑅௦  is the series resistor, 𝐼௢  is the reverse saturation current, 369 
𝑅௦௛ shunt resistance, 𝑉௠௣  and 𝐼௠௣  are voltage and current levels at maximum power point 370 
respectably.  371 

5.4. Control Algorithm modeling 372 

The EVC infra is an integrated system in which PV, ESS, and loads are linked to secondary feeder 373 
and must be kept in stable operation under various conditions by external environment. Depending 374 
on the unpredictable generation of renewable energy and consume the loads like an EV, the voltage 375 
could be reached to an unstable state occasionally, and an emergency stop may be necessary in case 376 
of the malfunction of the components. Therefore, the proposed control algorithm is implemented 377 
based on the state machine to operate the whole system, as shown in figure 14. 378 

Voltage Alarm

INITIALIZATION

N-STOP
(Normal)

E-STOP
(Safety)

SELF Test

Finish!

Finish!

N-STOP Alarm!

E-STOP Alarm!

E-STOP Clear! N-STOP Clear!

Grid Support

Charging Discharging

Under-Voltage

Over-Voltage

Stand-by

Charging Dis-charging

IDLE

Over-Vol_Warn
&& SOC Low

Under-Vol_Warn
&& SOC High

Voltage OK
|| SOC OK

Voltage OK
|| SOC OK

Voltage OK

Voltage Alarm

Voltage OK

 379 

Figure 14. State machine of EMS for EV Charging Infrastructure. 380 

Basically, state machine for electric charging infrastructure consists of 'INITIALIZATION', 'SELF 381 
Test', 'Grid Support', 'IDLE', 'N-STOP', and 'E-STOP'. At first, receive measurement data from each 382 
component of the EVC infra, then process the raw data through post processing and check the alarm 383 
state based on it. For instance, if the voltage is reached on out of the upper and lower limit boundary 384 
in EV charging Infrastructure, the state move to 'Grid Support' and execute the internal algorithm 385 
which is expressed in figure 15. 386 
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 387 

Figure 15. Voltage Compensation algorithm in ‘Grid Support’ state. 388 

Combining LV distribution system, PV, ESS, load, EV, and EMS with the proposed algorithm, 389 
the entire simulation model is generated using MATLAB/SIMULINK as shown in figure 16. 390 

 391 

Figure 16. PV-ESS based EV Charging Infrastructure model (MATLAB/SIMULINK). 392 

6. Case studies 393 

6.1. Performance index 394 

The characteristic of feeder voltage distributions can be evaluated by the degree of how close 395 
feeder voltages are maintained to the rated voltage. Therefore, a performance index can be defined 396 
as a form of the squared differences between the rated voltage and feeder voltages in secondary 397 
feeder as bellows;  398 

𝑷𝑰(𝒕𝒙) = ∑ ∑ [{𝑽𝒄𝒊ି𝒕(𝒕𝒙, 𝒊) − 𝑽𝒓𝒂𝒕𝒆𝒅}𝟐]𝑵
𝒊ୀ𝟏

𝑻
𝒕𝒙ୀ𝟏 . (18) 

where, 𝑉௖௜ି௧(𝒕𝒙) is the feeder voltage in the secondary feeder at 𝑖 section, 𝑉௥௔௧௘ௗ is the reference 399 
voltage (220 V), 𝑇 is the total operation time, and 𝑁 is the total amount of the section. 400 
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6.2. Simulation condition 401 

The electric vehicle charging infrastructure presented in this paper is a system which is 402 
connected to the low voltage distribution system, and power cables and transformers should be 403 
configured in accordance with power characteristic and capacity. In addition, the low voltage 404 
distribution system should be properly modeled because the X/R ratio of the line impedance is low 405 
compared to transmission system, so that the magnitude of the active power is dominant to voltage 406 
fluctuation. To verify the proposed algorithm, the configuration of EVC infra is modeled as 407 
distribution grid, transformer, and line impedance as shown in Figure 17. And the dynamic voltage 408 
variation caused by the line impedance according to the power flow between the EV charging 409 
infrastructure and the PCC (Point of common coupling) of the distribution grid is shown in chapter 410 
3. 411 

 412 

Figure 17. Configuration of secondary feeder with EV infra. 413 

Based on the model of the secondary feeder with EVS infra, system parameter and section date 414 
of the secondary feeder are assumed by table X. here, pole transformer ratio of incoming point from 415 
the primary feeder is considered as 13,200V/230V and line impedance (X/R) ratio is assumed as value 416 
of resistance bigger then value of reactor according to the general characteristic of secondary feeder. 417 

Table 2. Simulation Data. 418 

Section 
Number 

Impedance 
Length 

(km) 
Power 
Factor 

Load (kW) RES(PV System 
(kW) 

EV 
Charger 

(kW) R (Ω/km) X (Ω/km) 

