
  

 

Abstract—There are two ways to distribute electric energy to 

customers: overhead lines and underground cables. Overhead 

lines and underground cables have different electrical 

characteristics. Underground cables have less resistance and 

inductance compared to overhead lines. Also, underground 

cables have more capacitance than overhead lines. This paper 

will test the voltage response of the system when electric 

vehicles are charged from overhead and underground 

distribution systems. The test will be done using IEEE 34 bus 

test feeder for the overhead distribution system. For the 

underground system, all overhead lines in IEEE 34 bus test 

feeder will be replaced with underground cables following the 

same electrical configuration. 

 

Index Terms—Electric vehicles, IEEE 34, voltage violation, 

power distribution. 

 

I. INTRODUCTION 

A. Underground Cable 

Underground cables are classified based on the number of 

core conductors. They commonly have one, two or three core 

conductors. Three core cables are used in most underground 

distribution systems because they are more economic than 

single core cables. Nonetheless, if the voltage exceeds 66 kV, 

three core cables are not practical because they become very 

heavy [1]. 

 

 
Fig. 1. The three core underground cable capacitance. 

 

The capacitance of underground cables is important 

compared to overhead lines because conductors are located 

close to each other and close to the grounded sheath. 

Moreover, there is a dielectric material between the 

conductors that has larger permittivity than air.  

Fig. 1 models the capacitance which occurs within the 
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underground cable. Cc and Ce represents the core to core 

capacitance, and conductor to earth capacitance respectively. 

Cc and Ce are caused by the electrostatic fields. The 

conductor-to-earth capacitors are wye-connected whereas the 

conductor-to-conductor capacitors are delta-connected. 

B. Overhead Lines 

Overhead lines consist of bare conductors which carry 

current. When lines carry current, some of the power carried 

gets dissipated in the line due to the resistance of the 

conductors. In case of alternating current, the losses will be 

greater when large cables are used due to the skin effect. 

 

II. CHARGING LEVELS [2] 

A. Level 1 

Level 1 charges electric vehicles (EV’s) through an 

alternating 120 volts. Level 1 does not require additional 

charging units. It can charge using the regular outlet that 

exists in modern houses. Therefore, there is no need for 

electric vehicles to be charged from charging stations. The 

charging time for electric vehicles to be charged fully 

depends on the battery used. However, it ranges between 4 to 

11 hours on average. Moreover, customers who use level 1 

usually charge their electric vehicles overnight.  

B. Level 2 

Level 2 provides power to electric vehicles through an 

alternating 240 volts. It requires additional charging units 

provided in public by the utility or set up in the customers’ 

homes. Level 2 is the most common charging level because it 

has a relatively fast charging time and economic cost. The 

charging time depends on the type of battery used. However, 

level 2 can charge an electric vehicle in 2 to 6 hours. 

C. Level 3 

Level 3 charges electric vehicles through a direct 480 volts. 

Level 3 requires additional charging units to convert the 

voltage from AC to DC. Therefore, it is not recommended to 

install it in areas that are populated. Level 3 is the fastest 

charging level. Level 3 charging needs approximately 24 

minutes to an hour to charge the electric vehicle. The main 

disadvantage of this level of charging is its cost. It is 

expensive to install the charging units. 

 

III. MODELING 

The simulation will be performed on the IEEE 34 bus test 

feeder, shown in Fig. 2, using EDD software as shown in Fig. 

3. The distribution system exists in Arizona. The system 

voltage is 24.9 kV. The system has a step down transformer 
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with a turn ratio of 24.9:4.16. Two voltage regulators are 

installed in the system to maintain a good voltage profile. The 

IEEE34 bus test feeder is entirely overhead. It is a 

combination of single phase and three phase lines. Some of 

the loads are single phase and the others are three phase. Spot 

loads are nodes 830, 844, 860, 840, 890 and 848. On the other 

hand, distributed loads are distributed on the other nodes. The 

same IEEE34 bus test bus feeder will be used to simulate the 

overhead distribution system [3]. However, to simulate the 

underground system, the same system is used but with 

underground cables. All overhead lines are removed and 

replaced with underground cables [4]. 
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Fig. 2. The IEEE 34 bus test feeder. 

 

 
Fig. 3. The EDD model of the IEEE 34 bus test feeder. 

 

IV. ASSUMPTIONS 

A. Load Curve Assumptions 

Customers’ demands vary instantaneously. It could be 

classified into peak demand and off-peak demand. The peak 

demand describes the period when the electrical demand 

reaches the highest point, or the period in which the 

customers are consuming the highest rate of power. Peak 

demand varies with respect to many factors such as the 

season of the year and whether the day is a holiday or not. On 

the other hand, the off-peak demand is the period that is not 

included in the peak period. 

 

 
Fig. 4. The assumed load curve. 

 

The impact of the distribution system type on the number 

of electric vehicles charged will be tested in three periods: 

morning, evening and afternoon. The peak period is the 

afternoon with 100% of the capacity. On the other hand, the 

morning and evening are assumed 55% and 35% respectively 

as shown in Fig. 4.  

B. Underground Cables Model 

For the overhead system, the same lines used in the IEEE 

34 bus test feeder are used which are Aluminum steel 

reinforced. However, 500 MCM cables are used with the 

underground system. 

