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a b s t r a c t

Due to low electricity rates at nighttime, home charging for electric vehicles (EVs) is conventionally
favored. However, the recent tendency in support of daytime workplace charging that absorbs energy
produced by solar photovoltaic (PV) panels appears to be the most promising solution to facilitating
higher PV and EV penetration in the power grid. This paper studies optimal sizing of workplace charging
stations considering probabilistic reactive power support for plug-in hybrid electric vehicles (PHEVs),
which are powered by PV units in medium voltage (MV) commercial networks. In this study, analytical
expressions are first presented to estimate the size of charging stations integrated with PV units with an
objective of minimizing energy losses. These stations are capable of providing reactive power support to
the main grid in addition to charging PHEVs while considering the probability of PV generation. The study
is further extended to investigate the impact of time-varying voltage-dependent charging load models on
PV penetration. The simulation results obtained on an 18-bus test distribution system show that various
charging load models can produce dissimilar levels of PHEV and PV penetration. Particularly, the maxi-
mum energy loss and peak load reductions are achieved at 70.17% and 42.95% respectively for the mixed
charging load model, where the system accommodates respective PHEV and PV penetration levels of
9.51% and 50%. The results of probabilistic voltage distributions are also thoroughly reported in the paper.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Solar photovoltaic (PV) has received remarkable worldwide
attention over the past decade [1]. The global installed capacity
was approximately 178 GW at the end of 2014 and this amount
is expected to be more than 540 GW by 2019. Meanwhile, the
usage of electric vehicles (EVs) has been growing in many parts
of the world such as the United States, Japan, China and Europe
due to their environmental benefits, advancements in the technol-
ogy, battery cost reductions, and government incentives [2]. It has
been reported that the total worldwide EVs stock was over 0.02%
(0.18 million units) of the total passenger cars through 2012. This
figure is projected to increase to 2% (20 million) by 2020. Further-
more, an online survey has been recently conducted in the United
States to evaluate the possibility of the economic and environmen-
tal benefits obtained from EV and renewable energy deployment
[3]. This investigation indicated that there would be an increase
of 433% in the usage of public charging stations if renewable
energy resources, including solar PV generation were offered.

The widespread adoption of intermittent solar PV sources can
increase the pressure on the distribution system, especially power
fluctuations, reverse power flows, voltage rises and high power
losses [4]. In contrast, the distribution system would potentially
face excessive voltage drops, feeder overloads and high network
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losses caused by high EV penetration [5]. However, EV charging
loads can support high PV penetration while mitigating depen-
dence and impacts on the power grid, the intermittency of PV pro-
duction and emissions as well [6,7]. This coordination is also
expected to meet the demand for daytime charging at workplace
parking infrastructures [8–10].

The study of EV charging stations consuming energy produced
by grid-connected PV panels at workplace parking areas during
the daytime has been conducted in a number of recent research
efforts [11–27]. This model has comprehensively reported to bring
multiple technical and economic benefits to vehicle and garage
owners and power utilities. In [11], the benefits of EV charging
facilities powered by PV panels were quantified using an optimal
charging algorithm, which was developed based on dynamic pro-
gramming and rule-based control. This analysis showed that day-
time charging based on solar PV at workplace generated a lower
charging cost than nighttime home charging without solar energy
while the garage owner gained a reasonable profit. Other possible
benefits included lower emissions and power consumption from
the grid and higher PV penetration. Moreover, a research [12]
emphasized that coordinated operation of both PV and PHEVs dur-
ing the mid-day can enable higher penetration levels of not only
PV, but also EVs during low demand periods and less curtailment
of surplus PV production. Meanwhile, a study [13] designed a
charging facility supplied by PV panels to maximize the consump-
tion of PV power while minimizing voltage deviations in distribu-
tion networks. In this work, a real-time fuzzy logic controller that
incorporates a probabilistic model was proposed to forecast PV
generation and PHEV charging loads. Such a method was also
employed to control multiple charging stations to minimize charg-
ing costs, network power losses and voltage deviations in MV
industrial/commercial power networks [14]. In [15], an optimal
EV charging approach based on forecasted PV generation load
demand was also presented to reduce the electricity cost in com-
mercial buildings. Similarly, a mixed-integer linear programming
approach was presented to minimize the annual energy cost and
emission while enabling high PV penetration in commercial build-
ings involving EVs [16]. An concept of a future smart city was also
developed in [17], where EVs are charged using power generated
from PV panels to reduce electricity demand. Recently, a study
[18] reported a heuristic operation approach that accommodate
EVs and PV panels to enhance the self-consumption of PV power
in commercial buildings and a research [19] showed optimal EV
charging using PV panels to reduce dependency on the grid and
maximize the usage of solar energy as well. A coordinated charging
approach was proposed to enable operational synergy between PV
generation and EV charging and subsequently reduce emissions in
an urban distribution network [20]. An online energy management
for PV-assisted charging stations was developed to maximize the
self-consumption of PV and decide the power supplied from the
grid under time-of-use pricing [21]. A smart charging model was
presented to increase the self-consumption of PV power using EV
charging loads and reduce peak load demand [22]. In [23], a PV-
powered charging station was proposed to reduce the intermit-
tency of PV production and the cost of energy trading to the charg-
ing station. In [24], economic operation of a microgrid-like EV
parking deck powered by PV panels was also presented to mini-
mize the intermittency of PV generation while maximizing the
total revenue. In addition, an experiment on a microgrid-
connected charging station, which involves solar and wind sources
and energy storage buffers, demonstrated a reduction in energy
exchange between EV charging and the main grid [25]. Another
experimental study showed that PV-powered charging stations
significantly declined the energy consumption from the grid [26].
More importantly, an uncoordinated charging approach was suc-
cessfully developed using a stochastic model that considers load
demand, EV charging and PV generation in an urban power net-
work [27]. This study observed that daytime charging combined
with PV generation can enhance load and voltage profiles despite
the fact that no optimal charging algorithms and control devices
were employed.

