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Overvoltages due to Synchronous Tripping of Plug-in
Electric-Vehicle Chargers Following Voltage Dips

Soumya Kundu, Member, IEEE, and Ian A. Hiskens, Fellow, IEEE

Abstract—Plug-in electric vehicle (PEV) charging equipment in-
corporates protection that ensures that grid disturbances do not
damage the charger or vehicle. When the grid voltage sags below
80% of nominal, undervoltage protection is likely to disconnect
the charging load from the grid. Most PEV charging will occur
overnight, when non-PEV load is at a minimum. This paper argues
that PEV voltage-sag response, when synchronized across large
numbers of PEVs, could result in the loss of a significant propor-
tion of the total load. It is shown that this load loss can lead to un-
acceptably high voltages once the initiating event has been cleared.
This paper explores the nature of this voltage-rise phenomenon.
Analysis tools are developed to assist in determining PEV loading
conditions that demarcate acceptable postdisturbance voltage re-
sponse from unacceptable outcomes. Two examples, based on stan-
dard distribution test systems, are used to illustrate PEV-induced
overvoltage behavior, and demonstrate applications of the analysis
tools.

Index Terms—Distribution networks, overvoltages, plug-in elec-
tric vehicles, voltage sag.

I. INTRODUCTION

M ANY MARKET research reports suggest that by 2020,
vehicles that acquire energy from the grid, referred to

generically as plug-in electric vehicles (PEVs), may well ac-
count for around 20% of total automobile sales in the U.S. [1],
[2]. It is therefore reasonable to assume that a large number of
households will have at least one PEV. In many cases, these
vehicles will charge from residential distribution feeders. Ve-
hicle charging rates vary over a wide range, with SAE Standard
J1772 [3] defining level 1 charge rates up to 1.9 kW, and level 2
up to 19.8 kW. It is anticipated that charging rates of around 5
kW will be quite common [4]. To put this load in context, av-
erage household electricity consumption is around 1.3 kW [5].
Furthermore, it is likely that financial incentives will encourage
charging overnight, when background non-PEV demand is less
than average [6]. Therefore, it may be concluded that during

Manuscript received January 05, 2013; revised June 10, 2013; accepted
January 23, 2014. Date of publication April 15, 2014; date of current version
May 20, 2014. This work was supported in part by the National Science Foun-
dation through EFRI-RESIN under Grant 0835995 and in part by the Depart-
ment of Energy through the Clean Energy Research Centre for Clean Vehicle
Collaboration (CERC-CVC) under award number DE-PI0000012. Paper no.
TPWRD-00025-2013.
The authors are with the Department of Electrical Engineering and Com-

puter Science, University of Michigan, Ann Arbor, MI 48109 USA (e-mail:
soumyak@umich.com; hiskens@umich.edu).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TPWRD.2014.2311112

overnight hours, PEV-charging load will contribute a signifi-
cant proportion of the total demand on residential distribution
feeders.
When electricity demand is composed of large numbers of

similar devices, relatively benign events can synchronize their
response, resulting in collective behavior that is potentially
destabilizing. Such a situation arises with fault-induced de-
layed voltage recovery (FIDVR) [7], where a voltage sag leads
to large numbers of residential air-conditioner compressors
stalling [8]. The high current drawn by the stalled induction
motors depresses voltages further, and a cascading form of
voltage collapse may result. It is shown in this paper that if the
penetration of PEV-charging load is sufficiently high, the syn-
chronized tripping of PEV chargers may lead to unacceptably
high voltages on distribution feeders.
The response of PEV chargers to power-quality events is gov-

erned by SAE Standard J2894 [9], which updates an earlier re-
port from the Electric Power Research Institute (EPRI) [10].
As with FIDVR, the response of PEV chargers to low-voltage
events is of particular interest. Two cases are covered in SAE
J2894:
Case 1) Voltage sag: PEV chargers must remain energized if

the supply voltage drops to 80% of nominal for up
to 2 s.