1 (total) 0.40 0.027 1 1 0–15.0 0–30.0 0–18.9 
1-1(load) 0.40 0.027 0.03 1 0–15.0 - - 
1-2(RES) 0.40 0.027 0.05 1 - 0–30.0 - 
1-3(EVC) 0.40 0.027 0.05 1 - - 0–18.9 
1-4(ESS) 0.40 0.027 0.08 1 - - - 

The load pattern, output of RES with the PV system and demand pattern of EV charger is 419 
predicted as shown in Figure 18. The above patterns are simulated by the operation characteristics 420 
under the 30kW scale based on the EVC infra capacity. EV charging is assumed as standard 3 EV 421 
chargers having 7.7kW capacity. Also PV system assuming renewable energy resource is considered 422 
as equal capacity of total EV charger capacity. Also, load pattern is assumed by residential profile in 423 
KOREA.  424 

 425 
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(a) Demand pattern characteristic of EV charger. 426 

 427 
(b) Output characteristic of PV system. 428 

 429 

 430 
(C) Load characteristic of residential area. 431 

Figure 18. Output pattern of the EV charger, PV system and customer Load. 432 

6.3. Analysis of the secondary feeder voltage characteristic by volatge stabilization operation of ESS 433 

(1) Verification of the EVI algorithm for volatge stabilization Strategy 434 

Based on the AVI-algorithm, control characteristic of ESS is analyzed for voltage stabilization 435 
operation when the feeder voltage was not kept at an allowable limit. In this case, it is confirmed that 436 
ESS has been exactly controlled by the operation determination signal which is (𝛼(𝑡௫): 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔) and 437 
( 𝛽(𝑡௫): 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 ) in figure 19. At the time, ESS outputted as much as capacity of voltage 438 
compensation rate for voltage stabilization in figure 20. Therefore, it was clear that the EVI algorithm 439 
of ESS for voltage stabilization was useful tool. 440 

 441 

Figure 19. Operation signal of EVI algorithm. 442 
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 443 

Figure 20. Capacity of voltage compensation rate for voltage stabilization. 444 

(2) Analysis of the feeder voltage characteristic by intrduction of ESS  445 

Figures 21 means the feeder voltage characteristics at EVC section, consumer section and PV 446 
section in EVC Infra site without ESS. Here, the feeder voltage was analyzed as average value per 447 
10minute from 00:00 to 24:00 (all time). From the results of the simulation, it is shows that the feeder 448 
voltage could not be maintained to reasonable conditions (over voltage phenomena) at 11:50–14:20 449 
when the PV system generated the maximum output as shown in Figure 21. Also, at 00:00–03:00 the 450 
feeder voltage was also less than the lower limit due to energy demands of EVC and costumer. 451 
Therefore, the feeder voltage could not exactly be kept within the allowable because the voltage was 452 
not compensated by the ESS. 453 

 454 

Figure 21. Analysis of the feeder voltage characteristic at EVC infra without ESS. 455 

Figures 22 means the feeder voltage characteristics at EVC section, consumer section and PV 456 
section in EVC Infra site with ESS. Based on the simulation result using the MATLAB/SIMULINK, all 457 
of the feeder voltages at PCC section including all section could be perfectly kept within the allowable 458 
limits by the EVI-algorithm of ESS. Meanwhile, from the over voltage (from 11:50 to 14:20 and low 459 
voltage (from 00:00 to 03:00) phenomena, it is confirmed that were solved by voltage stabilization 460 
operation of ESS expressed by Figures 22. Therefore, the voltage stabilization operation by ESS should 461 
make the feeder voltages of the distribution system(secondary feeder) introduced EVC Infra keep 462 
better voltage conditions.  463 
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 464 

Figure 22. Analysis of the feeder voltage characteristic by ESS operation at EVC infra. 465 

6.4. Analysis of the SOC chareteristic of ESS according to the application of SOR algorithm  466 

(1) Verification of the SOR algorithm for maintain of proper SOC opertion range of ESS 467 

In order to verify performance of SOR algorithm when the ESS does not operated as a voltage 468 
stabilization function, figure 23 shows SOR operation signal which is γ, ε and δ signal at [STEP 5] 469 
and [STEP 6] in chapter 4. In this case, it is confirmed that ESS as shown in figure 23 has been operated 470 
until the proper reference range by the determination signal which is γ(𝑡௫) = 1, ε(𝑡௫) = 1, δ(𝑡௫) = 0 471 
(charging mode) or is γ(𝑡௫) = 1, ε(𝑡௫) = 1, δ(𝑡௫) = 0 (discharging mode). At the time, operation of 472 
ESS is assumed as 1/4 of rated capacity to keep the proper reference range of ESS expressed by figure 473 
24. Therefore, it was clear that the SOR algorithm to maintain the stable SOC condition of ESS was 474 
useful tool. 475 