The aforementioned survey shows that sufficient work has
been done with respect to the optimal control of EV charging sta-
tions powered by grid-connected PV systems; two key shortcom-
ings unresolved, however, were identified. Firstly, the existing
studies have assumed that the sizes of PV units and charging sta-
tions are pre-specified. Such an assumption may lead to a possibil-
ity of an under/over-estimation of the penetration of PV and EVs.
Consequently, the power network may experience excessive
increases in reverse power flows, power losses and voltage varia-
tions. Secondly, the ability to provide probabilistic reactive power
support by PV units and EVs was also neglected in the above-
reviewed studies. The immediate concern is that given high inter-
mittent PV penetration with active power provision only together
with sharply increased charging loads, the deficiency of reactive
power support may exist in the distribution network. Switchable
capacitor banks are conventionally employed for reactive power
compensation. Nevertheless, they are not adequately fast to com-
pensate for transient events as a consequence of the intermittency
of PV generation and the voltage rise that occurs due to reverse
power flow when the generation of PV exceeds the local demand
[28,29]. As fast response devices, inverter-based charging stations
powered by PV panels are permitted to regulate reactive power to
stabilize load voltages while charging EVs as a primary task
[30,31]. Overall, depending on the nature of loads, if properly
sized, PV powered charging stations that are capable of reactive
power provision may have positive effects on reducing energy
losses and stabilizing bus voltages as well.

The contribution of this paper is to propose a new analytical
approach to determine the size of PHEV charging stations powered
by different levels of grid-connected PV penetration that considers
probabilistic reactive power support for energy loss reduction. To
this end, expressions are first developed to estimate the size of
PV powered charging stations that can provide reactive power sup-
port for minimizing energy losses while considering the probabil-
ity of PV generation. The proposed expressions are achieved by
significantly expanding the previous work [32], where an analyti-
cal expression was derived from an exact loss formula for DG allo-
cation only at the peak load to reduce power losses without
consideration of EVs and their probabilistic reactive power sup-
port. The proposed approach is further extended to study the effect
of charging loads on PV penetration. Various charging levels (i.e.,
normal, fast and mixed) are defined by time-varying voltage-
dependent commercial charging load models. Moreover, the paper
shows the importance of charging loads and the reactive power
response of charging stations in reducing energy losses, peak loads
and voltage deviations. Some interesting findings of PHEV and PV
penetration levels with various commercial charging load models
are reported as well.

The rest of this paper is organized as follows: Section 2
describes commercial load, PHEV and PV modeling. Section 3 pre-
sents the impact of PHEVs and PV on network power and energy
losses. An analytical approach to model charging stations with
PV units is explained in Section 4. Section 5 shows numerical
results along with discussions, followed by the conclusions and
contributions of the work in Section 6.
2. Commercial load, PHEV and PV modeling

This study considers a MV power distribution network that
delivers electricity to commercial customers. Their buildings are
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equipped with solar PV units that are connected to the grid. PHEV
charging stations are situated at the workplace parking areas and
powered by the PV units. The main system components are mod-
eled as below.