Case 2) Momentary outage: PEV chargers must ride through
a complete loss of voltage for up to 12 cycles.

Situations where voltages sag below 80%, but remain nonzero,
are not explicitly covered by the standard.
Voltage sag events that affect the entire distribution feeders

are relatively common. Such events play a fundamental role
in FIDVR, which has been observed on numerous occasions
[7]. Therefore, it may be assumed that distribution networks
will experience voltage sags that are sufficient to cause large
numbers of PEV chargers to trip. Following such trips, SAE
J2894 recommends that restarting be delayed, in order to min-
imize the possibility of cold-load pickup. As noted earlier, the
PEV-charging load could contribute a large proportion of the
total load on a distribution feeder during overnight hours. Ac-
cordingly, a voltage sag that tripped PEV chargers would cause
a significant reduction in the total load.1 Upon recovery from
the voltage sag, the feeder would experience much lighter load
and, consequently, voltages would exceed their predisturbance
values. Shunt capacitors, which are common on distribution
feeders, would further contribute to this voltage rise. A large
voltage increase, perhaps above 110% of nominal, could cause

1Other electrical appliances would also be likely to trip [11], further exacer-
bating the load loss.
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Fig. 1. Two-bus network.

other electrical equipment to trip. In fact, SAE J2894 allows
PEV chargers to trip for voltages above 110% of nominal. The
high voltages resulting from such a cascade could damage dis-
tribution equipment and the remaining load.
This overvoltage issue is explored in the remainder of this

paper. Section II provides a motivating example. Section III es-
tablishes the network model that is used throughout the investi-
gations, and draws together the assumptions regarding voltage
control. Section IV describes the approach taken to investigate
general distribution networks. Results are presented and dis-
cussed in Section V, and conclusions are provided in Section VI.

II. MOTIVATING EXAMPLE

The simple two-bus network of Fig. 1 will be used to pro-
vide an initial illustration of voltage rise associated with PEV
charger tripping. (Standard distribution feeder examples will be
considered in Section V.) For clarity of presentation, the load
in Fig. 1 has unity power factor. This simplification will be re-
laxed in the standard test cases discussed later. For this simple
system, the relationship between active power load , suscep-
tance , and load-bus voltage can be written

(1)

This relationship is shown graphically in Fig. 2, where each
line corresponds to a particular value of voltage , and can be
thought of as a contour of the -surface [12], [13].
It is assumed throughout this paper that voltages above

1.1 p.u. are unacceptable. Many devices will trip if voltages
rise above this threshold, including PEV chargers [9]. As more
loads trip, voltages will rise further, resulting in even higher
overvoltages that could potentially cause widespread damage
to electrical equipment.
For clarity of illustration, parameter values of 1.0 p.u.,
0.3 p.u., and 0.5 p.u. will be used in this example, along

with the base-case conditions 0.5 p.u. and 1.0 p.u.
The capacitive susceptance required to achieve these loading
conditions can be determined from (1) as 0.46 p.u. This
base-case point is identified in Fig. 2. If the load power were
to reduce, while holding susceptance constant, the operating
point would move horizontally to the left, crossing contours of
higher and higher voltage. For a sufficiently large loss of load ,
the operating point would move to the unacceptable operating
region where 1.1 p.u. By setting 1.1 p.u. in (1), the
value of load at which voltage becomes unacceptable can be

Fig. 2. Relationship between load power , susceptance , and voltage .

found to be 0.364 p.u. Therefore, in this example, if
of the original load tripped, the voltage at

the load bus would rise from 1.0 to 1.1 p.u.

