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ABSTRACT This paper presents a comprehensive grid impact analysis design and corresponding mitigation
strategies for heavy-duty electric vehicle (EV) charging stations. The charging load of heavy-duty charging
station can reach several megawatts, which could induce adverse impacts on the distribution grid if
not effectively mitigated. To analyze the impacts and provide corresponding solutions, we select four
representative distribution systems—including both single-feeder cases and a multi-feeder case—and design
thorough test metrics for the impact analysis. The charging load profiles used in the analysis are derived from
realistic conventional heavy-duty vehicle travel data. Based on the analysis results, charging stations are
placed at three different representative locations in each distribution system: best, good, and worst locations.
Mitigation strategies using a combination of smart charger functionality, on-site photovoltaic (PV) generation,
and on-site energy storage (ES) are proposed and tested. A sizing method is also proposed to find the optimal
PV-ES-charger capacity that minimizes the capital cost.

INDEX TERMS  Charging station, distribution system, grid voltage impact, heavy-duty EV, mitigation

strategy.
NOMENCLATURE Oref Maximum reactive power support needed
a Selected node for charging station (kvar).
placement. |60 A single-column matrix consisting of reactive
C Total cost of the on-site PV-ES-charger ($). ) power change on all nodes (kvar).
; Node number in the system. 30 () Reactive power change on node j (kvar).
. . qij Sensitivity factor of reactive power.
j Node number in the system. .
Total number of nodes in the system Scharger Charger capacity (kVA).
nmax . . ystem. iy Settled charger capacity (kVA).
P Maximum charging load (kW). crarger . .
c . . Spy PV inverter capacity (kVA).
Pref Maximum reactive power support needed |VLSMp|  Voltage load sensitivity matrix for real power.
(kvar). |VLSM | Voltage load sensitivity matrix for reactive
[6P| A single-column matrix consisting of real power.
power change on all nodes (kW). V| A single-column matrix consisting of voltages
8P () Real power change on node j (kW). at all the nodes.
1Pl A single-column matrix consisting of real [Vier | A single-column matrix consisting of reference
power sensitivity factors related to node a. voltages for all the nodes.
Dij Sensitivity factor of real power. |V/ | A single-column matrix consisting of the
Ocharcer  Lowest reactive power capacity of charger voltages for all the nodes after placing chargin
g g p g ging
(kvar). loads in the system.
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[§V] A single-column matrix consisting of the
voltage Deviations calculated using |VLSM p|
and |[VLSMg|.

8V (i) Voltage deviation at node i.

|AV| A single-column matrix consisting of the
voltage deviations after placing charging loads
in the system.

o Coefficient between Ars_g and Apy.

B Coefficient between Ags_p and Apy.

Acharger  Unit cost of smart charger capacity ($/kVA).

AES_P Unit cost of ES power capacity ($/kW).

Aes—e  Unit cost of ES energy capacity ($/kWh).

Apy Unit cost of PV capacity ($/kVA).

. INTRODUCTION

LECTRIFICATION of trucks that are designed for
E regional freight transportation is expected to be realized
in the near future as electric vehicle (EV) manufacturers are
demonstrating these trucks on the road. In contrast to light-
duty EVs such as sedans, sport utility vehicles, and pick-
up trucks which used in daily life, the electric trucks are
categorized as heavy-duty EVs that would require extreme
high-power charging stations to provide much faster charging
rates and would incur significantly large charging loads up to
several megawatts on the distribution grid.

Therefore, it is critical to understand the grid impact that
would be brought about by these heavy-duty EV charging
stations for different locations on the grid and for different
types of grids— and to develop appropriate mitigation
solutions to ensure continued resilient grid operation.

However, in the state of the art, with respect to the grid
impact brought by EV charging loads and the mitigation solu-
tions, studies mainly focus on light-duty EVs [1], [2], [3], [4].
Particularly, the emphasis of the provided mitigation solu-
tions mostly lands on the understanding and coordination
of the light-duty EV charging behavior for better grid
operation [5], [6], [7], [8]. The grid impact of the charging
loads brought by heavy-duty EVs has not been thoroughly
analyzed. In addition, there are no effective solutions in the
literature to mitigate or resolve these impacts.

There are significant differences between the charging
loads characteristics of the heavy-duty EV and the light-duty
EV. To the distribution grid, charging loads of light-duty EVs
are distributed, small loads that are comparable to individual
household loads or small building loads. Therefore, the
impact of those charging loads is dispersed across the grid and
have a lower chance to induce concentrated serious impact.

In contrast, the loads of charging stations for heavy-
duty EVs are heavily concentrated, significant high power
spot loads, which are megawatt-level and comparable to
the aggregated loads of hundreds or even thousands of
households. To the distribution grid, those charging loads
could induce large voltage sags and jeopardize system
stability if no effective mitigation or management solutions
can be implemented.
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Because of the above important differences between the
charging loads of light-duty EVs and heavy-duty EVs, the
current EV grid impact analysis results in the literature cannot
be used for the coming heavy-duty EVs.

