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Abstract— As adoption of electric vehicles increases
exponentially globally, there is a need for continuous relevant
research in the area of the impacts of charging infrastructure
integration on the grid. One of such impacts is voltage regulation.
This paper develops a practical time-varying electric vehicle load
model as opposed to the state-of-the-art static constant load model
and simulates the impact of electric vehicles on the grid hourly,
rather than daily, placed at selected nodes in the system. It is
observed that as electrical distance of a charging node to the feeder
increases, the occurrence of prolonged voltage drop increases.
This is relevant for utility planners and industry to ascertain the
hourly number of electric vehicles that can be charged in a cluster
without violating the statutory voltage regulation requirement.
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I. INTRODUCTION
Global sales of electric vehicles (EV) in September 2016
stand at 55% higher than the sales in the same month of 2015
[1]. The report also indicates that in the United States, the third
quarter of 2016 has recorded 62% more sales of plug-in electric
vehicles (PEVs) than that recorded in the corresponding quarter
of 2015. This increased penetration reflects the benefits of
electric vehicles over conventional cars. This also results in
massive integration of EV charging stations in the grid. If the
use of these charging points is uncontrolled, there will be a surge
of demand in the distribution system which will negatively
impact the power grid. These impacts include transformer
overload, increased voltage deviation, harmonic distortion and
damage to electrical equipment. There is, therefore, a need for
the development of appropriate infrastructure and charging
strategies to mitigate these effects [2-4].
Various impact analysis and charging coordination studies,
with focus on reducing charging cost, maximizing the number
of vehicles within the statutory system limits, have been carried
out. The allocation for charging in [3] is based on priority
charging time zone towards minimizing cost while maintaining
voltage limits. A real time charging scheme for electric vehicles
in a parking station towards maximizing number electric
vehicles for charging is used in [4]. A battery swapping
technique is used to manage uncontrolled charging effects on the
distribution system [5], where PEV owners can quickly swap
their depleted batteries with previously charged batteries and
these depleted batteries are charged at off-peak periods. On the
other hand, an algorithm is proposed to maximize the revenue of
the parking lot in a line distribution grid considering the EV
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users’ charging demand and the voltage fluctuations, where the
voltage is calculated by a distribution power flow method [6].
The strategy consists of checks for voltage violations with EV
rescheduling to alleviate the deviations in the system. It utilizes
a voltage sensitivity method to determine the order of the
charging locations. Also, impact of non-linear EV load is
studied in [7] and static EV load in [8] on the network such as
transformer loading and voltage deviation. [9] Investigates
effects of unbalanced PV charging at homes.
Among another group of studies, an examination has been
conducted for potential impacts of PEV charging at various
penetration levels on an existing distribution system such as
voltage drop, service transformers overload, energy loss, and
service transformer thermal loss-of-life analysis [10]. Another
examination assesses the impact of a gradual increase of EV
load over a small time period at several nodes of a system and
reports that it causes violations of voltage limits in the system
[11]. As for mitigation method of the deviation, a use of EVs
for a vehicle-to-grid (V2G) application is proposed to regulate
voltage in a smart grid [12]. Another mitigation method
proposed is the use of shunt capacitor banks [13], in which
EPRI’s open source Open Distribution Simulation Software
(OpenDSS) is utilized.
The use of OpenDSS or other simulation software for EV
charging impact reveals a common problem of EV charger
modeling. Without an in-built model of electric vehicle in
simulation software, electric vehicle is modelled simply as a
static load element connected to different buses at 5 different
penetration levels, without considering a variable electric
vehicle charge loading that depicts customer behavior. Another
study which uses openDSS in proposing a new V2G strategy
also relies on static model of EV chargers in the form of a
storage element [14]. Electric Power Report Institute (EPRI)’s
distribution impact study of PEV charging on the grid focuses
on steady-state voltage, transformer overloads, power quality
impacts [15]. The method integrates electric vehicle charging
loads incrementally to the remote end of the feeder and to the
start of the feeder to determine the allowable number of electric
vehicle charging that can be handled by the system. In summary,
most of the previous studies have modeled the EV chargers as if
they are static loads without considering the dynamic or
probabilistic features of charging durations and charging starting
times.
Without considering this time-varying load
characteristics of EV charging, its impact simulated would
indicate just a general status not a needed hour-by-hour dynamic
status, which is practically relevant to the utility operators and

