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The rapid integration of electric vehicles (EVs) poses a significant challenge to the stability 
of existing power grids, particularly for those already experiencing supply and demand 
fluctuations. This study investigates the impact of EV charging stations on voltage stability 
using an IEEE 30-bus test system designed in the ETAP program. Voltage stability was 
assessed through V-Q sensitivity analysis to identify the most vulnerable buses and P-V 
analysis to determine the maximum load ability limits. Under normal conditions, the 
system was stable, with the 33 kV buses identified as the most vulnerable and the 11 kV 
buses as the most robust. Level 3 DC fast charging stations (up to 240 kW) were then 
integrated at two strategic points: the weakest 33 kV buses and the strongest 11 kV buses. 
The results demonstrate a clear negative impact on voltage stability when the chargers are 
connected to the weak 33 kV buses, with voltage levels dropping significantly (by up to 
~10%) under full-load conditions. In contrast, the results showed a negligible impact on 
system stability when connected to the strong 11 kV buses. This research concludes that 
strategically distributing electric vehicle charging infrastructure across robust parts of the 
grid is critical to mitigating negative impacts. Furthermore, vulnerable buses, while 
severely affected, offer an opportunity for targeted infrastructure enhancement, 
transforming the challenge into a means of system improvement. 
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1. INTRODUCTION

Electric vehicle charging stations are small, multi-
component facilities that come in various shapes, types, and 
classifications. They use both types of (AC and DC) sources 
and varying voltages to supply the vehicle with the electrical 
energy needed to charge it. This can be represented 
mathematically by: 

pch = Vev ∗ Ich (1) 

The energy during a specific time is converted into: 

Ech = � Pchdt
tch

0
 (2) 

Several capacities in the unit of kW/h [1]. 
Charging stations generally depend on several factors, 

including the charge level, charging type, charging duration, 
power rating (kW), voltage (volts), maximum current rating 
(amps), and whether the vehicle is charging on or off-board, 
among others. 

There are three basic classifications for electric vehicle 
charging: wired, wireless, and battery swapping. As shown in 
Figure 1, the first type involves a direct physical connection 
between the vehicle battery and the charger (power source). 
The second type involves no direct physical connection 
between the charger and the battery. The third type involves 

battery replacement. 
The second and third types are currently under development 

and study. The three types will be discussed and classified as 
shown below [2-4]: 

Conductive (Wired) charging technology: This is the 
most common and widespread type of charging method and is 
considered one of the simplest at present. The availability of 
charging stations is crucial for the adoption and social 
acceptance of electric vehicles and includes several different 
topologies classified according to: power flow (Unidirectional 
chargers, Bidirectional chargers), charger installation (On-
Board charger, Off-Board charger), power source (AC 
chargers, DC chargers), connector type, and, most 
importantly, charge level, as shown in Figure 1 (levels 1, 2, 3) 
[5]. 

Level 1: 120 V or 230 V On-board Home 2 kW 4-11 h. 
Level 2: 240 V or 400 V On-board Public 20 kW 1-4 h. 
Level 3: 208-600 V DC Fast Arrive at 350 kW < 30 min . 
Wireless charging technologies: Charging in this 

technology is accomplished without the use of a cable or 
connectors between the battery and the power source. It is 
clear that this type will develop and become more common in 
the future, often used for electric buses with an efficiency of 
up to 90%. Theoretically, it is accomplished according to 
Faraday's law of electromagnetic induction, where energy is 
transferred through electromagnetic induction. It is 
characterized by being fast and safer because it has no 
connectors, is not subject to maintenance, and is protected 
from atmospheric influences such as humidity and dust. 
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However, it is somewhat complicated to install. It is divided 
into three technologies as shown in Figure 1: inductive, 
resonant inductive, and capacitive WC. This method is used 
by Chevrolet, Audi, Toyota, Nissan, and Mitsubishi with 
different technologies and methods, and in cooperation with 
specific companies [6]. 

Battery swapping charging technologies:  It is a very fast 

technique that takes place within about a minute, in which the 
empty battery of the car is replaced with a fully charged 
battery. In turn, this type of station contains a high stock of 
batteries, replacement tools, equipment, distribution 
transformers, DC and AC chargers, sufficient space, and is 
characterized by the feature of charging in both directions,  
V2G, which is used in forklifts. 

 

 
 

Figure 1. Classification of EVs charging technologies 
 
 
2. INTEGRATING EVs CHARGING STATIONS INTO 
THE POWER GRID 
 

Electric vehicle charging stations can be described as 
structures that transmit alternating current (AC) and direct 
current (DC). Their primary purpose is to provide reliable, 
safe, and efficient charging and discharging of electric 
vehicles. 

Charging stations rely on one or both energy sources (grid 
+ renewable energy sources) [3]. 