2.1. Time-varying commercial load model

The load demand of the system is assumed to follow a demand
curve, which is an aggregation of various normalized daily patterns
of load components: heating, cooling and ventilation, etc., as
depicted in Fig. 1, where the hourly average energy demand for
each load component is calculated using one-year data [33]. The
peak load observed at hour 13 is 1 p.u., which is estimated as a
sum of all the load components at that hour. The share of each indi-
vidual component at each hour can be found in Fig. 1.

This paper considers that each bus in the studied system con-
sists of the various components of the commercial loads men-
tioned before. Each of them is assumed to have individual active
and reactive voltage exponents (i.e., np and nq, respectively) that
can be found in Table 1 and follows a respective time-varying load
pattern depicted in Fig. 1. Accordingly, the voltage-dependent load
model [34] that incorporates an aggregated commercial load
model, which is a combination of different components of the
above loads at each bus, can be defined as a time-varying
voltage-dependent commercial load model. In this model, the
dependence of the loads at each bus, say bus i on the voltage and
time period t can be expressed as follows:

PiðtÞ ¼
XNc

k¼1

Pk
oiðtÞ � V

npk
i ðtÞ ð1Þ

QiðtÞ ¼
XNc

k¼1

Qk
oiðtÞ � V

nqk
i ðtÞ ð2Þ

where Poi and Qoi correspond to the active and reactive power at bus
i at nominal voltage, respectively; Vi is the voltage at bus i; k is an
index (k = 1, 2, 3, . . . Nc), where Nc is the total number of load com-
ponents that comprises commercial loads and charging loads as
described below.

2.2. Commercial charging load model

The charging stations are used to charge different types of
PHEVs: compact sedan, full-size sedan, mid-size SUVs and full-
size SUVs. The parameters of each type, including percentage,
capacity and consumption can be found in [38].

2.2.1. Hourly energy consumption
To predict hourly energy consumed by aggregated PHEVs that

will arrive at a workplace and return home, a day is divided into
24-h periods. The uncertainty of arrival time is described using a
normal distribution, where the mean and standard deviation are
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Fig. 1. Normalized daily demand for various commercial load components.
9 and 1.5, respectively [13]. The hourly energy needed by PHEVs
is estimated based on their travel distances. The uncertainty of
such travel distances is described using a lognormal distribution
function, where the mean and standard deviation are 3.37 and
0.5, respectively. The state of charge (SOC) is considered as the
energy in percent remaining in the battery of a PHEV upon arrival.
The lower and upper bounds of the SOC are 10% and 80%, respec-
tively. As a type of plug-in hybrid electric vehicles, PHEVs are cap-
able of working on electricity and gas using battery and internal
combustion engines, respectively. In order to avoid over-
discharge, the vehicles consume gas when the SOC is lower than
10%. The SOC depends on the mileage and maximum range of
PHEVs. Given a mileage of a PHEV, the SOC at the beginning of a
recharging cycle can be expressed as follows:

SOC ¼ 100� 1� d
dr

� �
; d 6 dr

0; d > dr

(
ð3Þ

where d corresponds to the total distance driven by a PHEV (mile);
dr is the all-electric range. The energy required to fully charge the
PHEV battery can be described as follows:

Eb ¼ ð1� SOCÞ � BC
g

ð4Þ

Here BC corresponds to 70% of the battery capacity (kW h) for
each type of PHEVs, which is estimated as a difference between
the lower and upper bounds of the SOC that were previously set
at 10% and 80%, respectively; g represents the efficiency of the
charger (%), which is considered to be 90%.

This study investigates two charging levels shown in Table 2,
which are identified based on voltage and power levels, according
to the SAE J1772 standard. In addition, it considers a mixed charg-
ing level that is defined as a mix of the normal and fast charging
levels applied for sedan and SUV vehicles, respectively. Given a
charging level in kW found in Table 2, the charging duration time
can be estimated as the total energy consumed by PHEVs in kW h
as defined by Eq. (4) divided by the charging level. To generate an
hourly PHEV energy consumption for each charging level given in
Table 2, a 24-h period charging load profile is made on the basis of
the arrival time, energy consumption and charging level of PHEVs
adopted. The total energy at any specific time is estimated as a sum
of the energy required by PHEVs at that time.