Similarly, the existing grid impact mitigation solutions for
light-duty EVs cannot be applied to the case of heavy-duty
EVs. It is possible that system flexibility from other loads
and distributed energy resources can be used to mitigate
the impacts of light-duty EV charging loads [8]. Effective
management and coordination of the charging behavior of
the light-duty EVs can also be a solution to reduce the grid
impact [5], [6], [7].

But for heavy-duty EVs, the system flexibility cannot
help to a great extent because of the extreme loading of
the charging station. Moreover, the charging management
and coordination solutions for the light-duty EVs can’t
be applied to managing the heavy-duty EVs because of
the fundamental difference of the functions between those
two types of EV: the heavy-duty EVs are mostly used
for freight transportation which usually have a planned
routes and planned charging stops in the middle of the
trip, while light-duty EVs are usually used for residents’
daily life where the charging behavior can be managed
by a number of different incentives such as charging
price.

Furthermore, the management among different charging
stations are not expected to provide enough help to the impact
mitigation because a large power pulling will be induced as
long as there is one heavy-duty EV charging in one station.
Therefore, on-site solutions specifically designed for heavy-
duty EV charging stations are more promising to mitigate the
grid impact.

Hence, with the incoming heavy-duty EVs, it is urgent
to conduct comprehensive grid impact analysis for the
heavy duty EVs and develop effective impact mitigation
solutions which can be used for the heavy-duty EV charging
station.

To satisfy the above urgent need, in this work, we bridge the
research gap and advance the state of the art in the following
two aspects:

1) We develop a consolidated methodology for analyzing
the grid impacts brought by heavy-duty EV charging stations.
The analysis conducted using the developed methodology can
provide a comprehensive understanding of the grid impacts
and the grid hosting capacity for different sizes of heavy-duty
EV charging stations at different locations on various types of
grids.

2) We propose an effective on-site mitigation solution that
can mitigate/resolve the voltage-related grid impacts with
minimum capital cost.

The rest of the paper is organized as follows: Section II
introduces the methodology of the grid impact analysis.
Section III presents the proposed mitigation strategy.
The case studies are presented in Section IV, and
Section V concludes the paper and discusses future
work.
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Il. GRID IMPACT ANALYSIS METHODOLOGY

This section introduces the proposed methodology for grid
impact analysis, including test system preparation, system
load modeling, charging load modeling, and test scenario
design.

A. TEST SYSTEM PREPARATION

We select four different distribution systems to create a
representative portfolio of testing systems for the grid impact
analysis and mitigation strategy examination. The IEEE
34-bus test system is selected to represent IEEE standardized
systems; a realistic utility distribution system model is
selected to represent a single-feeder case; a model of two
connected utility feeders is selected to represent a multiple-
feeder case; And a dedicated feeder that powers only the
charging station without serving any other loads is derived
from the aforementioned utility single distribution system.
The selected distribution systems not only are representative
for various system types, but also are suitable for heavy duty
EV charging station placement. The IEEE 34 test system
and the realistic single feeder are along the highway which
provide locations for en-route charging stations. The two-
feeder system is along a main road with a mix of residential
and commercial loads and suitable for placing charging
stations if EV truck is traveling in this area.
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FIGURE 1. Topology of IEEE 34-bus system.

As shown in Fig. 1, the IEEE 34-bus system [9] has a
long main line with several laterals. It has a total of 25 loads,
including 6 spot loads and 19 distributed loads, comprising a
total load of 1.8 MW during peak time.

There are towns primary built for travel purpose where
there are not many residential/commercial/industrial loads
in the distribution systems for these towns. But these
towns would provide en-route charging stations for highway
traffic traveling through the town. IEEE 34-bus system is a
representative case of the above situations, where we connect
a fast-charging station to a distribution system with lower
system load.

Fig. 2 shows the model of a realistic utility distribution
system. This distribution system has more than 2,500 nodes
and more than 600 load nodes, including balanced three-
phase loads and single-phase loads, with peak load reaching
more than 5 MW.

As shown in Fig. 3, two connected realistic utility feeders
are selected to represent the multiple-feeder distribution
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FIGURE 2. Topology of the single-feeder case.

FIGURE 3. Topology of the two connected feeders.

system case. The two feeders share one large substation
transformer, with more than 3,500 nodes in total. The peak
load of the two feeders together is approximately 6 MW.

The cases where two feeders are close geographically and
have appropriate connection points are common. However,
the cases with 3 or more feeders close enough to power
a charging station together is not common. Therefore,
we present the two-feeder case to represent multi-feeder
scenarios.