III. BASIC FRAMEWORK

A. Generalized Network Description

In order to extend analysis from the two-bus case of Section II
to realistic distribution feeders, the generic radial network struc-
ture shown in Fig. 3 will be adopted. Node 1 denotes the substa-
tion bus at the source of the feeder, while load nodes
are arranged so that the node number increases along paths from
the substation to the end nodes. The set of feeder nodes is given
by . Let be the set of all connections between
nodes, so that if a physical connection exists between
nodes and . Define

(2)

as the set of all nodes that are connected “downstream” from
node . The complex power drawn by the load at node is de-
noted as , whereas and are the active and re-
active power flowing from node toward node through
the connecting branch . The impedance of that branch is

.
The load at each node has been modelled as voltage depen-

dent

(3)

where , refer to the predisturbance load at node , and
is the predisturbance voltage magnitude at that node. A load
model consisting of a combination of constant power, current,
and impedance, commonly referred to as the ZIP model [14],
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Fig. 3. Radial structure of a distribution feeder.

could just as easily be used though. The reactive power pro-
duced by a shunt capacitor at node is given by

. A Thévenin equivalent has been used to model the grid
from generation to the feeder source node 1. Source reactance is
given by , with the source resistance neglected. The Thévenin
voltage at node 0 is set to give the desired predisturbance
voltage at the feeder source node 1.
It is convenient to model radial feeders of the form shown in

Fig. 3 using the DistFlow [15] recursive power-flow equations

(4a)

(4b)

(4c)

where . For later use, define

(5a)

(5b)

(5c)

(5d)

(5e)

(5f)

allowing (4) to be written compactly as

(6)

The load at each node is comprised of both non-PEV base
load and PEV-charging load. PEV-charging load is effectively
constant (not voltage dependent) under normal operating con-
ditions. This is a consequence of controls that implement a con-
stant current constant voltage (CCCV) charging strategy [16].

Denote by , the active power drawn by PEV chargers at node
as a fraction of the total predisturbance active power consump-
tion at that node. The power factor of the PEV-charging load2

is denoted by . Therefore, the PEV load is given by

(7)

and the predisturbance non-PEV load is given by

(8)

Due to the voltage dependence of the non-PEV load, it follows
from (3) that the actual postdisturbance demand will be given
by

(9a)

(9b)

Later formulations will use the notation

(10a)

(10b)

B. Voltage-Control Assumptions

Based on SAE J2894, PEV chargers are free to trip for voltage
sags that last longer than 12 cycles (0.20 s for a 60 Hz system.)
It is therefore likely that many PEV chargers will trip in the
0.20–0.25 s time frame. Upon clearing of the initiating distur-
bance, voltages will rise instantaneously to values that exceed
predisturbance conditions. This entire process is fast relative to
standard distribution-level voltage controls. The following as-
sumptions are therefore made:
• Distribution transformers and voltage regulators will re-
quire at least a few seconds to tap following disturbance
clearing [17], though they will eventually operate to re-
store voltages to an acceptable level. This time delay is
necessary to ensure that ambient voltage fluctuations do
not cause excessive tapping.

• Shunt capacitors will not trip immediately upon distur-
bance clearing, though they will switch after some time.
Again, a time delay is necessary to prevent excessive
switching.

Hence, distribution feeders will be exposed to high voltages for
an appreciable period following disturbance clearing.

IV. PROBLEM FORMULATION

In the two-bus example considered in Section II, determining
the relationship between loss of load and consequent voltage
rise involved a two-step process as follows.

2It will be assumed in later studies that all PEV-charging loads have a power
factor of 0.97 lagging, which is consistent with [9]. This is not a restric-
tive assumption though.



1150 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 29, NO. 3, JUNE 2014

Step 1) For a given total load (non-PEV plus PEV), the sus-
ceptance required to achieve the desired predistur-
bance voltage was determined.

Step 2) With susceptance fixed at the value determined in
Step 1), the load reduction required for the postdis-
turbance voltage to reach the maximum allowable
value of 1.1 p.u. was then calculated.

This process is straightforward for the two-bus case, and can
be implemented by coupling together two copies of (1), with the
predisturbance values for and specified in the first equa-
tion, and the voltage threshold 1.1 p.u. specified in the
second equation. This results in two equations in two unknown
variables, the susceptance and the reduced load . The crit-
ical proportion of PEV-charging load is then given by

. This formulation provides a direct mapping from
to .
An equivalent mapping is desired for general multi-node net-

works of the form shown in Fig. 3. Some adaptation of the
two-step process is required, with the following subsections de-
scribing a generalized approach.