2.2.2. Time-varying commercial charging load model
The time-varying voltage-dependent commercial load model

expressed by Eqs. (1) and (2) that incorporates PHEV charging
loads can be defined as a time-varying voltage-dependent com-
mercial charging load model” or ‘‘time-varying commercial charg-
ing load model”. In this model, np = 2.59 and nq = 4.06 are the active
and reactive power exponents for battery charge, respectively
[35,36].

2.2.3. Charging station
The inverter-based charging station is assumed to charge PHEVs

while controlling reactive power [31] under the recommendation
of the latest standard IEEE 1547 [40]. In other words, the
inverter-based charging station can be controlled in three quad-
rants. It is capable of injecting or absorbing reactive power in addi-
tion to charging PHEVs as loads. The reactive power provision from
the charging station is limited as follows:

jQCSij 6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2CSi � P2

CSi

q
ð5Þ

where SCSi represents the apparent power of the PHEV charging sta-
tion at bus i, and its active and reactive power variables at bus i are
denoted as PCSi and QCSi, respectively.



Table 1
Commercial load types and voltage exponents [34–37].

Load types np nq Load types np nq

Heating 2.00 0.00 Lighting 1.00 3.00
Cooling 0.50 2.50 Cooking 2.00 0.00
Ventilation 0.08 1.60 Refrigeration 0.50 2.50
Water heating 2.00 0.00 Others 1.51 3.40

Table 2
Charging levels for types of PHEVs [39].

Levels Input voltage (Vac) Maximum power (kW)

Normal charging 120 1.44 for all types
Fast charging 240 7.20 for all types
Mixed charging 120 1.44 for sedan

240 7.20 for SUVs
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2.3. Solar PV model

To generate a PV output curve, a probabilistic solar irradiance
model employed in previous studies [41,42] is adopted in this
work. It is assumed that a day is divided into 24-h periods (time
segments), each of which has 20 solar irradiance states with a step
of 0.05 kW/m2. The mean and standard deviation values of the
hourly solar irradiance are estimated using 3-year historical data
[43]. From such data, the probabilities of 20 solar irradiance states
for each hour are generated using the Beta Probability Density
Function (PDF) model. The PV output powers that correspond to
the 20 solar irradiance states for each hour are also calculated
using the PV module parameters that can be found in [41].

3. Problem formulation

3.1. Power loss

The total power loss in a distribution network in the absence of
charging stations and PV (PL) can be expressed by (6), widely
known as ‘‘exact loss formula” [44]:

PL ¼
XN
i¼1

XN
j¼1

aijðPiPj þ QiQjÞ þ bijðQiPj � PiQjÞ
� � ð6Þ

where aij ¼ rij
ViVj

cosðdi � djÞ; bij ¼ rij
ViVj

sinðdi � djÞ; Vi\di corresponds
to the complex voltage at bus i; rij + jxij = Zij denotes the ijth element
of impedance matrix [Zbus]; Pi and Pj represent the active power
injections at buses i and j, respectively; N is the number of buses.

This study considers that a charging station powered by PV
units is capable of providing reactive power support to the grid
in addition to charging PHEVs at a workplace parking lot. The size
of a charging station is calculated as the total power consumed by
the aggregated PHEVs. The active and reactive power injected by
the PV unit and PHEV charging station at bus i can be described
as follows:

Pi ¼ PPVi � PCSi � PDi ð7Þ

Qi ¼ QPVi � QCSi � QDi ð8Þ
where PPVi and QPVi are the active and reactive power injected by a
PV unit at bus i; PCSi and QCSi are active and reactive power variables
of a PHEV charging station at bus i; PDi and QDi represent the active
and reactive load power at bus i, respectively.

Substituting Eqs. (7) and (8) into Eq. (6), we have the total loss
in the system with the PV unit and charging station as follows:
PL ¼
XN
i¼1

XN
j¼1

aij ðPPVi � PCSi � PDiÞPj þ ðQPVi � QCSi � QDiÞQj

� ��
þbij QPVi � QCSi � QDið ÞPj � ðPPVi � PCSi � PDiÞQj

� ��: ð9Þ
3.2. Energy loss

The total expected power loss over any particular hour period t,
PL(t) (t = 1 h) can be calculated as follows:

PLðtÞ ¼
Z 1

0
PLðsÞqðsÞds ð10Þ

where PL(s) corresponds to the expected PL at solar irradiance s
using Eq. (9); q(s) represents the probability of solar irradiance state
s in any particular period. Hence, the total daily energy loss in a dis-
tribution system, EL can be derived from Eq. (10) as follows:

EL ¼
Z T

0
PLðtÞdt ¼

XT
t¼1

PLðtÞ � Dt ð11Þ

Here Dt represents the time duration of period t (one hour in
this study); T = 24 is the total daily duration time.