By removing all the loads in the distribution system from
the realistic single feeder case which is shown in Fig. 2,
we derive a dedicated feeder that serves only the charging
station which serves as an example of a common utility
practice for serving single large spot loads.

B. SYSTEM LOAD MODELING

By leveraging the synthetic load profile generation tool that
was developed in [10] and [11], all the aforementioned dis-
tribution systems have been equipped with high-resolution,
realistic load profiles. Instead of populating each bus with
a load profile scaled from the substation load shape based
on the transformer rating (i.e. standard load allocation),
we use the diversity and variability libraries developed in [10]
and [11] and generate diversified load profiles for the load
buses. Thus, each load bus will have a unique load shape
with appropriate variability. In this way, the high-resolution
load profiles in each distribution system can have a realistic
diversity factor, and each high-resolution load profile can
have realistic variabilities. This allows us to better assess and
analyze the grid impact under realistic loading conditions.
Note that the diversity and variability libraries in our load
modeling tool are modeled from real-world high-resolution
load consumption measurements. Fig. 4 shows some sample
load profiles generated from the load modeling tool for some
of the customer nodes for the realistic single-feeder system.
The load modeling tool used in this paper can be found
here [12] and the tool will be made public soon.
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FIGURE 4. Sample distribution nodal customer load profiles.

C. CHARGING LOAD MODELING

In this work, we use an in-house agent-based charging station
modeling and analysis tool named Electric Vehicle Infrastruc-
ture, Energy Estimation, and Site Optimization (EVI-EnSite)
tool to develop the station load profiles [13], [14]. A flowchart
of the vehicle charging operation in the EVI-EnSite tool and
generation of station load profiles through a Monte Carlo
simulation is shown in Fig. 5. The EVI-EnSite tool can be
found here [15].
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FIGURE 5. Flowchart of a vehicle charging procedure in the
EV-EnSite tool.

The heavy-duty vehicles charging schedules are obtained
by combining and analyzing real-world vehicle telemetry
data analytics with EV system modeling [14]. Vehicle agents
in this tool are defined using battery capacity, arrival time,
initial state of charge (SOC), final desired SOC or energy
demand, final stop time, and a charge acceptance curve.
The charge acceptance curve is a proxy to emulate complex
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TABLE 1. Grid impact analysis test scenarios.

Test Station Location Number of Charging Load Feeder Load Pattern Total
Scenarios Port Pattern number

of

Best | Good | Worst | 1| 3 | 6 | Daytime i\;‘]i"fli“' Residential | Commercial | scenarios

[EEE 34-bus |y X x| x| x|x X X X X 36
system

Utility single X X X X X | x X X X 18
feeder

Utility multi- |+ X x | x| x|x X X X 18
feeder

Dedicated < | x R R .
feeder

battery management system (BMS) control algorithms in a
simplified manner for system-level simulations.

Similarly, a station agent is defined using the number of
charging ports, power capacity of each port, and the station
capacity. During simulation, a vehicle arriving at the station
is either queued or plugged in depending on the availability of
adesired port to charge. Charging continues until a maximum
SOC is reached, or a desired amount of energy is added to the
EV, or a stopping time criterion is met. We run the tool for
several Monte Carlo iterations, each consisting of a station
operational period of one month with a simulation time
step of one minute. Section IV uses charging load profiles
generated by EVI-EnSite for a vehicle traffic of 72 vehicles
per day (with battery capacities ranging from 660-1200 kWh)
and 1-port/3-ports/6-ports station configurations.

D. TESTING SCENARIO DESIGN

To conduct a comprehensive analysis of the impact that the
heavy-duty EV charging station could have on the grid,
we design a series of testing scenarios as shown in Table 1.

Four aspects are considered:

1) Charging station location. Using the approach that we
developed in [16], we rank the locations in the distribution
system from best to worst. The best location will have the
least voltage-related impact on the grid when the charging
station is placed at this location, whereas the worst location
will have the highest impact. Based on the ranking, we cluster
the locations into three groups: best, good, and worst. Then
we pick one representative location from each group and
conduct the grid impact analysis. The details of ranking
the locations on the grid can be found in [16]; generally,
we leverage the voltage load sensitivity matrix developed
in [17] and derive a voltage impact matrix to rank the
locations.

2) Number of charging ports at the charging station. Three
sizes of charging stations were considered: small, which has
only one charging port; medium, which can serve 3 trucks at
one time; and travel center, which can serve 6 trucks at the
same time.

3) Charging load pattern. Two representative charging
load patterns are considered here: daytime charging-
dominated load, where the peak charging loads (megawatt-
scale load) are concentrated during the daytime; and
multishift charging load, where the peak charging load
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happens
and night).