A. Predisturbance Conditions

In establishing predisturbance conditions, it is assumed that
the feeder normally operates with all node voltages within
allowable bounds, for example 2% of nominal [18], and
that power losses are minimized. These requirements can be
achieved by placing shunt capacitor banks along the feeder. Ca-
pacitor placement and sizing strategies have been extensively
studied, with both heuristic guidelines [19]–[21] and optimiza-
tion techniques [15], [22] widely used. The approach suggested
in [19] was adopted to place capacitors, with the capacitors
sized using an optimization formulation that minimizes line
losses,

(11)

subject to

(12)

(13)

where (12) is just the compact form (6) of the power-flow equa-
tions, with loads taking their predisturbance values. The voltage
bounds may occasionally lead to infeasibility. In such cases they
can be relaxed slightly.
Reliable convergence was obtained using the optimization

package CVX [23]. CVX solves convex optimization problems,
but the objective function (11) and the power-flow equations
(12) are nonconvex. Thus an iterative approach was adopted,
whereby at each iteration, convex approximations of (11) and
(12) were used. At each step a convex optimization was solved,
followed by an update of the power-flow variables using (12).
This process generally converged in a few iterations.

B. Postdisturbance Voltage Rise

Under postdisturbance conditions, with some of the PEV load
disconnected due to the voltage-sag event, voltages across the
distribution feeder will tend to be higher than normal. It is as-
sumed that the status of shunt capacitors does not change during
the event, so the values of obtained from the optimization
(11)–(13) will remain fixed. The aim is to determine the smallest
loss of PEV-charging load across the feeder that would cause
the voltage at any of the nodes to encounter its limiting value of
1.1 p.u. This problem can be addressed using the optimization
formulation

(14)

subject to

(15)

(16)

where the non-PEV loads and refer to
(10).
To overcome the nonconvexity inherent in (16), this max-

imum-voltage constraint is enforced for a single node voltage
at a time, replacing (16) by the constraint 1.1 p.u. for a
particular node . This is effective as usually only a few nodes
are candidates for the highest voltage. If a node voltage is forced
to 1.1 p.u., and that causes other nodes to have higher voltages,
then the optimization is repeated with the voltage constraint en-
forced for the node with the highest voltage. With some prior
knowledge of likely high-voltage buses, this procedure gener-
ally only needs to be repeated once or twice.

V. CASE STUDIES

Two distribution feeder examples will be used to illustrate the
risk of overvoltages as PEV-charging load increases. The first is
a 23 kV feeder that has no lateral branches [24], and the second
is the standard IEEE-34 distribution feeder [25], [26].

A. 23 kV 10-Node Primary Feeder

The feeder data for this example were obtained from [24]. The
feeder was modified to include the Thévenin equivalent repre-
sentation of the grid, in accordance with Fig. 3. Shunt capacitors
were placed at nodes 7 and 10 to ensure predisturbance voltages
were within allowable bounds of 2%. All non-PEV demand
was modelled as voltage dependent (constant current character-
istic) unless otherwise noted.
A typical voltage profile along the feeder is shown in Fig. 4. In

producing this particular case, all loads were uniformly scaled
up by 25%. It is clear that all voltages are acceptable prior to
the loss of PEV-charging load. Fig. 4 also illustrates the rise
in voltage that occurs when PEV load is disconnected. For this
particular case, 33.2% of the load at every node was tripped.
This resulted in the voltage at node 10, which is farthest from
the substation, rising to exactly 1.1 p.u.
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Fig. 4. Predisturbance and postdisturbance voltage profile along the 10-node
primary feeder.