4. Analytical approach

4.1. Sizing PHEV charging stations with PV units

In this section, analytical expressions are proposed to size PHEV
charging stations in a distribution network with PV units for reduc-
ing the power loss. Such a loss is minimized, if the derivative of Eq.
(9) with respect to PCSi and QCSi is equal to zero, described as
follows:

@PL

@PCSi
¼ �2

XN
j¼1

aijPj � bijQ j

� � ¼ 0 ð12Þ

@PL

@QCSi
¼ �2

XN
j¼1

aijQ j þ bijPj
� � ¼ 0 ð13Þ

Eqs. (12) and (13) can be rearranged as:

aiiPi þ
XN

j¼1; j–i

aijPj � bijQ j

� � ¼ 0 ð14Þ

aiiQ i þ
XN

j¼1; j–i

aijQ j þ bijPj
� � ¼ 0 ð15Þ

Substituting Eqs. (7) and (8) into Eqs. (14) and (15) respectively,
we obtain the active and reactive power of the charging station as:

PCSi ¼ PPVi � PDi þ 1
aii

XN
j¼1; j–i

aijPj � bijQ j

� � ð16Þ

QCSi ¼ QPVi � QDi þ
1
aii

XN
j¼1; j–i

aijQ j þ bijPj
� � ð17Þ
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The QCSi at state s within any specific hour period t to minimize
the loss can be derived from Eq. (17) as:

QCSiðt;sÞ ¼ QPViðt;sÞ � QDiðt;sÞ þ
1
aii

XN
j¼1; j–i

aijQ jðt;sÞ þ bijPjðt;sÞ
� � ð18Þ

QCSðtÞ ¼
Z 1

0
QCSðsÞqðsÞds ð19Þ
4.2. Computational procedure

Given a PHEV location, the size is estimated considering its
charging curve by minimizing the energy loss over all periods of
a 24-h day as given by Eq. (11). The computational procedure is
explained as follows:

Step 1: Analyze load flow for the system with PV units at the
average load and find the system loss.
Step 2: Calculate the active power of a PHEV charging station
(PCSi) using Eq. (16).
Step 3: Specify the PHEV load for hour period t as below, in
which SFCS(t) corresponds to the scaling factor of the PHEV load
at period t.
PCSiðtÞ ¼ PCSi � SFCSðtÞ ð20Þ
Step 4: Analyze load flow for the system with each PHEV load
achieved in Step 3 for each state. Calculate the reactive power
of the charging station for each state using Eq. (18) and the
expected reactive power for each period using Eq. (19). Find
the energy loss using Eq. (11).

5. Case study

5.1. Test systems

The proposed approach was tested on an 18-bus distribution
feeder with a peak load of 1505 kW and 740 kVar, as illustrated
in Fig. 2. The voltage bounds are considered to be ±5% of the nom-
inal value. It is assumed that the feeder demand follows a commer-
cial load curve depicted in Fig. 1. The total energy consumed by the
feeder over a day is 21.72 MW h. The proposed approach has been
simulated in MATLAB. Two PV units that operate at a lagging
power factor of 0.95 are connected to the feeder at bus 8 and bus
17 (see Fig. 2). The PDF of each PV module is generated using the
model and data presented in Section 2.3.

The assumption is that a charging station is connected to the
feeder at bus 17. Such a charging station is used to charge aggre-
gated PHEVs while providing probabilistic reactive power support
to the grid within each hour of a 24-h day. Using the model and
data reported in Section 2.2, the PDFs of different types of commer-
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Fig. 2. The 18-bus test feeder with tw
cial charging load demand: normal, fast and a mix of them is gen-
erated and plotted in Fig. 3. Five scenarios are considered in the
analysis as follows:

– Base: The feeder without PV units and charging stations
– PV: The feeder with PV units only
– Normal, Fast and Mixed: The feeder including PV units and a
charging station with the normal, fast and mixed models,
respectively.
5.2. Sizing charging station with mixed charging load model