As shown in Figures 2 and 3, they can be divided into two 
types:  

Conventional charging stations: These stations can be 
classified into two categories based on the type of carrier (AC 
and DC), and they often differ in their effectiveness, 
efficiency, cost, and impact on the grid. In a way, the DC bus 
is better and more capable of providing renewable energy 
sources, and Figures 2(a) and (b) illustrate these stations: 

Hybrid charging stations: These stations rely primarily on 
the grid and renewable energy sources through two 
transmissions (AC and DC). Figure 3 below illustrates these 
stations in detail [7]. 

It is also possible to build charging stations that rely solely 
on renewable energy sources, but this is outside the scope of 
our study and cannot be applied in Iraq, as it currently relies 

on traditional energy sources rather than renewable ones. 

 
 

Figure 2. Conventional EV CS types: (a) AC bus system, (b) 
DC bus system 
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Figure 3. Hybrid charging stations with an AC and DC bus 
 
 

3. EV CHARGING STATIONS IMPACT ON GRID 
 

Integrating chargers with the distribution network, which is 
divided into three areas: commercial, residential, and public. 
First, chargers are assumed to be dynamic loads distributed 
randomly (difficulty in predicting energy demand, charging 
time and duration, and charging location), which affects the 
quality of energy, voltage imbalance, and network losses. It 
has been found that THD increases as the battery approaches 
100% charge [7]. So even the amount of charging will affect 
the network. Therefore, it is necessary to highlight what is 
called the hosting capacity [3], which determines the amount 
of load or the amount of new generation that must be added to 
deal with the addition of these chargers to the electrical 
network without affecting the quality of energy and reliability 
of the network, or in general, exposing the system to danger. 

Electric vehicle charging stations have various impacts on 
the electricity grid, which can be broadly categorized into two 
types: positive and negative [3, 8, 9]. 

 
3.1 Positive impacts of EVs on the grid 
 

Most of the time, the electric vehicle is either stopped or 
connected to the charger, so researchers have found ways to 
exploit this time in several ways that achieve specific and 
general benefits such as supplying the grid with energy, 
improving efficiency, reducing damage and loss to the grid, 
controlling charging times, reducing congestion during peak 
times, and balancing supply and demand. The most important 
positive impacts are the following: 

Frequency regulation: Maintaining a fixed frequency for 
the system is essential, as it demonstrates the system's stability 
in achieving a balance between supply and demand. Several 
factors contribute to instability in frequency, including 
changes in the generation of renewable energy stations due to 
weather conditions, sudden changes in generating stations or 
loads, or fluctuations in transmission lines. The presence of 
EVs as loads with a rapid response, controlled by charging and 
discharging, represents an excellent and effective solution to 
stabilize and balance supply and demand, thereby regulating 
the frequency. 

Improving power quality: Dual feed charging control 
methods during charging and discharging can enhance power 

quality, reduce instability, balance the system, and maintain 
voltage stability. In hybrid networks, the presence of 
renewable energy can, in turn, reduce power quality due to its 
impact on weather conditions. Dual-feed control methods can 
reduce their impact on power quality [10]. 

Reactive power (Q MVAR) compensation & voltage 
regulation: Maintaining the voltage within acceptable limits 
is crucial for system stability [6], it is parallel to the load 
condition in the network, as it decreases with an increase in 
load and increases with a decrease in load (we need to store 
energy). Excessive distribution may also cause an increase in 
voltage. The resulting deterioration in the voltage may lead to 
a collapse in the voltage, thus causing instability in the 
network [8], controlling reactive and active power through 
generators, transformers, storage technologies, inverters, and 
capacitors leads to voltage control. A method for charging 
vehicles has been developed that has improved the voltage 
profile and reduced its drop by independently (decentralized) 
controlling the vehicle charging through the voltage state 
(cancelling the charging process if there is voltage instability 
and charging strongly at its normal state [11-14]. 

Momentum management: Energy demand varies during 
the day. In the evening, demand increases and peaks, and this 
variation differs between summer and winter. The presence of 
charging stations with controlled charging and discharging can 
help balance demand and supply in the grid, thereby reducing 
congestion through the use of charging, V2G, V2B, V2L, and 
V2H technologies [8]. 

It is worth noting that most of the positive impacts are the 
result of controlled and studied charging, which has been made 
possible by full awareness among the responsible authorities 
and vehicle adopters. 

 
3.2 Negative impacts of EVs on the grid 
 

The entry of charging stations, which are non-linear loads 
due to the equipment and installations they contain, creates 
many negative effects on the network, especially when using 
uncontrolled charging. These effects include generating 
harmonics that increase pressure on the Grid, instability in 
voltage and frequency, phase imbalance, increased power 
losses, and an imbalance between supply and demand. These 
effects will be explained in more detail below [8, 15]. 

Impact of increasing peak demand: What affects the 
network in terms of increased demand when adding electric 
vehicle charging stations is the penetration rate and the amount 
of added load. For example, in studies, a penetration rate of 
30% resulted in a 53% increase in peak demand, which can 
cause significant damage unless controlled or delayed 
charging is employed [16]. 