 476 

Figure 23. Operation signal of SOR algorithm. 477 
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 478 

Figure 24. Capacity characteristic by operation of SOR algorithm. 479 

(2) Analysis of the ESS SOC characteristic by SOR algorithm  480 

Figures 25 shows the SOC characteristics of ESS during 24 hour. Meanwhile, when ESS does not 481 
operated as a voltage stabilization function and SOC of ESS violates the set SOR range, SOC pattern 482 
as shown in figure 25 is variated by the operation characteristic of ESS based on the operation signal 483 
of SOR algorithm earlier. From the result of simulation, it is confirmed that the SOC of ESS when is 484 
the standby condition could be exactly kept within the proper reference range. 485 

 486 

Figure 25. SOC pattern of ESS during the 24h. 487 

6.5. Performance ecaluation for feeder voltage charateristic 488 

Figure 26 and Table 3 show the performance index by the introduction of ESS at EVC infra site 489 
with renewable energy sources in secondary feeder. Based the result of the performance index based 490 
on Table 4, it is confirmed that feeder voltages in distribution system (secondary feeder) can be 491 
maintained within allowable limit. Therefore, the case study results show that this strategy is effective 492 
tool to solve the voltage problems by ESS.  493 
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 494 

Figure 26. Comparison of the performance index for simulation results. 495 

Table 3. Comparison of the performance index of each method. 496 

 Not operation of ESS ESS operation 
Performance index 

value 
8.2803e+06 7.0532e+06 

7. Conclusion  497 

The paper proposed Electric Vehicle Infra stabilization (EVI) algorithm to keep allowable limit 498 
for power and voltage of secondary feeder through the ESS introduction with electric vehicle and 499 
renewable energy resource at end of section. Also, paper presented the estimation method to keep 500 
the proper SOR considering ESS operation condition when ESS is not operated by EVI-algorithm. The 501 
main results are summarized as follows: 502 

 503 
(1) To operate the ESS introduced in the EVS infra, this paper presents method to determine the line 504 

impedance based on the voltage and the passing current on the existing secondary feeder with 505 
RES and EV infra. Specifically, based on the Least Square Method, optimal line impedance value 506 
was determined by relationship between pole transformer voltage and power common coupling 507 
voltage at EVS infra including passing current. 508 

(2) In order to overcome voltage problems at EVC infra in secondary feeder, voltage compensation 509 
method by ESS operation was proposed. Control characteristic of ESS is analyzed for voltage 510 
stabilization operation when the feeder voltage was not kept at an allowable limit. In this case, it 511 
is confirmed that ESS has been exactly controlled by the operation determination signal. 512 

(3) Therefore, from the simulation results, it is confirmed that all of the feeder voltages at PCC section 513 
including all section could be perfectly kept within the allowable limits by the EVI-algorithm of 514 
ESS in case the feeder voltage could not be maintained to reasonable conditions (over/under 515 
voltage phenomena) by the maximum output of PV system, energy demands of EVC and load. 516 

(4) when ESS does not operated as a voltage stabilization function and SOC of ESS violates the set 517 
SOR range, SOC pattern is variated by the operation characteristic of ESS based on the operation 518 
signal of SOR algorithm, based on the simulation, it is confirmed the that this strategy is effective 519 
tool to solve the no guarantee problems for operation papacy by ESS. 520 

(5) Based the result of the performance index based, it is clear that feeder voltages in distribution 521 
system (secondary feeder) can be maintained within allowable limit. Therefore, the case study 522 
results show that this strategy is effective tool to solve the voltage problems by ESS. 523 

Author Contributions: All of the authors contributed to publishing this paper. D.J.K and B.K. carried out 524 
Modeling, Simulations and compiled the manuscript. The literature review and simulation analysis were 525 
performed by K.S.R., H.S.K. collected the data and investigated early works. 526 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 November 2019                   doi:10.20944/preprints201911.0089.v1

Peer-reviewed version available at Energies 2020, 13, 179; doi:10.3390/en13010179

https://doi.org/10.20944/preprints201911.0089.v1
https://doi.org/10.3390/en13010179


 21 of 21 

 

Funding: This research was funded by the [Ministry of Trade, Industry and Energy, and supported by the Korea 527 
Institute of Energy Technology Evaluation and Planning (KETEP)] grant number [No. 20182410105070]. This 528 
work was conducted under the framework of Research and Development Program of the Korea Institute of 529 
Energy Research (KIER) (No. B9-2421).  530 

Acknowledgments: This research was funded by the Ministry of Trade, Industry and Energy, and supported by 531 
the Korea Institute of Energy Technology Evaluation and Planning (KETEP) (No. 20182410105070). This work 532 
was conducted under the framework of Research and Development Program of the Korea Institute of Energy 533 
Research (KIER) (No. B9-2421).  534 