To evaluate the impact of PHEV adoption considering reactive
power support with the time-varying mixed charging load model
and PV penetration, the assumption is that the PV penetration level
is sized from 0 to 100% with a step of 5%. The penetration level is
estimated as the total energy generated by all the PV units divided
by the total energy consumed by the feeder over a 24-h day, as pre-
viously estimated (21.72 MW h). At each step, the PHEV charging
station is sized at bus 17 using the proposed approach given in Sec-
tion 4 and its corresponding energy loss is calculated. Fig. 4a and b
shows the charging station sizes with respect to various PV pene-
tration levels and their corresponding energy losses. The size of the
charging station is from minus (�) 0.38 MW to plus (+) 1.04 MW.
The positive size indicates that the charging station is being con-
nected to PHEVs and working as a load that is consuming the active
power from the grid. In contrast, the negative size shows that the
charging station is being connected to PHEVs and working as a
generator that is delivering the active power from PHEVs to the
grid. It is noted that the charging station is considered in this study
to charge PHEVs or consume the active power from the grid; how-
ever, the results of the charging station that discharges or delivers
the active power are also provided in this subsection for compar-
ison purposes. As shown in Fig. 4b, the loss in the feeder before
the PV units and charging station is 0.533 MW h. This amount
reduces to a minimum of 0.181 MW h when the PV penetration
is 40%. The lowest loss is 0.159 MW h for the case where the feeder
accommodates a PV penetration level of 50% and a charging station
size of 0.351 MW. Another observation is that the size of the charg-
ing station is approximately proportional to the PV generation.
However, when the PV penetration is over 45% [see Fig. 4b], the
loss further increases and over-voltages occur at a number of buses
(e.g., buses 8 and 10) [see Fig. 5a]. Similarly, higher losses and extra
voltage drops and/or rises occur when the PV penetration exceeds
55% with the corresponding charging station larger than 0.498 MW
[Figs. 4b and 5b]. This is due to a slight mismatch between the PV
generation and charging demand. It is noted that the minimum and
maximum voltages in Fig. 5a and b are probabilistic values for the
whole feeder.
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Fig. 4. Sizing PHEV charging stations with respect to various PV penetration levels
for the mixed charging load model: (a) the size of a charging station and (b) energy
loss.
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Fig. 6a–c shows the PDFs of the reactive power response of the
PHEV charging station for hour periods 6–19 over the 24-h day. As
shown in the figure, the reactive power patterns are different for
hours 6–19. Such a difference is owing to the uncertainty/variabil-
ity of the PV output, load demand and PHEV charging. It is also
observed from the figure how the reactive power is controlled over
the day using Eq. (18), from minus (–) 0.203 MVAr at hour 11 to
plus (+) 0.126 MVAr at hour 16. The negative sign presents that
the charging station is injecting its reactive power to the grid,
whereas the positive sign presents that the station is consuming
the reactive power from the grid. The maximum reactive power
of the charging station specified at hour 16 indicates its optimal
size, which is 0.203 MVAr.

Fig. 7 presents the hourly energy consumed by the aggregated
PHEVs which are plugged in the PHEV charging station at the park-
ing lot over one day (6:00–19:00). This pattern exactly follows the
normalized normal charging load as depicted in Fig. 3. The maxi-
mum PHEV demand specified at hour 10 is 0.351 MW, the optimal
active power of the charging station, which is estimated as the
total electricity consumed by all the aggregated PHEVs plugged
in the charging station. Fig. 7 also presents the expected reactive
power response of the charging station to retain the minimum
power loss for each hour of the day. The expected reactive power
for each hour is estimated using Eq. (19), where the reactive power
states and their corresponding probabilities for each of hours 6–19
are obtained from Fig. 6a–c. It is observed from Fig. 7 that for hours
6–19, the charging station is injecting and absorbing the reactive
power in addition to charging PHEVs or consuming the active
power from the grid. Without charging at hours 1–5 and 20–24,
the station delivers its reactive power. Fig. 8a–c presents the PDFs
of the power loss in the feeder in the presence of the station for
hours 6–19. As shown in this figure, the power loss patterns are
different for such hours. This difference is due to dependence of
the power loss on the probability/variability of the load demand,
PHEV charging and PV outputs as explained earlier.

Similar to the mixed load model, the next section provides the
outcomes for the fast and normal charging load models.
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Fig. 6. The probability of the reactive power response of the charging station for the
mixed model for various hours: (a) hours 6–10, (b) hours 11–15 and (c) hours 16–
19.
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Fig. 8. The probability of the feeder loss with the mixed charging load model for
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5.3. Impact of various charging load models