4) System load pattern of the distribution system. The
charging load hosting capacity and the grid impact that the
charging load might induce will be influenced by the original
system load types because different load types have different
characteristics (e.g., different peak times and valley times).
Here, we select two representative load types to conduct the
analysis: residential and commercial.

For the IEEE 34-bus test system, we design a comprehen-
sive analysis that considers all the combinations among the
four aspects, for a total of 36 unique scenarios. Specifically,
the best location we selected in our simulation is bus 802,
the selected good location is bus 858, and the selected worst
location is bus 836. For the single-feeder and multi-feeder
cases, we exclude the commercial load scenarios because
the system loads on those two feeders are dominated by
residential load. We evaluate 3-port and 6-port charging
stations for the dedicated feeder case.

Note that the dedicated feeder case is a special case
where we build the feeder specifically for the charging
station. Therefore, this feeder only has one special connection
point for the charging station, without distinguishing best,
good, and worst locations. Also, we assume that a dedicated
feeder should have more than three charging ports to service
vehicles. Moreover, because it is a dedicated feeder which
only service the charging station, there is no other loads in this
distribution system. Therefore, there is no feeder load pattern
differences as well. Because of the above three reasons,
we designed 4 scenarios for the dedicated feeder instead of
18 or 36 scenarios like other feeder cases.

From the simulation results, we can summarize the
maximum charging load and ramping rate each feeder
can host on different locations without jeopardizing the
grid and use that as a basis for the mitigation strategy
development.

throughout the whole day (both day

lll. GRID IMPACT MITIGATION STRATEGY

This section introduces the mitigation strategies to miti-
gate/resolve the impacts to the grid brought by the heavy-duty
EV charging stations.

A. PV-ES-CHARGER SOLUTION

The reactive power support is assumed as a function of the
charger to effectively boost the voltage when the charging
load is lowering the system voltage. However, when the
charging load is significantly high, reactive power can no
longer effectively raise the voltage, and some on-site real
power generation is needed to offset part of the charging load.
Therefore, an on-site PV system plus energy storage become
a promising option.

As shown in Fig. 6 (a), when it is a cloudy day, we barely
use the PV power in an effective manner because the
PV power generation and the peak charging load is not
temporally aligned. When we need a large amount of PV
power to support the heavy charging load, the PV panel does
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FIGURE 6. Sample cases of voltage impact mitigation using
on-site PV generation.

not generate enough power. When it is a sunny day, we can
effectively use the PV power to offset some demand from
the charging station. However, there can also be an excess
of PV power increasing the voltage during periods when
the charging load is not high resulting in voltage above the
upper limit, as shown by the blue dashed line in Fig. 6(b).
Note that in Fig.6, Vbase represents the voltage profile of
the connection point of a 3-port charging station on two
different good locations in the realistic utility single feeder
system.

Therefore, it is important to design appropriate sizes for
the three critical parts in the PV-ES-charger solution. In this
way, the ES can effectively store excess PV power and power
the charging load when PV is not generating, and the inverter
can provide enough reactive power support when there is not
enough on-site real power generation.

B. PV-ES-CHARGER SIZING STRATEGY

To balance the sizes of each part of the PV-ES-charger on-site
solution, we propose a methodology to achieve the optimal
size combinations of the PV, ES, and smart charger, with the
objectives of maintaining the system voltage within limits and
minimizing the total capital cost of the on-site PV-ES-charger
solution.

As shown in (1-3), the voltage load sensitivity matrix
(VLSM) developed in our previous work [17] can help
calculate voltage changes in the system when the real/reactive
power changes at one or multiple nodes in the system.
We leverage the VLSM to estimate the voltages in the system
when the peak charging load happens in the charging station,
as shown in (4). The charging station is assumed to be placed
at node a in the system.

By calculating the difference between the system voltage
at the peak charging load and the reference system voltage we
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would like to maintain, as shown in (6), we can calculate the
maximum real/reactive power we need to maintain the system
voltage at the reference level, as shown in (7) and (8). The
Prer and Qyer then serve as the reference boundary for the
following sizing coordination.

The maximum reactive power support the charger can
provide at peak charging load is calculated in (9). The
capacity of the PV needed is calculated in (10-11). Here
n decides how much reactive power the PV inverter can
output when outputting maximum real power. Because
reactive power cannot effectively boost the voltage when
the load is consuming significant power. An amount
of onsite generation needs to be guaranteed as shown
in (12). The value of § varies for different charging station
scenarios.

As shown in (13), the total capital cost of the PV-ES-
charger resolution can be calculated by plugging in the unit
price of each part.

The main purpose of the ES is to store the extra PV
energy and discharge to power the needed charging load.
The size of the ES mostly depends on the interaction of
the PV and the charging load profiles. We look at many
different vehicle travel profiles coming to the station. The
travel path of a particular vehicle in a portfolio might
change, but the aggregated travel profile of this portfolio
of vehicles are expected to be similar. Hence, a number of
representative charging load profiles can demonstrate most
charging situations at a station—therefore, for a specific
charging station, the size of the ES depends on the PV
generation profiles.