Overloading of distribution grid components: The 
inclusion of EV charging stations in the Grid is considered a 
load addition, requiring an increase in the generation stations 
to be transferred to the distribution system. This adds an 
additional burden and stress to the distribution network, 
leading to rapid aging of the network. 

Increase in power losses: Increased power losses.  The 
distribution system consists of many Components (generators, 
loads of all kinds, cables of all kinds, underground and 
overhead, etc.). The increased demand resulting from the 
presence of charging stations leads to additional losses due to 
the significant increase in current flow. The use of 
uncontrolled charging further exacerbates these losses, 
especially during peak times. As for the controlled charging 
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process with its various techniques, it reduces these losses 
[17]. 

Phase unbalance & voltage instability: The increase in 
demand resulting from the addition of charging stations (loads 
with different characteristics than conventional loads) leads to 
a voltage drop outside the acceptable limits and may cause 
voltage collapse or faults, which in turn leads to voltage 
instability and phase imbalance. 

Harmonics distortion: Integrating charging stations with 
the grid and using Randomness in uncontrolled charging leads 
to poor power quality, as these loads are essentially non-linear 
and contain numerous integrated electronic circuits and 
transformers, resulting in the emergence of harmonics and 
distortion in the grid waves, as well as additional losses. 

 
 

4. MODELING IN ETAP  
 

Load modeling for EVs is influenced by factors that lead to 
dynamic characteristics and challenges specific to this type of 
load [18, 19]. Several random physical and temporal variables 
affect the modeling of electric vehicles. These variables are 
divided into two groups: direct influences related to the 
electric vehicle technology itself: the electric vehicle model 
and the battery capacity, charging quality, power, charging 
duration, and charging patterns, vehicle arrival and departure 
times, on-chip system status, range (distance), mobility, etc., 
all of which directly affect charging demand users and their 
behavior; and charging infrastructure, as shown in the 
following Figure 4.  

 

 
 

Figure 4. Interaction of EVs charging with the power grid 
 

Indirect influences include government policy, weather 
factors, and temperatures (high or low temperatures require 
heating and cooling inside the vehicle).  
 
4.1 Electric vehicle (EV) model 
 

Many leading companies in the electric vehicle industry 
strive to prove themselves, develop their capabilities, and 
overcome the obstacles and challenges they face. These 
include Tesla, Renault, Nissan, BYD, and others. It is worth 
noting that the electric vehicle will be represented in two 
modes: 

First mode (discharged state): Represents the electric 
vehicle with all its components and characteristics in its 
normal operating state with the battery present. The battery 
represents the power source for all vehicle components. 

Nissan's electric vehicle will be chosen for this study, as it 
is one of the most innovative electric vehicles due to its 

impressive specifications and affordable price. 
When modeling an electric vehicle, to achieve the best 

results, a lithium-ion battery was chosen  ,specifically the GS 
YUASA and LIM25H Model, as shown in Figure 5 and Table 
1. It consists of 8 cells connected in series with two cells 
connected in parallel to 2 cells (2 pack), and Voc is 400 V, 
with a capacity of 50 (ampere-hours), and a nominal voltage 
of approximately 3.6 V, producing a total energy output 
(Battery Capacity) of 57.6 kWh.  

 
Table 1. EV battery characteristics for the study model 

 
Manufacturer GS YUASA 

Model LIM25H 
Battery Type Li-Ion 
No. of Cells 8 
No. of Packs 1 
No. of String 2 

Nominal Voltage Battery Packs 3.6 V 
Battery Capacity 57.6 kWh 

Capacity (Ampere-Hour) 50 Ah 
 

 

 
 

Figure 5. EV battery models in ETAP 
 

The vehicle's core component is its battery, and other 
important components are shown in Figure 6. The charger 
cable connects to the vehicle's 48-volt main power supply, 
which powers both the battery and DC motor. It also connects 
to a 48/12-volt converter to power low-voltage loads such as 
lighting, alarms, and other devices. This design is simple yet 
clearly conveys the essence of the vehicle. 

In the case of the model used, the vehicle was modeled 
based on two voltages: 48 volts and 12 volts. From this, we 
chose the battery to be composed of 8 cells in series and two 
cells in parallel in two packs. We found that the Vo.c = 57.6 = 
(3.6 × 8 × 2) V (ampere-hour) capacity of 50AH. From these 
details, we find that the total energy of the vehicle battery = 2 
× 3.6 × 50 × 8 × 2 = 5.760 kWh. 