This case will initially be used to consider various PEV
loading scenarios that help quantify the effects of the spatial
distribution of PEVs along a feeder. A probabilistic simulation
will then explore the temporal characteristics of PEV charger
tripping.
1) Uniform PEV-charging Load: For this case, it was as-

sumed that the PEV-charging load was spread uniformly across
the feeder, such that the PEV load fraction was the same
for every node. By setting , the constraints
(15)–(16) form a set of equations that has dimension equal to
the number of variables. As a result, direct solution yields the
critical value that corresponds to 1.1 p.u.3 This
value separates acceptable cases ( ) from unacceptable
situations ( ).
To explore different loading scenarios, the total load on

the feeder was scaled from 100% to 135% of the base-case
load data given in [24]. Shunt capacitors were sized using
(11)–(13) whenever they were required to improve the predis-
turbance voltage profile along the feeder. Furthermore, voltage
dependence of non-PEV loads was considered by comparing
constant-current and constant-power models. The resulting
values of are plotted in Fig. 5, with the solid and dashed
lines corresponding to constant-current and constant-power
modelling of non-PEV loads, respectively. The voltage profile
shown in Fig. 4 corresponds to the point marked “o” in Fig. 5.
Any point above the curve describes an unacceptable loading

condition, as the postdisturbance voltage of at least one node
exceeds 1.1 p.u. Loading conditions below the curve result in
acceptable postdisturbance voltages. It may be concluded from
Fig. 5 that for high loading levels, the rise in voltage following a
disturbancemay be excessive evenwhen the PEV-charging load
penetration is quite low. Also, voltage dependence of non-PEV
loads tends to moderate the postdisturbance rise in voltages.
This is because the increase in non-PEV load with voltage par-
tially compensates the reduction in PEV demand.

3Constraint switching associated with (16) can be handled in a similar way
to that described in Section IV-B.

Fig. 5. Allowable PEV load as the total load increases, with uniform across
the 10-node primary feeder.

2) Sensitivity To Location: The location of PEV-charging
load along a distribution feeder has an important influence on
postdisturbance voltage rise. The effect of load loss tends to be-
come magnified as the distance from the substation increases.
The relative significance of different locations can be deter-
mined through the use of (15)–(16). Consider an investigation
of PEV load at two locations, nodes and . The corresponding
values of and are free variables in (15), while ,
are fixed for all other nodes. This leads to (15)–(16) having
one more variable than constraint. This under-determined set
of equations describes a 1-manifold (or curve) which can be ob-
tained using a continuation process [27]. The simplest approach
is to assign a series of values to and use (15)–(16) to calculate
the corresponding values for . The resulting curve separates
acceptable loading conditions (below the curve) from those that
would leave the system vulnerable to postdisturbance overvolt-
ages (above the curve).
This procedure was used to compare the relative importance

of PEV loads at nodes 6 and 10 in the 10-node feeder. The re-
sults are shown in Fig. 6 for two different background loading
conditions, 1) all loads were scaled to 125% of their base-case
values in [24], and 2) all loads were scaled by 135%. The pro-
portion of PEV-charging load at all nodes other than 6 and 10
was held at . The relationship between
and is very close to affine, with both lines in Fig. 6 having
slopes of approximately . This indicates that a change in
of 0.2 (meaning an extra 20% of the load at node 6 is due to

PEV charging) has the same overvoltage outcome as changing
by around 0.33 0.20 0.066. It follows that the load

at node 10 has a much more significant influence on the over-
voltage phenomenon of interest. Even though the result is to be
expected in this case, as node 10 is at the very end of the feeder,
this process provides a valuable analysis tool for cases that are
not so straightforward.
3) Maximum Vulnerability: The optimization formulation

(14)–(16) determines the minimum PEV load loss necessary to
cause unacceptable postdisturbance voltages. This effectively
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Fig. 6. Sensitivity between and for two loading scenarios on the
10-node primary feeder.