Conflicts of Interest: The authors declare no conflict of interest. 535 

References 536 

1. Rubino L, Capasso C, Veneri O. Review on plug-in electric vehicle charging architectures integrated with 537 
distributed energy sources for sustainable mobility. Applied Energy 2017;207. 538 

2. Madina C, Zamora I, Zabala E. Methodology for assessing electric vehicle charging infrastructure business 539 
models. Energy Policy 2016;89:284–93. 540 

3. Sbordone D, Bertini I, Di Pietra B, Falvo MC, Genovese A, Martirano L. EV fast charging stations and energy 541 
storage technologies: a real implementation in the smart micro grid paradigm. Electr Power Syst Res 542 
2015;120:96e108. Sbordone D, Bertini I, Di Pietra B, Falvo MC, Genovese A, Martirano L. EV fast charging 543 
stations and energy storage technologies: a real implementation in the smart micro grid paradigm. Electr 544 
Power Syst Res 2015;120:96-108. 545 

4. Serradilla J, Wardle J, Blythe P, Gibbon J. An evidence-based approach for investment in rapid-charging 546 
infrastructure. Energy Policy 2017;106:514–24. 547 

5. X. Dong, Y. Mu, X. Xu, H. Jia, J. Wu, X. Yu, Yan Qi, A charging pricing strategy of electric vehicle fast 548 
charging stations for the voltage control of electricity distribution networks, Applied Energy, Volume 225, 549 
Pages 857-868, 2018. 550 

6. C. Leou, C.-L. Su, and C.-N. Lu, Stochastic analyses of electric vehicle charging impacts on distribution 551 
network, IEEE Trans. Power Syst., vol. 29, no. 3, pp. 1055 1063, May 2014. 552 

7. M. K. Gray and W. G. Morsi, Power quality assessment in distribution systems embedded with plug-in 553 
hybrid and battery electric vehicles, IEEE Trans. Power Syst., vol. 30, no. 2, pp. 663 671, Mar. 2015. 554 

8. M. K. Gray and W. G. Morsi, Power quality assessment in distribution systems embedded with plug-in 555 
hybrid and battery electric vehicles, IEEE Trans. Power Syst., vol. 30, no. 2, pp. 663 671, Mar. 2015. 556 

9. A. Dubey, S. Santoso, M. P. Cloud, and M.Waclawiak, Determining time-of-use schedules for electric 557 
vehicle loads: A practical perspective, IEEE Power Energy Technol. Syst. J., vol. 2, no. 1, pp. 12 20, Mar. 558 
2015. 559 

10. C. Weiller, Plug-in hybrid electric vehicle impacts on hourly electricity demand in the United States, Energy 560 
Policy, vol. 39, no. 6, pp. 3766 3778, 2011. 561 

11. Y. Gao, C. Wang, Z. Wang, and H. Liang, Research on time-of-use price applying to electric vehicles 562 
charging, in Proc. IEEE Innov. Smart Grid Technol.-Asia (ISGT Asia), May 2012, pp. 1 6. 563 

12. S. Shao, T. Zhang, M. Pipattanasomporn, and S. Rahman, Impact of TOU rates on distribution load shapes 564 
in a smart grid with PHEV penetration, in Proc. Transmission and Distribution Conference Exposition, 565 
Apr. 2010, pp. 16. 566 

13. Q. Chen et al., Dynamic Price Vector Formation Model-Based Automatic Demand Response Strategy for 567 
PV-Assisted EV Charging Stations, in IEEE Transactions on Smart Grid, vol. 8, no. 6, pp. 2903-2915, Nov. 568 
2017. 569 

14. Ying J, Ramachandaramurthy VK, Miao K, Mithulananthan N. Bi-directional electric vehicle fast charging 570 
station with novel reactive power compensation for voltage regulation. International Journal of Electrical 571 
Power and Energy System 2015 572 

15. Jiang B, Fei Y. Decentralized scheduling of PEV on-street parking and charging for smart grid reactive 573 
power compensation. IEEE PES 2013: Innovative Smart Grid Technologies (ISGT); 2013 Feb 24–27; p. 1–6. 574 

16. Li S, Bao K, Fu X, Zheng H. Energy management and control of electric vehicle charging stations. Electrical 575 
Power Components and System 2014, pp. 339-347  576 

17. Cubas, J.; Pindado, S.; Sorribes-Palmer, F. Analytical Calculation of Photovoltaic Systems Maximum Power 577 
Point (MPP) Based on the Operation Point. Appl. Sci. 2017, 7, 870. 578 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 November 2019                   doi:10.20944/preprints201911.0089.v1

Peer-reviewed version available at Energies 2020, 13, 179; doi:10.3390/en13010179

https://doi.org/10.20944/preprints201911.0089.v1
https://doi.org/10.3390/en13010179