In contrast, this study models EV chargers as variable (in
power and time) loads in the distribution system. We utilize a
combination of statistical methods and practical vehicle users’
data obtained from the National Housing and Transportation
Survey (NHTS) to represent the load profile of EV chargers.
This dynamic feature of the EV charger would provide more
practical hour-by-hour simulation of the impact in the
distribution systems. We believe this approach would provide
the number of electric vehicles allowed to be charged while
keeping the distribution system voltage within its statutory
limits and also the hour-by-hour analysis of voltage deviation
occurrence.
In the next section, we examine the electric vehicle charging
infrastructure and specification, the third section discusses the
time-varying EV charging characteristics The subsequent
section covers the implementation of the developed EV load
profile in OpenDSS software for practical and hour-by-hour
simulations. Section 5 discusses in detail the analysis of the
results and comparison with those of previous work done in the
area. Thereafter conclusion follows in the last section.
II. SYSTEM UNDER STUDY
A. Charging Infrastructure
A study of charger types provided by different EV
manufacturers show level two charger type as a common
standard for electric vehicles with level three as a charger option
[16]. In addition, a review of integrated appropriate charging
infrastructure, both residential and commercial, in the power
grid in select Washington DC regions show a prevalence of level
two charging points [17]. Therefore the charger adopted for this
study is the level two charger with specification is shown in table
I.
TABLE I
Level 2 Charger Characteristics

Outlet Rating

Charge Rating

Current Rating

Charge Duration

240V, 1ϕ

~3.6 – 6kW

16A

3-8 hours

B. System parameters and Specifications
As for battery charger profiles for a level 2 chargers, there are
two connections: a 240V @15A, or a 240V @30A
connections. The difference is seen in rated power and charge
duration where 240 V @30A has a demand of 7.6 kW and a
charge duration which is less than that for the 240V @15A
connection whose demand is 3.6 kW [15]. As expected, the
higher the rating of the charger, the higher the impact on the
system if utilized in clustered charging. The charger profile
adopted here is the 240V @15A level 2 charger.

III. CHARGING BEHAVIOUR
Plug-in behavior is dependent on stochastic factors such as
driver behavior, traffic, delays on the road. The vehicle driver
behavior can be derived from the National Household Travel
Survey (NHTS), a flagship survey of the Department of
Transportation conducted periodically to assess the mobility of
the American public [18]. The 2009 NHTS, for example, with
population size of 150,147 households, presents the number of
vehicle trips by time of day per purpose. It details that the
majority of drivers begin their daily commute between 5:00
a.m. and 7:00 a.m. and commute back home between 3:00 p.m.
and 6:00 p.m.
A combination of the commute vehicle trips per time of
day and data of average commute miles per hour and average
commute trip length can be used to derive the electric vehicle
charging start time, which is assumed to be the time at which
the driver arrives home or a commercial charging station. As
for charging duration, for the level 2 charger rated at 3.6kw, it
is expected to be between 3-8 hours depending on the factors
such as miles travelled which influences the battery state of
charge (SOC) as in [15].
The two charging characteristics of charging start time and
charging duration over a 24-hour period is combined as in [15]
and the resultant electric vehicle charging behavior is as shown
in the load shape distribution in Fig. 1. The histogram indicates
the load shape value for each hour of a day. The load shape
value is defined as the multiplier value for the EV charging load
from which the number of vehicles in charging can be
determined.

Load shape value

planners. On the other hand, the studies which modelled a
variable power load utilized a simple statistical approach such
as uniform distribution or random distribution, to depict the
vehicle plug-in behavior, which of course this does not reflect a
practical representation for charging start times which is
dependent on stochastic factors such as the driver’s daily
schedule.
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Fig. 1. Electric Vehicle Charging Distribution.

IV SIMULATION OF DYNAMIC LOAD

APPROACH AND CASE

STUDIES

The software we choose is OpenDSS to simulate the EV
charging as a dynamic load with a two-peak normal distribution.
OpenDSS is a script-driven simulator that supports different
frequency domain analysis and also has the ability to perform
time-domain analysis. The Electric vehicle Supply Equipment
(EVSE) is modelled in OpenDSS as a power load and the
charging behavior is represented as a load shape which is an
array of scaling multipliers that is representative as shown in fig
1. The EVSE is connected to the select bus via a designated 3winding transformer and a line designated to it. A voltage

monitor is connected to record the change in voltage at the node
as the load shape changes as shown in fig. 2.