 

V. TEST 

Each bus is tested separately. The overhead distribution 

system will be tested first. Electric vehicles are connected to 

spot nodes. Taking each spot node separately, electric 

vehicles are increased until a violation occurs in the system. 

The violation could be in the voltage or in the maximum 

current allowed to pass through the regulators. Acceptable 

voltage variation is taken to be within ±8.2%. Also, 

regulators are allowed to be loaded up to 20% more than the 

rated current. Then, the same will be done at each node. Bus 

890 will not be loaded because it is connected to a 

transformer that regulates the voltage variation. The previous 

process will be repeated for the underground distribution 

system. After that, five spot buses will be loaded at the same 

time using both the overhead and underground systems. This 

is done to examine the system behavior in case of loading 

several buses simultaneously.  

 

VI. RESULTS 

The following tables show the total active power 
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connected. The connected active power represents electric 

vehicles. Also, how many electric vehicles it is equivalent to 

using charging level 1 and 2.  

A. Loading Each Node Separately  

1) Night  

a) Overhead 

 
TABLE I: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT EACH 

BUS 

Bus Overhead 

 Active Power(kW) Level 1 Level 2 

840 3000 1500 375 

860 3050 1525 381 

848 3000 1500 375 

844 3050 1525 381 

830 3500 1750 437 

 

b) Underground 

 
TABLE II: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT EACH 

BUS 

Bus Underground 

 Active Power(kW) Level 1 Level 2 

840 3600 1800 450 

860 3600 1800 450 

848 3600 1800 450 

844 3600 1800 450 

830 3650 1825 456 

 

Table I and Table II examined the system response when 

the electric vehicles were connected at night where the 

minimum load usually occurs. The underground system was 

able to withstand more Charged EV’s compared to the 

overhead system. Additionally, the system did not experience 

overvoltage at low loading due to the overall capacitance 

effect of the underground system. 

2) Morning 

a) Overhead 

Tables III and IV show the maximum number of EV’s 

connected to the overhead and underground systems in the 

morning. The underground system was able to endure more 

electric vehicles. 

 
TABLE III: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT 

EACH BUS 

Bus Overhead 

 Active Power(kW) Level 1 Level 2 

840 1650 825 206 

860 1700 850 212 

848 1650 825 206 

844 1700 850 212 

830 2000 1000 250 

b) Underground 

 
TABLE IV: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT 

EACH BUS 

Bus Underground 

 Active Power(kW) Level 1 Level 2 

840 2100 1050 262 

860 2100 1050 262 

848 2100 1050 262 

844 2100 1050 262 

830 2200 1100 275 

 

3) Afternoon 

a) Overhead 

When EV’s are charged in the afternoon when the peak 

period occurs, the underground system showed more 

endurance as shown in Table V and Table VI. 

 
TABLE V: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT EACH 

BUS 

Bus Overhead 

 Active Power(kW) Level 1 Level 2 

840 580 290 72 

860 590 295 73 

848 580 290 72 

844 600 300 75 

830 650 325 81 

 

b) Underground  

 
TABLE VI: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT 

EACH BUS 

Bus Underground 

 Active Power(kW) Level 1 Level 2 

840 950 475 118 

860 950 475 118 

848 950 475 118 

844 950 475 118 

830 950 475 118 

 

B. Increase Five Spot Buses at the Same Time  

1) Overhead  

On the other hand, Table VII and Table VIII show the 

system response when EV’s are connected to all load buses at 

the same time. The underground system was able to 

withstand more EV’s. 

 
TABLE VII: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT 

EACH BUS WHEN SPOT NODES ARE LOADED AT THE SAME TIME 

Time Period  Overhead  

 Power increase (kW) Level 1 Level 2 

Night 610 305 76.25 

Morning 350 175 43.75 

Afternoon 120 60 15 
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2) Underground 

 
TABLE VIII: THE MAX NUMBER OF EV’S THAT CAN BE CONNECTED AT 

EACH BUS WHEN SPOT NODES ARE LOADED AT THE SAME TIME 

Time Period  Underground  

 Power increase (kW) Level 1 Level 2 

Night 720 360 90 

Morning 430 215 53.75 

Afternoon 190 95 23.75 

 

Therefore, underground distribution system was able to 

withstand more connected in all scenarios. This is due to the 

capacitance effect of the underground cable and the high 

resistance of the overhead distribution lines [5].  

The following figures, from Fig. 5 to Fig. 8, show how 

many more EV’s can be connected to the IEEE 34 

underground bus system. 

In conclusion, underground distribution system was able to 

withstand more charged electric vehicles in all scenarios. 

Therefore, from a technical point of view, it is recommended 

to use underground distribution system to accommodate 

more charged EV’s without resulting a violation of any sort. 

 

 
Fig. 5. The number of extra EV’s that could be charged at night for each bus 

at night. 

 

 
Fig. 6. The number of extra EV’s that could be charged at night for each bus 

in the morning. 
 

 
Fig. 7. The number of extra EV’s that could be charged at night for each bus 

in the morning. 

 
Fig. 8. The number of extra EV’s that could be charged from all buses at the 

same time. 
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