TABLE I
MINIMUM PEV-CHARGING LOAD NECESSARY TO CAUSE UNACCEPTABLE
POSTDISTURBANCE VOLTAGES ON THE 10-NODE PRIMARY FEEDER

establishes the locations where loss of PEV load contributes
most to voltage rise. Table I presents the results of this opti-
mization for a range of background loading conditions, from the
base-case load profile given in [24] to a 35% increase beyond
that base level. In all cases, it can be seen that the network is
most vulnerable to overvoltages when PEV load is located near
the remote end of the feeder. The proportion of PEV load rel-
ative to the total feeder load is given by , with
values for the various loading conditions given in the last row of
the table. For the 135% loading condition, overvoltage vulner-
ability occurs when PEV-charging load accounts for only 9.6%
of the total load. However problems will only arise if all that
load is placed at the end of the feeder.
To explore a more reasonable distribution of PEV load, the

optimization problem (14)–(16) was augmented by the addi-
tional constraints

(17)

This ensures that no more than 50% of the load at any location
can be PEV load. The results of this modified formulation are
provided in Table II. It is again clear that the network is more

TABLE II
REPEAT OF TABLE I, SUBJECT TO THE CONSTRAINTS

Fig. 7. Probabilistic PEV tripping characteristic.

vulnerable to overvoltages when PEV loads are further from
the substation. Based on the scenarios presented in Table II, a
relatively small amount of PEV-charging load is required for
overvoltage vulnerability. Considering the 125% loading case,
for example, unacceptable overvoltages may occur when only
16.7% of the total load is due to PEV charging.
4) Probabilistic Simulation: The SAE standard [9] gov-

erning the response of PEV chargers to voltage abnormalities
specifies that chargers must ride through low voltages for
up to 12 cycles (200 ms for 60 Hz systems). However, PEV
chargers may trip if voltages remain below 0.8 p.u. The lower
the voltage, the more likely tripping becomes. This relationship
between voltage and mean time-to-trip can be captured by an
exponential probability distribution that is parameterized by
voltage. Given a voltage deviation , the
probability that a PEV charger trips over a time interval (ms)
is given by the cumulative distribution function,

(18)

where the rate parameter is a function of the voltage
dip. The tripping characteristic shown in Fig. 7 was achieved
using (1/ms).



KUNDU AND HISKENS: OVERVOLTAGES DUE TO SYNCHRONOUS TRIPPING OF PLUG-IN EV CHARGERS 1153

Fig. 8. Response of the voltage at each node to a 300 ms voltage sag on the
10-node primary feeder.

Likewise, PEV chargers will trip when exposed to voltages
above 1.1 p.u. The probability of such overvoltage tripping can
be modelled in a similar way.
For this illustration, it was assumed that chargers accounted

for 50% of the load at each node, and that every charger drew
5 kW. It was also assumed that all chargers were governed by
the probabilistic tripping characteristic of Fig. 7, with for
each charger given by the node to which it was connected.
Node 0 was subjected to a voltage drop from 1.0 to 0.8 p.u.,

for a period of 300 ms. Voltages at all nodes are shown in Fig. 8,
while Fig. 9 shows the number of PEV chargers that remain con-
nected at each node. PEVs are prevented from tripping during
the first 200 ms, but may trip according to (18) beyond that time.
As PEV chargers trip, voltages rise slightly, so the rate of trip-
ping subsides. Nevertheless, once the system voltage is restored
to 1.0 p.u. at 300 ms, voltages at some nodes exceed 1.1 p.u.
PEV tripping then continues at those nodes due to the exces-
sively high voltages, further exacerbating the overvoltages.
The short-term relationship between the power drawn by a

PEV charger and its terminal voltage may depend on many fac-
tors, including the charger design and its operating condition
(i.e., point on the charging cycle). In order to assess this effect,
the load drawn by each charger was modelled according to (3),
with the active-power index chosen randomly from the range

, while reactive power was held at a constant power
factor (0.97 lagging). AMonte Carlo simulation was undertaken
using 1000 randomly chosen sets of PEV-charger load indices.
The results are summarized in Fig. 10. It can be seen that voltage
dependence of the charging load has only a limited influence on
the voltage rise phenomenon. In all cases, the postevent voltage
of at least one node exceeded the critical level of 1.1 p.u. The
figure also shows that around 50% of the PEV chargers tripped
in response to this LV event.