The second test circuit we used is EPRI test circuit 5 test
feeder. The EPRI test circuit 5 is one of three models designed
as part of EPRI’s Green Circuit effort. It is a model of an actual
small power distribution circuit with single feeder at the sub bus,
95% residential load, 1379 customers and system voltage at
12.47 kV [21]. Table IV show the electrical distances from 3
selected nodes (bus 791, bus 8178 and bus 107782) to the
substation.
TABLE III
ELECTRICAL DISTANCE OF EACH NODE TO THE FEEDER HEADER FOR EPRI TEST CIRCUIT

Line

Distance (Z)

MDV201_HN_2_794_ABC791

0.109985

MDV201_HN_2_286_ABC8178

1.9855

MDV201_DA_8_935_ABC107782

4.96884

Fig. 2. Implementation of method in the IEEE 13 node test feeder

The study is first carried out using the IEEE 13 Bus System
with EVSE connected to nodes of different proximity in terms
of electrical distance to the substation transformer to analyze the
effect the distance from the substation has on voltage profile of
distribution system. The IEEE 13-node test feeder is a heavily
loaded circuit model used to carry out distribution analysis at
operating voltage of 4.16kv. It is made up of a single voltage
regulator at the substation, shunt capacitors, lines, loads and an
in-line transformer. [21].

The selected nodes of the EPRI test circuit for EV charging
locations are illustrated in Fig. 4.

In OpenDSS, an energy meter which simulates the behavior
of an actual smart meter, is used to measure electrical distance
which is the magnitude of total impedances of the line sections
from any defined node to the feeder; it is connected closest to
the feeder head because only nodes and elements downline from
the energy meter is read and plotted [21]. Table III shows the
electrical distances from the nodes to the substation for the IEEE
13 bus test circuits.
TABLE II
ELECTRICAL DISTANCE OF EACH NODE TO THE SUBSTATION FOR IEEE 13 CIRCUIT

Line
Distance
(Z)

650632

632633

0.6096

0.762

632670

670671

671692

692675

671680

0.812902

1.2192

1.2202

1.3726

1.524

The electrical distance for node 632 is 0.6096 ohms, with the
farthest node on the same circuit being node 680 with an
electrical distance of 1.524 ohms as illustrated in Fig. 3.

Fig. 4: The selected distance-dependent nodes of EPRI circuit 5 test circuit

For both test circuits, a test base case is set by first running a
load flow of the test circuit at normal working condition with no
integration of electric vehicles charging station, this is to give us
a base case of the system voltage to compare the effect of
subsequent integration of electric vehicles charging stations at
different penetrations. Next section details the simulation
results.

V ANALYSIS AND VALIDATION RESULTS
A. IEEE-13 Node Test Circuit
Near Bus Scenario: The IEEE 13 node test feeder being heavily
loaded, 360 kW electric vehicle charging load is connected at
the near bus (Fig. 5) and the time-varying profile connected at
node 632 affects the voltage profile at the other buses located
downline from it such that voltage drops occur at the other
Fig. 3. The IEEE 13 node test showing selected distance-dependent nodes.

buses at the same time periods as at bus 632. In this scenario,
no voltage violation occurs.

Fig 5. Voltage deviation profile at Bus 632 (IEEE 13-Bus)

Mid Bus Scenario: As the distance from the feeder header
increase, voltage deviation becomes adverse, as in Mid Bus
Scenario (Fig. 6) where the static profile shows violation over
24 hour period while the time-varying load profile records two
hour violations at 7:00 p.m. and 8:00 p.m. The load profile at
the mid bus has more significant effect on the voltage profile at
the far bus located down line from it than on the near bus. The
Mid Bus and Far Bus experience voltage drops at the same time
period.

B. EPRI Circuit 5 Test Feeder
The EPRI Circuit 5 test feeder serves a total of 1379 customers.
With an assumption that each customers owns at least one
vehicle, the test scenario adopts 10% - 40% penetration of
electric vehicles at the different charging locations. Penetration
here is the total percentage of vehicles that is electric vehicles
such that 10% penetration is 137vehicles and 496 kW charging
load, 40% penetration signifies 551 vehicles and 1985 kw
charging load.
Near Bus Scenario: With the charging location at bus 791, the
statutory voltage limit is not violated at all nodes for all
penetrations (Fig 8-11). At 40% penetration in fig. 10, the
previous method used in [12] shows an unrealistic violation at
40% penetration of electric vehicles with a constant p.u. voltage
of 0.94 over time, in contrast to the results from the timevarying profile where the voltage profile is within the statutory
limits.