By analyzing the interaction of the typical PV generation
profiles and charging load profiles, we can derive two
coefficients—o and f—to represent the relationship between
the ES size and PV size, as shown in (14). Then we can
derive a cost equation that contains only two variables—
namely, the size of charger and the size of PV—as shown in
(15)—(17). A number of methods can be used to approximate
the relationship between the ES and PV sizes, in this paper an
empirical curve fitting method is used, where a number of PV
and ES sizes (Egs and Pgg) are derived from representative
PV and EV charging load profiles and then o and g are
approximated from the curve fitted from the empirical data
points.

Substituting the Qcparger in (10) with (9), and substituting
the Spy in (16) with (11), we can derive (18), which makes
the cost the function of the Scharger.

The derivative of the cost function shown in (18) is
formulated in (19). Egs. (20) and (21) are derived from (19)
and represent the situation when the derivative of the cost
function is greater or less than zero, respectively.

We can observe five scenarios, as listed in Table 2. From
scenarios 3—5, we can see that if the price of the charger is
equal to or less than the price of the PV-ES, the total cost will
always be reduced if we increase the size of the charger until
we reach the maximum size needed. Scenario 1 shows that if
the price of the charger is significantly higher than the price
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TABLE 2. Scenario overview.

Scenario | Condition Description

Number

1 Acharger > Apv—gs C always increases as Scharger
increases

2 Acharger > Apv—Es C  always  reduces  when
Scharger < Sgﬁttlrger
C always increases  when
Scharger > Scsﬁztlr,qer

3 Acharger = Apv—gs C always reduces as Scharger
increases

4 Acharger < Apv—gs C always reduces as Scharger
increases

5 Acharger < Apy—gs C always reduces as Scharger
increases

of the PV-ES, it is better to reduce the charger size as much
as possible to minimize the total cost.

When the prices of the charger and PV-ES are comparable,
we can have an optimal size of charger S gZng or» Which
guarantees the minimized total cost, as shown in (22). In some
cases where the price of charger is low, to guarantee the
minimum size of onsite PV, the optimal charger size can’t be
reached, then the PV and charger sizes are calculated using
(23)-(24). An example of the PV-ES-charger size selection

will be presented in Section IV.

|8V = |VLSMp||8P| + |VLSM¢| Q| 60
i.e.,
sv(1) pu Pin || 8P(1)
3V (n) Pnl Pnn | | 0P(n)
qit .. qn||00(1)
28 RSP | I )
qni1 cev Gun||00m)
We can derive from (2):
- n - n -
V=2 PO+ 450 () 3)
|V/}n><l = [Vlnxi _PZ'le'|p|nxl “)
Pal
|p|n><l = Q)]
Pan
AV = |V'| = |Vyer] (6)
n .
Pop= = AVO. ™)
n .

Qref = - Zi:l AV(l)/qai 3
Qcharger = Sczharger - P’g‘“"z 9
Opy = (Qref - Qcharger) (10)
Spy = 2V (11
Ppy = Spvy/ (1 = n?) > 8Prys (12)
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C= )Lchargerscharger + ApySpv

+ Aes—eEEs + Aes—pPEs 13)
C= )‘chargerscharger + ApySpy + Aps—g - aSpy
+ Ags—p - BSpy (14)

C = AchargerScharger
+ (py +ahps—g + Brgs_p) - Spy (15)
C = AchargerScharger + APv—Es - Spy (16)
where:
Apv_Es = Apy +aAgs—E + Brgs_p (17)
C = f (Scharger) = AchargerScharger + APV —Es

1
: ; (Qref R, Sczharger - Pgmxz) ’ kVA/kvar

(18)
Derivative of (18):
28,
Cc' = )\charger —0.5-Apy—_Es ) charger (19)
7 Scharger - P;naxz
From (19), we can derive (20)—(21):
If C’ > 0, then:
A2 areer P2
Scharger > 2 it il P} (20)
\ )‘charger - )“PV—ES
If C’' < 0, then:
A2 ireer P2
Scharger < ) i 02 2D
)”charger - )“PV—ES
where:
22 pmax)
“harger” ¢
Scharger = | 73— ; (22)
)‘charger - )‘PV—ES
§P
Spy = ——t— (23)
(1=n?)
2
Scharger = \/(Qref - 77SPV) + P?MZ (24)

IV. CASE STUDIES

This section presents representative grid impact analysis
results from the simulations performed under the scenarios
designed in Table 1 in Section II and presents a selected PV-
ES-charger resolution. The grid simulations performed in this
work are all conducted in OpenDSS with 1-minute resolution.