B. IEEE-34 Test Feeder

Similar analysis has been undertaken for the standard
IEEE-34 distribution feeder [25], [26], which is shown in

Fig. 9. Number of PEV chargers connected at each node, for a 300 ms voltage
sag on the 10-node primary feeder.

Fig. 10. Results from 1000 simulations, each of the form shown in Figs. 8 and
9. Upper plot: maximum voltage that was observed in each case. Lower plot:
percentage of PEV chargers that tripped in each case.

Fig. 11. Standard IEEE-34 distribution feeder.

Fig. 11. This model describes an actual 24.9 kV feeder in Ari-
zona that is long and lightly loaded. PEV-induced overvoltage
effects are prominent in this feeder because of its long lines.
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Fig. 12. Comparison between the positive-sequence voltages for the three-
phase model and the corresponding voltages for the single-phase equivalent
model.

The first step in this investigation was to replicate the three-
phase power-flow results given in [26]. Fig. 12 shows the pos-
itive sequence voltage profile at the nodes along the feeder.
(The lines in the figure indicate physical connections between
nodes.) The figure also shows the voltage profile obtained for a
single-phase equivalent model. There is generally good agree-
ment, though with some discrepancy around nodes 808–814 due
to significant voltage imbalance at those locations.
It is clear from Fig. 12 that some of the node voltages are

unacceptably low. To improve the voltage profile, shunt capac-
itors were added at nodes 822 and 890. Also, a Thévenin equiv-
alent for the higher-voltage grid was incorporated, and the al-
lowable voltage range (13) was relaxed to 0.97–1.05 p.u. The
resulting voltage profile is shown in Fig. 13 as the predistur-
bance case. The investigations reported in Sections V-B1–V-B3
use the single-phase equivalent model. The full three-phase net-
work representation is considered in Section V-B4.
In all cases, non-PEV loads were represented by the ZIP

voltage-dependent load model, in accordance with [26].
1) Uniform PEV-charging Load: As in Section V-A1, this

initial study assumed that PEV-charging load was spread uni-
formly across the feeder, so . Fig. 14 shows the
variation in the critical value as the total load on the feeder
was decreased from 100% of the base case (given in [26]) to
70% loading. Recall that corresponds to a postdisturbance
voltage profile where 1.1 p.u. Fig. 13 shows the
predisturbance and postdisturbance voltage profiles for the base
case (load scaling of 100%) and 0.1988. This particular
case is identified on the curve in Fig. 14 by a “o.” It should be
reiterated that for the base-case loading level, less than 20% of
the load needed a trip for a node voltage to reach 1.1 p.u.
2) Sensitivity to Location: The continuation process de-

scribed in Section V-A2 was used to compare the relative
importance of PEV loads at nodes 844 and 890, which are on
different spurs of the 34-node feeder. The proportion of PEV
load at all other nodes was held constant at 0. The results

Fig. 13. Predisturbance and postdisturbance voltage profile along the 34-node
feeder.

Fig. 14. Allowable PEV load as total load increases, with uniform across
the 34-node feeder.

for two loading conditions, 70% and 80% of the base case, are
presented in Fig. 15. As with the 10-node feeder, the relation-
ship displayed in Fig. 15 is affine over most of the range. In this
case, though, the lines have a slope of around 0.95. It may be
concluded that the PEV load at both locations creates almost
the same likelihood of unacceptable postdisturbance voltage
rise.
3) Maximum Vulnerability: The results of the optimization

(14)–(16) coupled with (17), for a range of loading conditions,
are presented in Table III. (Only nodes with nonzero entries have
been included in the table.) These results identify the locations
where high penetration of PEV load makes the network most
vulnerable to postdisturbance overvoltages. It is again clear that
adding PEV-charging load near the ends of the feeder maxi-
mizes vulnerability. For this particular case, the spur associated
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Fig. 15. Sensitivity between and for two loading scenarios on the
34-node feeder.