To do load flow analysis, we should choose DC Load Flow 
Analysis as shown in Figure 7. 
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Figure 6. Electric vehicle modeling 
 

 

 
 

Figure 7. Electric vehicle DC load flow analysis 
 

Second mode (state of charge): Considering the battery 
characteristics in the ETAP program, an electric vehicle was 
designed, as shown in Figure 6, where the battery serves as a 
power source to charge the vehicle and supply it with electrical 
power. However, when this vehicle is connected to chargers, 
according to the ETAP program usage specifications, the 
battery is considered a power source. Therefore, this battery 
will supply the vehicle's accessories and the electrical grid 
while connected to the chargers. Therefore, we decided to use 
a DC load that closely mimics the battery characteristics 
during the charging process only, allowing us to treat these 
vehicles as loads on the electrical grid. With a capacity of 5.14 
kW and a voltage of 48 V, it was set up as shown in Figure 8. 

 

  
 

Figure 8. The equivalent load of the vehicle battery when 
connected to a charger 

The following Figure 9 shows the load flow analysis of the 
vehicle when it is connected to chargers (Vehicle in state of 
charge). 

 

 
 

Figure 9. DC load flow with the equivalent load of the 
vehicle battery when connected to the charger 

 
When studying the charging condition, the DC load alone 

will be considered as the vehicle in the charging state, and it 
will be connected to all the system chargers as described 
below. 
 
4.2 Electric vehicle charging station (EVCS) model  
 

Vehicle chargers are subject to international standards from 
the International Electrotechnical Commission (IEC). The 
main standard that determines the type and design of plugs, 
charging levels, and charging modes is IEC 62196 [20-22]. 
The electrical system operates on AC, and the electric vehicle's 
battery is DC, while chargers operate on both AC and DC with 
many types and levels. When charging a vehicle using AC 
chargers, the charger inside the vehicle converts the current to 
DC, thus charging the battery. This process affects the 
charging speed and the time required to charge the vehicle. 
The power of the internal charger is the main factor in 
determining this time. For example, when charging a vehicle 
with an internal charger with a capacity of 3.6 kW from a 24 
kW AC charging station, the battery will charge at a DC 
capacity of 3.6 kW, i.e., a utilization rate of only about 15% of 
the station's capacity. To calculate the time required to charge 
the battery, the following is done: (Total capacity of the 
station) / (Internal charger capacity). When calculated from the 
above values, we find that the time required to charge a Nissan 
Leaf battery is 6.66 hours. However, the actual time will be 
relatively longer due to losses resulting from non-linear 
charging processes. The internal charger is not used when 
using DC charging stations, resulting in significantly shorter 
charging times. This will be used in this research with a 
capacity of up to 240 kw, this amount of power enables us to 
use this charger from the lowest value of the standard charging 
level available 1.4 kw, which is the lowest value of the power 
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output from the charger for the first charging level, to the 
maximum value (DC Fast Charger), which is 240 or 350 kW. 
According to the level of power output from the charger, we 
determine the charging levels. 

To design charging stations, we need a power system (IEEE 
30 Bus Standard, where specific buses are identified according 
to a specific methodology that will be explained later. These 
buses are connected to a two-winding transformer, which we 
refer to as the auxiliary transformers found in 33 kV stations, 
that feed the station itself (as used in Iraq). This transformer 
converts the voltage from 33 kV to 220 (1-phase) or 380 (3-
phase) with a capacity of 250 kVA. The transformer is then 
connected to the 380V bus and then to the charger, as shown 
in Figure 10.  Then, it is connected to a small protection circuit 
that connects the electric vehicle. 

 

 
 

Figure 10. EVs charging station modeling 
 

 
 

Figure 11. Charger setting 
 
This type of charger is classified as a Level 3 charger, also 

known as a DC charger. It offers several advantages, including 
fast charging, which saves time and is highly efficient, among 
others. The charger settings are configured as shown in Figure 
11. Settings can also be adjusted to make this charger's 
characteristics similar to those of Level 1 and Level 2 chargers 
by controlling the power level and type. However, we decided 
to use Level 3 chargers, also known as DC chargers, as they 
have the greatest impact on the power grid. 

 
 

5. METHODOLOGY 
 

The methodology used in this research is analytical. Voltage 

stability analysis is conducted using the ETAP software. The 
ETAP program  was used because it contains standard 
examples that can be easily utilized, allowing for smooth 
voltage stability analysis. However, the results obtained are 
very lengthy, so summary samples were taken, as shown in the 
attached tables. IEEE 30 Bus standards. The analysis is 
divided into two types: sensitivity analysis, which determines 
the sensitivity of the buses from most to least sensitive, and P-
V and Q-V analysis, which determines the voltage and active 
and reactive power in the system. The above-mentioned 
analyses are conducted under normal conditions, and the 
process is repeated after adding electric vehicles and their 
chargers to monitor the impact of adding chargers to the 
system. The study focused on the weakest buses because they 
achieve the desired goal through their clear impact on the 
standard system. 