5.3.1. PV penetration
Fig. 9 shows a comparison of the impact of various charging

load models on PV penetration and its corresponding charging sta-
tion for minimizing the energy loss in the feeder. As previously
mentioned, without the charging station, the feeder accommo-
dates a PV penetration level of 40%. With the charging station,
the PHEV penetration is nearly proportional to the PV generation
and dependent on types of charging load models adopted as well.
The PHEV penetration is estimated as the total energy consumed
by the aggregated PHEVs divided by the total demand as estimated
earlier (21.72 MW h). For the fast model, the PV and PHEV penetra-
tion levels are lowest at 40% and 3.52% respectively, whereas the
respective PV and PHEV levels are highest at 55% and 15.35% for
the normal model. This is because the PV generation matches bet-
ter with the normal charging than the fast charging load pattern.
For the mixed model, the PV and PHEV penetration levels are
50% and 9.51%, respectively.
5.3.2. Hourly power losses
Fig. 10 shows the hourly expected power losses with various

charging load models. The total expected power loss for each hour
period is estimated using Eq. (10), where the power loss states and
their corresponding probabilities for each hour are obtained from
Fig. 8a–c. For each of hours 1–7 and 10–24, the power loss values
for the feeder with the charging station are lower than those with-
out the charging station (i.e., the feeder with two PV units only)
due to the PHEVs absorbing the surplus PV generation. This shows
that the PHEV charging station positively affects the power losses.
In contrast, for a few periods (i.e., hours 8–9), the losses with the
charging station is higher than those without the charging station
due to the PHEVs consuming a portion of the electricity from the
grid.

5.3.3. Peak load
Fig. 11a and b shows the active and reactive load demand of the

base case system (i.e., without PV and PHEVs). The demand for
each hour of the day is estimated as a sum of all the load compo-
nents at that hour (see Fig. 1), and the sum is then multiplied by
the peak feeder load, plus its corresponding loss. Fig. 11a and b also
presents the expected active and reactive power demand of the



Table 3
PHEV adoption with consideration of reactive power support for various charging load mo

Scenarios Base PV

PV penetration (%) 40
PHEV penetration (%)
Charging station size (MW)
Charging station size (MVar)
Capacity (MW h)
Energy loss (MW h) 0.533 0.181
Loss reduction (%) 66.04
Peak load (MW) 1.56 0.90
Peak load (MVar) 0.78 0.49
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Fig. 12. The PDFs of bus voltages at the PHEV connection point at 13:00.
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Fig. 11. Hourly load demand of the feeder with PV and PHEV adoption: (a) active
power, Pgrid and (b) reactive power, Qgrid.
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feeder including the probabilistic PV output and energy loss for
each hour. A significant reduction in the peak load of the feeder
is observed over the day (6:00–19:00). Another observation is that
the PHEV charging station added to the feeder with the PV units
further reduces the peak load for the charging load models consid-
ered. As shown in Fig. 11a, the active power peak load of the feeder
reduces from 1.56 MW for the base case to 0.93 MW, 0.89 MW and
0.89 MW for the normal, fast and mixed models, respectively. Sim-
ilarly, for the reactive power load, these respective figures are
0.42 MVar, 0.34 MVar and 0.32 MVar reduced from 0.78 MVar, as
depicted in Fig. 11b.
5.3.4. Voltage profiles
Fig. 12 shows the PDFs of voltages at the connection point of the

charging station (bus 17) at 13:00. With the PV and/or charging
station, the voltage distribution is within the acceptable limits as
assumed earlier. It is noted that the minimum, mean and maxi-
mum voltages at hour 13:00 for all the scenarios considered are
estimated from Fig. 12. As an example, these values are approxi-
mately 0.96 pu, 0.99 pu and 1.02 p.u. respectively for the PV sce-
nario. Similarly, the voltages are obtained for the remaining
hours of the day.

Fig. 13a–c shows the probabilistic voltage distribution: mini-
mum, mean and maximum at the connection point of the PHEV
charging station over the 24-h day for all the scenarios considered.
As shown in Fig. 13a, themean voltages are under the lower limit of
0.95 p.u. during periods 11–17 for the case without the PV and
charging station (i.e., base case). In contrast, with the PV or with
the PV and charging station, the mean voltages for all the scenarios
improve significantly, as presented in Fig. 13b and c. Another obser-
vation is that theminimumandmaximumprobabilistic voltage dis-
tribution are within the permissible limits as shown in such figures.
6. Summary and comparison

Table 3 summarizes the results of PHEV adoption in the feeder
with respect to the PV penetration, including the optimal size and
capacity of the charging station, where the PV-powered charging
station is capable of providing reactive power support in compli-
ance with the latest version of the standard IEEE 1547 recently
published [40] and the newest German and Italian codes as well
[45,46]. Table 3 also shows a comparison of the daily feeder energy
losses before and after the PV and charging station connected with
different time-varying charging load models. The daily energy loss
is estimated using Eq. (11), where the energy loss for each hour can
be obtained from Fig. 10. As shown in the table, the energy loss in
the initial feeder (i.e., base case) is 0.533 MW h. This amount
reduces to 0.181 MW h after the two PV units are connected. Lower
losses, at roughly 0.160 MW h are achieved for the scenarios where
both PV units and charging station are considered. In addition, the
dels.