Fig 8. Voltage deviation profile at Bus 791 – 10% penetration

Fig 6. Voltage deviation profile at Bus 671 (IEEE 13-Bus)

Far Bus Scenario: With further decrease in proximity, the
period of adverse deviation increases from 2 hours as in the mid
scenario to 6 hours in the Far Scenario (Fig 7) with recorded
violations from 6:00 p.m. to 9:00 p.m. and at 9:00 a.m. and
11:00 a.m. The static profile shows an unrealistic violation over
a 24 hour period signifying that the same number of vehicles
are connected to charge over 24 hours.

Fig 9. Voltage deviation profile at Bus 791 – 20% penetration

Fig 10. Voltage deviation profile at Bus 791 – 30% penetration
Fig 7. Voltage deviation profile at Bus 680 (IEEE 13-Bus)

Fig 11. Voltage deviation profile at Bus 791 – 40% penetration
Fig 14. Voltage deviation profile at Bus 8178 – 30% penetration

Mid Bus Scenario: At the mid bus charging location, at an
electric distance of 1.98Ω, the voltage profile for 10%
penetration and 20% penetration remain within the ANSI
statutory limits (fig. 12-13). As the number of electric vehicles
increase from 275 at 20% to 413 at 30% penetration in fig 14,
with corresponding cumulative charging rate increasing from
992 kW to 1489 kW. The time varying voltage profile records
a violation at 10:00 a.m. and 11:00 a.m. and between 6:00 p.m.
and 11:00 p.m. while the static voltage profile records a
constant violation of time with p.u. voltage of 0.92. As the
cumulative charging load increases to 1985 kW at 40%
penetration in fig. 15, the voltage drops becomes more adverse
for both profiles and the period of violation for the time-varying
profile increases.

Fig 12. Voltage deviation profile at Bus 8178 – 10% penetration

Fig 13. Voltage deviation profile at Bus 8178 – 20% penetration

Fig 15. Voltage deviation profile at Bus 8178 – 40% penetration

Far Bus Scenario: The far bus “107782” located at an electrical
distance of 4.96 Ω from the feeder header shows a violation for
the static profile at 10% penetration in fig 16. The time-varying
profile implemented in this work records violations stating at
20% penetration (Fig. 17) with time slots between 12:00a.m. 7:00 a.m. and 1:00 p.m. – 4:00 p.m. where demand side
management can implemented to influence customer charging
behavior and provide relief in the time periods where prolonged
adverse voltage drops occur as in fig 18 at 30% penetration
where adverse deviation from 7:00 a.m. to 12:00 a.m. is
recorded. At 30% penetration of electric vehicles (Fig. 18 )
where the timeslot when the system is within its voltage limits
is limited to 5 hours, a combination of incentivized demand side
management and VAR compensation techniques is suggested
to ensure the voltage profile is kept within the statutory limits
of ±5%.

Fig 16. Voltage deviation profile at Bus 107782 – 10% penetration
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Fig 17. Voltage deviation profile at Bus 107782 – 20% penetration
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Fig 18. Voltage deviation profile at Bus 107782 – 30% penetration

VI CONCLUSION
In response to the yearly exponential increase of global
sales of electric vehicles and the projected penetration of
electric vehicle, there is need for development of the
appropriate charging infrastructure and continuous research in
the impacts of the increasing charging penetration on the grid.
This study analyses the impact of different penetrations of
electric vehicle charging on voltage regulation using a practical
time variable load. From this study, it is seen that as electrical
distance to the feeder increases, the occurrence of prolonged
voltage drops increases. Also as penetration increases, adverse
violation of the ANSI voltage limit increases. Therefore this is
important for utility planners to focus on these problem areas in
implementing demand side management and VAR
compensation techniques to ensure the grid can handle the
projected charging integration. The method used in this study
provides a more practical analyses of the voltage regulation
impacts on the grid in contrast to the static electric vehicle load
profiles used in previous studies in which case voltage
deviation occur as early as 10% penetration at all times.
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