A. REPRESENTATIVE GRID IMPACT ANALYSIS RESULTS

We conduct two sets of simulations for all the defined
scenarios shown in Table 1. For the first set, we place
the charging station in the system without any mitigation
strategies; whereas for the second set, we use a simplified
power factor (PF) control method (PF:-0.9) to let the smart
charger provide reactive power support to the grid connection
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point when the heavy-duty EVs are charging. As shown in
Fig. 7, for each two bars of the same color, the left bar
represents the set without mitigation resolutions, and the right
bar represents the set with PF control as a mitigation method.
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FIGURE 7. Charging station hosting capacity analysis results.

The maximum charging loads the system can handle for the
selected best, good, and worst locations are derived from the
time-series simulation results and summarized in Fig. 7. Note
that the peak charging loads for the 1-port, 3-port, and 6-port
charging stations are 1,200 kW, 3,600 kW, and 7,200 kW,
respectively. The criteria of deciding if one location can host
a size of charging load that all the voltages in the time-
series simulations for this charging load profiles are within
the limits ([0.95 p.u., 1.05 p.u.]).

As shown in Fig. 7, the three distribution systems can all
host a 6-port charging station on the best location if we have
a mitigation solution. The selected good and worst locations
on the IEEE 34-bus system cannot host any charging station
even with mitigation. The selected good location at the utility
single-feeder site can host at maximum a 3-port charging
station with mitigation, whereas the selected worst location
can barely host a 1-port charging station. The selected good
location on the two-feeder system can host a 1-port charging
station, whereas the selected worst location cannot host
charging stations. According to our studies, for multiple-
feeder cases where we have more than two feeders, we should
be able to power a higher capacity charging station. Although
it is not shown in Fig. 7, the dedicated feeder can easily host
a 6-port charging station.

Note that the results shown in Fig. 7 are based on the
situation that the substation voltage is regulated at 1 p.u.;
the feeders might be able to accommodate a larger charging
station if the substation voltage is regulated at a higher level.
Further, these analysis results are based on the simplified
mitigation resolution that relies only on charger PF control to
provide reactive power support. The impact should be further
mitigated if on-site generation can be provided because
there are low-voltage situations where real power can boost
voltage, but reactive power effectively cannot.

Fig. 8 shows a 1-day time-series voltage profiles for Phase
A of the grid connection point after placing a 3-port charging
station on the different selected locations on the utility single
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FIGURE 8. One-day time-series simulation results with 3-port
charging load on California single feeder.

TABLE 3. Price and coefficients used in the case study.

Cases | Acharger | Apv-es Aps-g Ags—p Apy
($/KVA) | ($/KVA) | (8/KWh) | (§/KW) | ($/KW)

1 5268 4489 661 350 1000

2 17956 4489 661 350 1000

feeder without any mitigation. The charging load pattern is
multi-shift and the system is dominated by residential load.

We can see that the voltages are good and not heavily
impacted by the charging loads at the best location, whereas
the good locations have some voltage violations when heavy
charging load occurs in the system. For the worst location,
the voltages are significantly less than the lower limit
representative of considerable adverse grid impact.

The vehicle traffic in this case study is 72/day. Increasing
the number of vehicles will increase the waiting time of
the vehicles, which means more vehicles need to wait for
available charging ports and the time duration that all the
three ports are occupied for charging will be longer. The
higher frequency and longer duration of hitting the charging
station maximum capacity can induce higher frequency and
longer duration of voltage sag, which will require higher
capacity of onsite real power generation and reactive power
support to mitigate.

B. PV-ES-CHARGER RESOLUTION FOR

THREE-PORT STATION

To demonstrate the proposed PV-ES-charger resolution in
Section III, we select the utility single distribution system to
place a 3-port charging station on the selected good location
in this system. The peak charging load is 3,600 kW, and the
calculated Qe is 1,294 kvar. The charging load pattern is
multi-shift, and the system loads are residential loads.

The assumed prices of the charger and PV-ES system are
shown in Table 3. These prices can be changed accordingly
for different cases in real-world implementations. We select
7 days of representative charging load profiles and PV
generation profiles to determine the ES size. Using the curve
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TABLE 4. PV-ES-charger size.

Cases Sg)iflrger SPV EES PES
(kVA) (kVA) (kWh) (kW)

1 3752 265 1192 265

2 3718 364 1641 364

fitting method mentioned in Section III, & and B in (14-15)
are calculated as 4.75 and 1.

As heavy-duty EVs are mostly used for freight trans-
portation, their travel routes are usually well-planned and
not changing frequently. Therefore, we assume that 7 days’
representative charging load profiles are a comprehensive set
and cover most charging scenarios at a charging station. Also,
the 7 days’ PV profile we selected also constitute an inclusive
set which cover 7 different weather conditions such as sunny,
cloudy, rainy, etc.