PV and charging station

Normal Fast Mixed

55 40 50
15.35 3.52 9.51
0.425 0.204 0.351
0.199 0.195 0.203
3.334 0.758 2.065
0.165 0.164 0.159
69.04 69.23 70.17
0.93 0.89 0.89
0.42 0.34 0.32



Table 4
PHEV adoption without consideration of reactive power support for various charging load models.

Scenarios Base PV PV and charging station

Normal Fast Mixed

PV penetration (%) 40 50 35 45
PHEV penetration (%) 12.69 2.24 7.52
Charging station size (MW) 0.354 0.133 0.280
Charging station size (MVar) 0 0 0
Capacity (MW h) 2.756 0.487 1.633
Energy loss (MW h) 0.533 0.237 0.237 0.239 0.235
Loss reduction (%) 55.51 55.60 55.12 55.83
Peak load (MW) 1.56 0.90 0.93 0.90 0.90
Peak load (MVar) 0.78 0.75 0.75 0.75 0.75
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peak active and reactive power loads in the system for all the sce-
narios are summarized in Table 3.

To validate the novelty and effectiveness of the results obtained
from the proposed approach reported in Table 3, Table 4 provides a
summary of the results of PV-powered PHEV charging stations
without consideration of reactive power support under the recom-
mendation of the previous version of the standard IEEE 1547 [47].
It is observed from Table 4 that without reactive power provision,
the system accommodates lower penetration levels of PV and
PHEVs for all the charging load models adopted than those pro-
vided in Table 3, where the reactive power support is considered.
These lower penetration levels occur due to an inadequacy of local
reactive power support or voltage support in the system. In this
circumstance, the loads are consuming a large amount of reactive
power provided from the source (bus 1), thereby resulting in an
excessive increase in network energy losses for all the scenarios
with exclusion of reactive power support, as tabulated in Table 4.
The simulation carried out in this study has also observed that
an attempt to increase the amount of PHEV charging loads in the
above scenarios leads to voltage violations, namely voltage drops
at a large number of buses in the system below the lower limit
along with higher network energy losses. This finding implies that
the standards and regulatory frameworks regarding PV and PHEV
planning and operations need to be revised in compliance with
the recently published amendment to the standard IEEE 1547 [40].
7. Conclusion

This paper has proposed a new analytical approach to deter-
mine the size of PHEV charging stations powered by various levels
of commercial grid-connected PV penetration that considers prob-
abilistic reactive power support for minimizing energy losses. The
advantage of the proposed approach is that it can provide a quick
estimation of the optimal size of PV-powered charging stations and
their probabilistic reactive power support. These stations are cap-
able of providing reactive power support to the grid in addition
to charging PHEVs. The proposed approach has been further
extended to study the impact of various time-varying voltage-
dependent commercial charging load levels on PV penetration.
The results show that without charging stations, an 18-bus distri-
bution feeder can accommodate a PV penetration level of 40%.
With charging stations, a higher level of 55% and 15.35% for respec-
tive PV and PHEVs can be achieved when the normal charging load
model is adopted. However, due to a mismatch between the charg-
ing demand and PV generation, the fast charging load model can-
not enable higher PV penetration while adopting a rather low
amount of PHEVs, at 3.52%. Moreover, a practical or mixed load
charging model that is defined as a mix of the fast and normal
models has been examined. For this model, the penetration levels
of respective PV and PHEVs are 50% and 9.50%, and the largest
reductions in the energy loss and peak active load are estimated
at 70.17% and 42.95%, respectively.

The simulation results also confirm that optimal sizing and
operation of PV-powered charging stations with reactive power
support, which is fully compliant with a recently published
amendment to the standard IEEE 1547, can lead to a significantly
lower energy loss, higher levels of PV and PHEV penetration and
a higher peak load reduction than the scenario without considera-
tion of reactive power support. Accordingly, the proposed
approach could be a useful study tool to support daytime work-
place charging that absorbs energy produced by solar PV panels
and to facilitate higher penetration levels of PV and PHEVs in dis-
tribution networks.
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