 
 

6. RESULTS AND DISCUSSIONS 
 
6.1 Voltage stability analysis at normal conditions  (without 
EV charging station) 
 

The process of analyzing voltage stability is crucial due to 
the heavy load imposed on the network, as it enables the 
evaluation of voltage stability and the prevention of voltage 
collapses. It represents the network's ability to maintain 
voltage stability at acceptable values in all operating 
conditions (both stable and transient) across all carriers. It 
helps in determining the limits of voltage stability and 
determining the methods that must be followed to maintain 
voltage stability in the network when exposed to a specific 
disturbance (line outage, faults, continuous increase in 
demand, increased loads) and implementing and proposing 
techniques to analyze and detect the instability resulting from 
these disturbances and finding ways to address it before they 
occurs such as reducing the load, or adding FACT capacitors 
or capacitors (reactive power compensation), or renewable 
energy sources.  Figure 12 shows a miniature representation of 
the IEEE 30-bus system in ETAP. 

 

 
 

Figure 12. General structure of the IEEE 30 Bus in ETAP 
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There are also two analysis methods used in the ETAP 
Software. 

Sensitivity analysis method: This analysis identifies the 
weakest regions, which represent the highest sensitivity (#1), 
to (#30), which represent the most stable regions according to 
the model used. These regions are then arranged from 1 to 30 
in order, from weakest to strongest, as shown in Figure 13, in 
the  IEEE 30 Bus standards. This is detailed in the Table 2 [22].  

 
Table 2. V-Q sensitivity analysis report 

 
Bus ID kV Rank # V-Q Sensitivity 

Bus4 33 1 1.000 
Bus 30 3_30 33 2 0.959 
Bus 29 3_29 33 3 0.867 
Bus 25 3 25 33 4 0.463 

Cloverdle 3_27 33 5 0.446 
Bus 19 3_19 33 6 0.334 
Bus 18 3_18 33 7 0.327 
Bus 23 3_23 33 8 0.323 
Bus 20 3_20 33 9 0.313 
Bus 24 3_24 33 10 0.293 
Bus 14 3_14 33 11 0.281 
Bus 16 3_16 33 12 0.242 
Bus 17 3_17 33 13 0.219 
Bus 22 3_22 33 14 0.214 
Bus 21 3 21 33 15 0.212 
Bus 15 3_15 33 16 0.192 

Roanoke 3_10 33 17 0.159 
Roanoke 1.9 33 18 0.121 

Cloverdle13_28 132 19 0.112 
Hancock 3_12 33 20 0.107 
Reusens 13_8 132 21 0.106 
Blaine 13_7 132 22 0.090 
Kumis 13_3 132 23 0.088 

Hancock 13_4 132 24 0.070 
Roanoke 13_6 132 25 0.068 
Roanoke 1_9 33 26 0.053 

Roanoke 3_10 33 27 0.049 
Claytor 13_2 132 28 0.045 

Hancock 1_13 11 29 0.012 
Bus68 11 30 0.0036 

 
PV-QV analysis method: The traditional method through 

which the load flow analysis is carried out, with the possibility 
of adding or removing loads, where the active power, reactive 
power, power factor, and other Factors are calculated. As 
shown in Figure 14. 

Table 3 presents the P-V analysis with summary results, as 
the detailed results of this analysis are extensive. A summary 
of the analysis is provided in the following table. 

 
(a) For all buses 

 
(b) For seven buses only 

 
Figure 13. Flow charts of sensitivity analysis 

 

 
 

Figure 14. P-V and Q-V voltage stability analysis  
 

Table 3. P-V voltage stability analysis summary report 
 

Load Variation Pattern Constant PF Load Variation Location Study Bus Only  
Bus kV Load  

Variation 
Operating Load Maximum Load 

ID %V P (MW) %V P (MW) 
Blaine 13_7 132 Yes 100.2 22.800 62.1 157.941 
Bus 14 3_14 33 Yes 104.2 6.200 63.3 79.888 
Bus 15 3_15 33 Yes 103.8 8.200 66.3 95.655 
Bus 16 3_16 33 Yes 104.4 3.500 62.6 78.277 
Bus 17 3_17 33 Yes 104.0 9.000 63.4 81.389 
Bus 18 3_18 33 Yes 102.8 3.200 64.1 72.589 
Bus 19 3_19 33 Yes 102.6 9.500 64.0 74.508 
Bus 20 3_20 33 Yes 103.0 2.200 63.5 73.539 
Bus 21 3_21 33 Yes 103.3 17.500 63.1 88.588 
Bus 22 3_22 33 Yes 103.3 0.000 65.1 86.350 
Bus 23 3_23 33 Yes 102.7 3.200 60.9 63.894 
Bus 24 3_24 33 Yes 102.1 8.700 63.5 83.610 
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Bus 25 3 25 33 Yes 101.7 0.000 60.7 58.163 
Bus 29 3_29 33 Yes 100.4 2.400 59.9 36.526 
Bus 30 3_30 33 Yes 99.2 10.600 61.6 43.812 