For sensitivity analysis purpose, we’ve designed two price
scenarios to analyze as examples (as shown in Table. 3).
The PV-ES price is derived from the report in [18] and [19],
while the charger prices are arbitrarily defined only for
representative demonstration purpose. The price of charger
in case 1 is comparable to the price of PV-ES while the price
of charge in case 4 is four times of the price of the PV-ES.
The cost curves of the two scenarios are shown in Fig. 9,
with the corresponding PV/ES/charger sizes summarized in
Table. 4. To guarantee an onsite PV size greater than 6Py,
which is 20% x 1325 = 265 kVA, the selected charger size in
case 1 is reduced from the optimal size and the PV capacity
is increased to 265k VA. In case 2, the optimal charger size is
in the practical range, which is used in the size finalization.
The PV/ES/charger sizes derived in case 2 are used in the
following analysis.

1 xX10° 71 210
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@10 g 7
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2000 4000 6000 8000 10000 3600 3700 3800 3900 4000
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FIGURE 9. Cost curves of two cases along with smart charger
size.
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FIGURE 10. PV generation profiles.
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The PV generation profiles of 7 different days covering
various weather conditions are shown in Fig. 10. Because of
the different interactions between the charging load profiles
and the PV generation profiles, the portion of the PV power
effectively used to boost the voltage to mitigate the charging
load impact is different for each day, as shown by the red lines
in Fig. 10 and the red bars in Fig. 11.
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FIGURE 11. Daily effective PV generation.

Fig. 11 shows that a large portion of PV energy is not used
to effectively mitigate the voltage impact if we let only the
PV generate power and do not use the ES to store the extra
PV power and discharge it when needed.

Effective
'V energy 99.3 %

s}

Effective
PV energy 24.6 %

Total PV energy Effective wo ES Effective w ES

FIGURE 12. Total effective PV generation.

After we placed the ES (1641 kWh/364 kW) in the system,
the total effective PV portion of the 7 days improved from
24.6% to 99.3%, as shown in Fig. 12. The ES saved almost
100% of the extra PV energy and enabled the on-site PV
generation to effectively help mitigate the voltage impact.
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FIGURE 13. Voltage results without the mitigation resolution.

Fig. 13 (a) shows the histogram of the voltages on all
the nodes in the system in a 1-day simulation, whereas
Fig. 13 (b) shows the voltage profile of the charging station
connection point for the selected day, all under the no-
mitigation scenario. Similarly, Fig. 14 (a) and (b) show
the voltage distribution histogram and the voltage profile
after placing the PV-ES-charger mitigation resolution in the
system.
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FIGURE 14. Voltage results with the mitigation resolution.

As shown, the mitigation solution successfully resolved
the voltage impact brought about by the heavy-duty charging
load and maintained the voltages within a reasonable range
[0.95 1.05].

V. CONCLUSION AND FUTURE WORK

In this work, we developed a consolidated analysis strategy
for understanding the voltage impact that could be brought
about by the integration of heavy-duty EV charging stations.
Four representative distribution systems were selected for
this analysis. Diversified scenarios that cover different
combinations among charging station locations, sizes, and
distribution system load patterns were designed. Although
we try to design comprehensive scenarios, there are some
limitations in our case studies: 1) special multiple-feeder
case with three or more feeder connected is not investigated.
2) Charging scenarios under extreme events such as winter
storm are not considered. We plan to add those scenarios in
our future analysis. Based on our grid impact analysis results,
we proposed a PV-ES-charger on-site mitigation resolution to
resolve the voltage impact with minimal capital cost.

The case study demonstrated that the proposed PV-ES-
charger resolution can provide an optimal size combination
of the PV, ES, and charger, which can minimize the cost of
the resolution and help resolve adverse voltage impacts. Our
next step is to incorporate charging load coordination among
charging ports within the station to investigate whether we
can further reduce the on-site PV and ES size with advanced
charging load coordination and further investigate the optimal
size of onsite PV/ES considering different cost scenarios.

Also, in our future work, we plan to analyze the
impact on industrial feeder locations such as the impact
brought by beginning point/destination parking and charging
depot, and compare this impact with the impact on the
commercial/residential feeders analyzed in this paper.

ACKNOWLEDGMENT

Funding provided by U.S. Department of Energy Office
of Energy Efficiency and Renewable Energy Vehicle Tech-
nologies Office via the 1+ MW Medium-Duty/Heavy-Duty
Vehicle Project. The views expressed in the article do not
necessarily represent the views of the DOE or the U.S.
Government. The U.S. Government retains and the publisher,
by accepting the article for publication, acknowledges

149



7 IEEE Open Access Journal of

s power and Energy

that the U.S. Government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the
published form of this work, or allow others to do so, for U.S.
Government purposes.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

150

G. A. Putrus, P. Suwanapingkarl, D. Johnston, E. C. Bentley, and
M. Narayana, “Impact of electric vehicles on power distribution net-
works,” in Proc. IEEE Vehicle Power Propuls. Conf., Sep. 2009,
pp. 827-831.