TABLE III
MINIMUM PEV-CHARGING LOAD NECESSARY TO CAUSE UNACCEPTABLE

POSTDISTURBANCE VOLTAGES ON THE 34-NODE FEEDER. WITH
CONSTRAINTS

with node 890 and the spur off node 834 are most sensitive to
PEV load loss.
4) Overvoltages on the Three-Phase Model: The previous

analysis was undertaken using the single-phase equivalent
model. Fig. 14 showed that at 100% loading, a load drop of
20% would result in a node voltage reaching 1.1 p.u. As a
comparison, Fig. 16 shows the three phase voltages along the
main feeder when a PEV-induced load drop of 20% is applied
uniformly across all loads. (For clarity, the voltages on the
laterals have not been shown.) The postdisturbance voltage on
A-phase at node 832 rises well above 1.1 p.u., while the other
phase voltages are close to 1.1 p.u.
If there is imbalance in the distribution of PEV-charging load

across the three phases, an even smaller load drop could po-
tentially cause overvoltage issues. Fig. 17 shows the outcome
when 30% of the load on A-phase trips but with only 10% of
the load on the other phases tripped. (This corresponds to about
17% of the total load on the feeder.) The A-phase voltage rises
above 1.1 p.u. from node 832 to the end of the feeder, while the
other phase voltages remain within the acceptable range. This
example also illustrates that PEV load tripping may lead to sig-
nificant voltage imbalance.

VI. CONCLUSION

The paper has identified a potentially significant issue as-
sociated with large-scale PEV charging. When grid voltages

Fig. 16. Postdisturbance phase voltages along the main feeder. Uniform 20%
load drop across the three phases for all loads.

Fig. 17. Postdisturbance phase voltages along the main feeder. Load drop of
30% for all A-phase loads and 10% for loads on the other phases.

sag below 80% of nominal, PEV chargers are likely to trip
[9]. Voltage sags often affect entire distribution feeders, and
may even be more widespread when initiated by an event on
the transmission system. It is therefore quite plausible that
voltage-sag events may affect large numbers of PEVs, leading
to synchronous response and a consequent drop in load. To
put this load drop into context, most PEV charging will occur
at night, when non-PEV load is at a minimum. It follows that
voltage-sag induced tripping of PEV-charging loads could
result in the loss of a significant proportion of the total load.
When the initiating event is cleared, voltages will instantly

rise above their predisturbance levels due to the reduction in
load. It is shown in the paper, for realistic distribution feeders,
that postdisturbance voltages may easily exceed 1.1 p.u. This
would result in further load tripping, including many of the
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remaining PEV chargers [9]. The resulting overvoltage condi-
tions could damage electrical equipment and remaining loads.
The usual methods of controlling distribution feeder voltages,
namely, transformer and voltage regulator tapping and capac-
itor switching, are too slow to prevent overvoltages when the
initiating event is cleared.
The underlying load-loss problem is a consequence of the

low-voltage characteristics of PEV chargers, which are deter-
mined by the governing standard [9]. Altering the standard to
ensure grid-friendly low-voltage-ride-through behavior would
eliminate widespread PEV load tripping, and postdisturbance
overvoltages would become a nonissue.
The paper has shown that potential overvoltage situations can

be assessed using tools that are based on the power-flow equa-
tions. Three situations have been considered: 1) uniform distri-
bution of PEV-charging load across all loads; 2) sensitivity to
charging loads at various locations; and 3) minimum charging
load that can cause overvoltage issues. These investigations es-
tablish the boundary between benign conditions where postdis-
turbance voltages remain below 1.1 p.u., and unacceptable sit-
uations where at least one node voltage rises above 1.1 p.u.
Two standard distribution test networks have been used to il-

lustrate PEV-induced overvoltage behavior, and to demonstrate
the capabilities of the analysis tools. The second of these cases
considered the full three-phase feeder representation. It was
shown that PEV load tripping could cause excessive voltage
imbalance and could result in individual phase voltages rising
to unacceptable levels.
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