Bus4 33 Yes 100.0 3.500 55.2 26.836 
Bus68 11 Yes 108.2 0.000 67.5 86.066 

Claytor 13_2 132 Yes 104.3 21.700 67.3 429.534 
Cloverdle 3_27 33 Yes 102.3 0.000 65.3 65.409 
Cloverdle13_28 132 Yes 100.7 0.000 65.0 160.358 
Fieldale 13_5 132 Yes 101.0 94.200 65.7 236.387 
Hancock 1_13 11 Yes 107.1 0.000 68.9 87.418 
Hancock 3_12 33 Yes 105.7 11.200 65.9 96.923 
Hancock 13_4 132 Yes 101.2 7.600 67.5 271.246 
Kumis 13_3 132 Yes 102.1 2.400 63.8 245.204 

Reusens 13_8 132 Yes 100.9 30.000 62.1 140.958 
Roanoke 3_10 33 Yes 104.5 5.802 133.3 101.117 
Roanoke 1_9 33 Yes 105.1 0.000 68.1 116.665 

Roanoke 13_6 132 Yes 101.0 0.000 67.8 196.093 

6.2 Voltage stability analysis (with EV charging station) 

After completing the modeling of the vehicle and charger 
loads in the IEEE 30-bus system, we will proceed to integrate 
them into this system. We will work on two paths: 

First: Connect the chargers to 33 kV (the weakest buses of 
the system according to the Sensitivity analysis, as shown 
highlighted in green in Table 2) using auxiliary transformers, 
and observe their impact on the system.  

Second: Add the chargers to 11 kV (the strongest buses of 
the system, according to the Sensitivity analysis, as shown  
highlighted in green in Table 2) using conventional 
transformers, and observe their impact on the system. 

6.2.1 Voltage stability analysis in weak regions 
After modeling the electric vehicle and charging stations 

using ETAP, five charging stations were added to the system 
(according to the IEEE 30 Bus standard). Vehicles were then 
added in different numbers and with different load ratios to 
these stations. Let's assume that we randomly selected the first 
charger for five electric vehicles, the second for two cars, the 
third for one truck, the fourth for four vehicles, and the last for 
three vehicles, with different charging methods and levels, as 
shown in Figure 15. The selection of these buses to add 
chargers came after an in-depth analysis to determine the 
extent of the impact of increased load on the most sensitive 
Regions. Table 4 and Figure 16 illustrate the results of this 
impact. 

Figure 15. EVs and EVCSs modeling in ETAP 

Table 4. V-Q sensitivity analysis report 

V-Q Sensitivity Analysis Report
Bus ID kV Rank # V-Q Sensitivity

Bus23 0.38 1 1.000 
Bus24 0.38 2 0.983 
Bus18 0.38 3 0.974 
Bus91 0.38 4 0.925 
Bus90 0.38 5 0.914 
Bus4 33 150 0.012 

Bus 30 3_30 33 151 0.011 
Bus 29 3_29 33 152 0.010 
Bus 25 3 25 33 153 0.005 

Cloverdle 3_27 33 154 0.005 
Bus 19 3_19 33 155 0.004 
Bus 18 3_18 33 156 0.004 
Bus 23 3_23 33 157 0.004 
Bus 20 3_20 33 158 0.004 
Bus 24 3_24 33 159 0.003 
Bus 14 3_14 33 160 0.003 
Bus 16 3_16 33 161 0.003 
Bus 17 3_17 33 162 0.003 
Bus 22 3_22 33 163 0.002 
Bus 21 3_21 33 164 0.002 
Bus 15 3_15 33 165 0.002 
Roanoke 1_9 33 167 0.001 

Cloverdle13_28 132 168 0.001 
Hancock 3_12 33 169 0.001 
Reusens 13_8 132 170 0.001 
Blaine 13_7 132 171 0.001 
Kumis 13_3 132 172 0.001 

Hancock 13_4 132 173 0.001 
Roanoke 13_6 132 174 0.001 
Claytor 13_2 132 175 0.001 

Figure 16. The weakest buses in the system after the addition 
of EVCS 
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Table 5. An increase in load chargers with the voltage 
stability index (Ranks from #1 to #10) 

Loading 0% 40% 80% 100% 
#1 99.04 95.65 91.93 89.92 
#2 99.83 96.48 92.82 90.84 
#3 100.2 96.85 93.19 91.22 
#4 101.6 98.41 94.92 93.04 
#5 102.2 98.97 95.48 93.61 
#6 99.83 99.6 99.34 99.2 
#7 99.04 98.79 98.52 98.36 
#8 100.2 99.95 99.69 99.54 
#9 101.6 101.4 101.2 101.1 

#10 102.2 102 101.8 101.7 

Sensitivity analysis was performed, and it was noted that the 
additional five buses (created by connecting the chargers to the 
system) were identified as the weakest buses, as indicated in 
gray below in Table 4 (this analysis was performed with the 
charger loaded at 100%). 

And Figure  16 will display the chart for the analysis in 
Table 4. 