D. B. Richardson, “Electric vehicles and the electric grid: A review of
modeling approaches, impacts, and renewable energy integration,” Renew.
Sustain. Energy Rev., vol. 19, pp. 247-254, Mar. 2013.

K. Clement-Nyns, E. Haesen, and J. Driesen, “The impact of charging
plug-in hybrid electric vehicles on a residential distribution grid,” IEEE
Trans. Power Syst., vol. 25, no. 1, pp. 371-380, Feb. 2010.

J. A. P. Lopes, F. J. Soares, and P. M. R. Almeida, “Integration of
electric vehicles in the electric power system,” Proc. IEEE, vol. 99, no. 1,
pp. 168-183, Jan. 2011.

E. L. Karfopoulos, K. A. Panourgias, and N. D. Hatziargyriou, ‘‘Distributed
coordination of electric vehicles providing V2G regulation services,” IEEE
Trans. Power Syst., vol. 31, no. 4, pp. 2834-2846, Jul. 2016.

O. Beaude, Y. He, and M. Hennebel, “Introducing decentralized EV
charging coordination for the voltage regulation,” in Proc. IEEE PES ISGT
Eur, Oct. 2013, pp. 1-5.

M. S. Rahman, M. J. Hossain, J. Lu, F. H. M. Rafi, and S. Mishra,
“A vehicle-to-microgrid framework with optimization-incorporated dis-
tributed EV coordination for a commercial neighborhood,” IEEE Trans.
Ind. Informat., vol. 16, no. 3, pp. 1788-1798, Mar. 2020.

M. Babaei, E. Azizi, M. T. Beheshti, and M. Hadian, “Data-driven
load management of stand-alone residential buildings including renewable
resources, energy storage system, and electric vehicle,” J. Energy Storage,
vol. 28, Apr. 2020, Art. no. 101221.

[9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

(19]

IEEE 34-Bus Feeder. Accessed: Jun. 2021.
https://site.ieee.org/pes-testfeeders/resources/

X. Zhu and B. Mather, “DWT-based aggregated load modeling and
evaluation for quasi-static time-series simulation on distribution feeders,”
in Proc. IEEE Power Energy Soc. Gen. Meeting (PESGM), Aug. 2018,
pp. 1-5.

X. Zhu and B. Mather, “Data-driven distribution system load modeling
for quasi-static time-series simulation,” IEEE Trans. Smart Grid, vol. 11,
no. 2, pp. 1556-1565, Mar. 2020.

Advanced Load Scenario and Analysis Tool (ALSAT). Accessed: Jun. 2021.
[Online]. Available: https://www.nrel.gov/grid/alsat.html

E. Y. Ucer, M. C. Kisacikoglu, F. Erden, A. Meintz, and C. Rames,
“Development of a DC fast charging station model for use with EV
infrastructure projection tool,” in Proc. IEEE Transp. Electrific. Conf.
Expo (ITEC), Jun. 2018, pp. 904-909.

P. Mishra, E. Miller, S. Santhanagopalan, K. Bennion, and A. Meintz,
“A framework to analyze the requirements of a multiport megawatt-level
charging station for heavy-duty electric vehicles,” Energies, vol. 15, no. 10,
p. 3788, May 2022.

EVI-EnSite: Electric Vehicle Infrastructure—Energy Estimation and
Site Optimization Tool. Accessed: Jun. 2021. [Online]. Available:
https://www.nrel.gov/transportation/evi-ensite.html

X. Zhu, B. Mather, and P. Mishra, “Grid impact analysis of heavy-
duty electric vehicle charging stations,” in Proc. IEEE Power
Energy Soc. Innov. Smart Grid Technol. Conf. (ISGT), Feb. 2020,
pp. 1-5.

X.Zhu, J. Wang, N. Lu, N. Samaan, R. Huang, and X. Ke, A hierarchical
VLSM-based demand response strategy for coordinative voltage control
between transmission and distribution systems,” IEEE Trans. Smart Grid,
vol. 10, no. 5, pp. 4838-4847, Sep. 2019.

D. Feldman et al., “U. S. solar photovoltaic system and energy storage cost
benchmark (Q1 2020),” Nat. Renew. Energy Lab. (NREL), Golden, CO,
USA, Tech. Rep., NREL/TP-6A20-77324, 2021.

K. Mongird et al., “Energy storage technology and cost characteri-
zation,” Pacific Northwest Nat. Lab. (PNNL), Richland, WA, USA,
Tech. Rep., PNNL-28866, 2019.

[Online]. Available:

VOLUME 10, 2023