After identifying the new weak Regions that have been 
added to the system, which are the five charger areas in grey 
color as shown in Table 4, perform a P-V voltage stability 
analysis by changing the load ratios for the chargers from 0% 
to 100%. To clearly observe the impact of adding chargers, as 
shown in Table 5. The results in this table were obtained by 

reducing a large table with huge values by varying the load 
percentage from 0%, which represents the system without any 
additional effects (as if the chargers were canceled), to 100% 
in 20% steps. Convert it to a smaller table with values that can 
be displayed throughout the paper (0%, 40%, 80%, and 100%). 
To match the paper format. 

And below the P-V analysis Table 6, at 100% charging 
loads, with exact values shown for each bus. 

Figure 17. The chargers and EVs are connected to 11 kV 
buses 

Table 6. P-V analysis summary after adding EV charging station 

P-V Analysis Summary
Load Variation Pattern Constant PF Load Variation Location Study Bus Only 

Bus kV Load 
Variation 

Operating Load Maximum Load 
ID %V P (MW) %V P (MW) 

Blaine 13_7 132 Yes 100.1 22.800 62.3 155.228 
Bus 14 3_14 33 Yes 104.1 6.200 63.4 78.647 
Bus 15 3_15 33 Yes 103.6 8.200 66.2 93.825 
Bus 16 3_16 33 Yes 104.3 3.500 62.5 76.854 
Bus 17 3_17 33 Yes 103.8 9.000 62.9 79.824 
Bus 18 3_18 33 Yes 102.6 3.200 63.4 71.319 
Bus 19 3_19 33 Yes 102.4 9.500 62.6 73.343 
Bus 20 3_20 33 Yes 102.8 2.200 62.8 72.166 
Bus 21 3_21 33 Yes 103.0 17.500 62.9 86.869 
Bus 22 3_22 33 Yes 103.1 0.000 65.2 84.143 
Bus 23 3_23 33 Yes 102.5 3.200 59.9 62.629 
Bus 24 3_24 33 Yes 101.8 8.700 63.5 81.571 
Bus 25 3 25 33 Yes 101.1 0.000 61.3 55.615 
Bus 29 3_29 33 Yes 99.5 2.400 59.7 35.008 
Bus 30 3_30 33 Yes 98.4 10.600 62.4 42.337 

Bus18-1 0.38 Yes 91.2 0.253 53.9 0.752 
Bus23-1 0.38 Yes 89.9 0.253 52.6 0.734 
Bus24-1 0.38 Yes 90.8 0.253 50.6 0.745 

Bus4 33 Yes 99.2 3.500 56.9 25.805 
Bus68 11 Yes 108.2 0.000 67.4 84.584 

Bus90-1 0.38 Yes 93.0 0.253 54.2 0.775 
Bus91-1 0.38 Yes 93.6 0.253 52.6 0.795 

Claytor 13_2 132 Yes 104.2 21.700 69.5 420.196 
Cloverdle 3_27 33 Yes 101.7 0.000 65.6 62.378 
Cloverdle13_28 132 Yes 100.4 0.000 65.6 155.142 
Fieldale 13_5 132 Yes 101.0 94.200 65.5 234.308 

Glen Lyn 13_1 132 Yes 106.0 0.000 106.0 17001.757 
Hancock 1_13 11 Yes 107.1 0.000 68.5 85.871 
Hancock 3_12 33 Yes 105.6 11.200 66.0 95.109 
Hancock 13_4 132 Yes 101.0 7.600 68.7 264.936 
Kumis 13_3 132 Yes 101.9 2.400 64.0 240.510 

Reusens 13_8 132 Yes 100.6 30.000 62.7 137.148 
Roanoke 1_9 33 Yes 104.9 0.000 68.7 113.756 

Roanoke 13_6 132 Yes 100.8 0.000 68.1 190.134 
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6.2.2 Voltage stability analysis for 11 kV buses  
It is worth noting that there are two 11 kV buses with the 

highest Ranks (Hancock 1-13 and Bus68), as shown in the 
sensitivity analysis Table 2. These two buses have the highest 
stability index, and adding heavy loads to them (chargers and 
their components), increasing and doubling them as shown in 
Figure 17. will not lead to a clear effect on them, as shown in 
Table 7. As for the working mechanism, five chargers with the 
maximum possible capacity  (Loading 100%) were placed on 

each bus (Hancock 1-13 and Bus 68) and connected to the 
system through a 5 MVA, 2-winding transformer, as shown in 
Figure 17. 

We note from the voltage stability analysis that the effect of 
the chargers is very slight, and the buses remained highly 
stable even after doubling the loads two and three times. Table 
7 illustrates the voltage stability analysis in the scenario with 
five chargers on the two buses depicted in Figure 17. 

 
Table 7. P-V analysis summary when charger connected to 11 kV 

 
P-V Analysis Summary 

Load Variation Pattern Constant PF Load Variation Location Study Bus Only 
Bus kV Load 

Variation 
Operating Load Maximum Load 

ID %V P (MW) %V P (MW) 
Blaine 13_7 132 Yes 100.1 22.800 62.0 154.998 
Bus 14 3_14 33 Yes 104.1 6.200 63.3 78.027 
Bus 15 3_15 33 Yes 103.6 8.200 65.7 93.146 
Bus 16 3_16 33 Yes 104.3 3.500 62.8 76.266 
Bus 17 3_17 33 Yes 103.8 9.000 62.6 79.367 
Bus 18 3_18 33 Yes 102.7 3.200 63.0 70.859 
Bus 19 3_19 33 Yes 102.4 9.500 62.9 72.892 
Bus 20 3_20 33 Yes 102.8 2.200 63.8 71.660 
Bus 21 3_21 33 Yes 103.1 17.500 62.8 86.540 
Bus 22 3_22 33 Yes 103.2 0.000 65.3 83.650 
Bus 23 3_23 33 Yes 102.6 3.200 60.4 62.374 
Bus 24 3_24 33 Yes 102.0 8.700 63.2 81.638 
Bus 25 3 25 33 Yes 101.6 0.000 60.5 56.752 
Bus 29 3_29 33 Yes 100.1 2.400 58.9 35.885 
Bus 30 3_30 33 Yes 99.0 10.600 61.2 43.149 

Bus4 33 Yes 99.8 3.500 61.4 26.018 
Bus68 11 Yes 108.2 0.000 68.5 83.052 

Bus91-3 0.38 Yes 106.9 1.263 63.1 17.178 
Bus91-5 0.38 Yes 105.8 1.263 60.6 17.391 

Claytor 13_2 132 Yes 104.2 21.700 67.8 421.927 
Cloverdle 3_27 33 Yes 102.1 0.000 63.3 63.926 
Cloverdle13_28 132 Yes 100.5 0.000 64.7 155.727 
Fieldale 13_5 132 Yes 101.0 94.200 65.6 233.946 

Glen Lyn 13_1 132 Yes 106.0 0.000 106.0 16992.781 
Hancock 1_13 11 Yes 107.1 0.000 68.4 84.421 
Hancock 3_12 33 Yes 105.6 11.200 65.4 94.241 
Hancock 13_4 132 Yes 101.0 7.600 68.3 264.620 
Kumis 13_3 132 Yes 101.9 2.400 64.2 240.176 

Reusens 13_8 132 Yes 100.6 30.000 61.0 137.754 
Roanoke 1_9 33 Yes 105.0 0.000 67.8 112.769 
Roanoke 13_6 132 Yes 100.8 0.000 67.4 190.203 

 
 

7. CONCLUSIONS 
 

This study provides a quantitative assessment of how 
electric vehicle charging stations impact voltage stability, 
utilizing the IEEE 30-bus system as a realistic model. Our 
results lead to an indisputable conclusion: charger placement 
is as important as charger size. 

Our preliminary analysis provides clear information for 
ranking the system's buses from weakest to strongest. The V-
Q sensitivity analysis clearly identified bus 4 (33 kV) as the 
most vulnerable node with a sensitivity value of 1.000, while 
bus 68 (11 kV) was the most stable with a value of just 0.0036. 

The results provided a crucial assessment when we 
connected five high-power (240 kW) DC fast-charging 
stations to the weakest 33 kV buses. The impact was severe 
and immediate, while the voltage stability of these new 
charging buses declined sharply, becoming the most 
vulnerable point in the entire system. For example, in some 
areas of the grid, when these chargers were operating at full 

capacity (100%), the voltage on these buses dropped to 
extremely low levels. Bus 23-1 reached only 89.9% of its rated 
voltage, and its maximum load capacity dropped to just 0.734 
MW. This represents a severe performance degradation, 
pushing the system toward the limits of instability. Adding the 
same large charging load to the two most powerful 11 kV 
buses (Hankook 1_13 and Bus 68) had no significant effect. 
Even under full load, Bus 68's voltage remained at a healthy 
108.2%, and its load-carrying capacity remained virtually 
unchanged, reaching a maximum load capacity of 83.052 MW. 
This demonstrates that the stronger parts of the grid can easily 
accommodate this new demand. 

However, the vulnerability of weaker buses should not be 
viewed as merely an obstacle; rather, it identifies critical areas 
that require attention. These sensitive nodes represent prime 
candidates for targeted infrastructure upgrades, such as 
installing capacitor banks to support reactive power or 
reinforcing the grid, to increase their capacity. In this way, the 
challenge of EV integration can be transformed into an 
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opportunity to strengthen the entire power system proactively. 
While the unplanned addition of EV chargers poses a threat 

to grid stability, a smart, data-driven approach that combines 
the strategic deployment of robust buses with targeted 
reinforcement of weak buses not only mitigates risks but also 
enhances overall system resilience. 
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