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Abstract: As the number of EVs increases, their impact on electrical systems will be substantial.
Novel management schemes are needed to manage the electrical load they require when charging.
Literature is rich with different techniques to manage and control this effect on the grid by controlling
and optimizing power flow. Although these solutions heavily rely on communication lines, they
mostly treat communication as a black box. It is important to develop communication solutions
that can integrate EVs, charging stations (CSs), and the rest of the grid in an interoperable way.
A standard approach would be indispensable as there are different EV models manufactured by
different companies. The IEC 61850 standard is a strong tool used for developing communication
models for different smart grid components. However, it does not have the necessary models
for implementing smart EV management schemes that coordinate between EVs and CSs. In this
paper, these missing links are addressed through the development of corresponding models and
message mapping. A hardware-in-the-loop test is performed to validate the communication models
and cross-platform operation. Then, a co-simulation environment is used to perform a combined
study of communication and the power system components. The developed communication model
helps integrate the EVs to a centralized, coordinated voltage control scheme. These models can be
used to run extensive impact studies where different domains of smart grids need to be considered
simultaneously. The main contribution of this paper is the development of smartgrid communication
solutions for enabling successful information exchanges.

Keywords: smartgrid communications; centralized control algorithms; scheduling algorithm; IEC
61850; auxiliary support; Internet of Things; battery storage systems

1. Introduction

The transportation sector produces very high carbon emissions; the use of electric
vehicles (EVs) can mitigate this issue. However, power system operators are afraid of
large-scale EV migration due to its impact on system operation [1]. Distribution networks
are not, traditionally, designed to accommodate the high current required to charge EVs. In
addition to that, ad hoc charging of EVs may overload some parts of the network, while
others may have excess energy. Coordinating charging stations (CSs) and the EVs using
them will minimize these problems. Smart EV management schemes have been developed
to address these issues [2,3]. One key component of these schemes is continuous communi-
cation between different grid components to control the power flow and EV charging [4].
Developing viable communication technologies is just as important as developing these
management solutions [5]. The literature proves that theoretical solutions [6] are not ready
for full, practical implementation and that more work is required [7,8].

Communication in these systems must be designed at several levels. Firstly, necessary
information modeling is required [9]. Smart algorithms for optimizing operation in smart
grids require several parameters to be exchanged between components, e.g., EV and CS [10].
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These parameters need to be formed as a model in the information domain, while the actual
equipment is in the power domain [11]. Smartgrids have different components owned by
various entities [12] and this necessitates a standard message exchange framework that
transcends model and manufacturer [13].

IEC 61850 was developed to standardize power system communications [14]. Due to
its versatility and object-oriented modeling approach, it received considerable attention
from stakeholders. Recently, it was extended to model EVs and some portions of vehicle-to-
grid (V2G) operation [15]. Some reported research results included CSs, full V2G, and smart
charging control [4,16]. Efforts were made to use these IEC-61850-based building blocks
to develop smart charging algorithms to decrease the burden of charging on distribution
networks and to help EV owners more conveniently charge their vehicles [10,17]. It
was also argued that such solutions may help manage traffic congestion in smart cities.
Furthermore, in [18], the authors presented a performance evaluation of the IEC 61850
communication network with smart charging algorithms implemented. Nevertheless, no
practical implementation of these algorithms in IEC 61850-based networks was discussed.

Focusing on this need, we developed a smart EV management communication solution
according to the IEC 61850 standard for EV-CS communication [19]. Two items were
realized toward that end. Firstly, a brand new information model was developed to
emulate CSs. Secondly, the IEC 61850-90-8 model was altered to accommodate reverse
power flow by the CS. The steps of the EV management scheme were transferred to IEC
61850 messages based on their transmission purpose and nature. Simple measurements
were sent with sampled values (SVs) and event-based instructions were sent as generic
object-oriented substation events (GOOSEs); other ad hoc information was exchanged with
manufacturing messaging specification (MMS).

The main contributions of this paper are in the smartgrid communications domain,
which are as follows:

(1) The holistic solution was fully implemented and lab tests were run to validate models
and to verify accurate operation by observing real-message transmission. Different
emulators were used to verify cross-platform compatibility of the standardized mod-
eling approach. Interoperable operation was verified by the results, meaning that CSs
and EVs can be connected using the developed solution.

(2) A co-simulation platform that included digital real-time simulators, as well as an
optimization software to perform calculations on the fly, were used. In this fashion,
the developed communication infrastructure was integrated with a centralized co-
ordinated voltage control (CVC) scheme to provide auxiliary voltage support. The
results showed that such integration was beneficial for the voltage profile of the
power network and the amount of overall captured renewable energy. This case study
exemplifies the benefits that can be reaped from this standard modeling. This basic
CVC was only utilized as a case study, the novelty and contributions of this work
relate to IEC 61850 modeling and HIL testing.

The subsequent sections of this paper are as follows: Section 2 discusses EV integration
with CSs and present the models. It also maps messages related to smart EV management
to standard IEC 61850 messages. Section 3 depict the validation test details, whereas
Section 4 presents a test case where the developed communication infrastructure is used.
Finally, Section 5 presents our conclusions and provides some insights for future work.

2. Integration of EVs and CSs

There are many schemes in the literature that employ EVs as mobile storage units.
Successful implementation of these novel ideas is reliant on the existence of reliable mes-
sage exchanges with EVs. CS, being the connection point, is the natural candidate for
establishing the link between EVs and smartgrids. It can exchange critical information
pertaining to EVs and relay commands from the grid operator or optimization controllers.
The market has different brands of EVs, CSs, and smartgrid components. It is imperative
that a communication solution that can integrate all of these is selected.
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To address this need, the IEC 61850 standard is used as the basis for communica-
tion [14]. It is a robust modeling approach that allows seamless integration and develop-
ment of novel models. Firstly, communication models are developed for EV and CS, as
shown in Figure 1. In addition to modeling this hardware, necessary logical nodes (LNs)
for EV charge control are added as DEEV and DESE LNs. These hold the parameters
necessary for charging information and control, as shown in Tables 1 and 2. For instance,
the location of an EV is an important piece of information for smart charging algorithms to
use in calculating the time until an EV’s arrival. This is denoted by the location data object
in DEEV LN. The 4-letter LN names used in Figure 1, as well as Tables 1 and 2, are defined
in the IEC 61850 standard. For a detailed explanation, interested readers are referred to
IEC 61850 [14,15].

DEEV, DESE etc.

Communication Flow DESE MMXU
Logical Nodes MMTR ZCAB

EVCC Electric Vehicle Communication Controller
SECC Secondary Equipment Communication Controller XCBR Xswi
EMS/OPF Energy Management System/Optimal Power Flow FSCH DEAO
EVCC [\~~~ ———————] - —>{ SECC
Battery Management Charging Station
Copverter— System (BMS) | i i
Battery /
Q) (O
Electric Vehicle
¢ r;f;v) |c Electric Vehicle Supply

Equipment (EVSE)
Figure 1. EV and CS information models.

Once the communication models are developed, the next step is to model the com-
munication architecture. This is achieved by studying the considered smart charging
algorithm, e.g., [4,19], and extracting the necessary steps for its successful implementation.
These actions are shown in Figure 2 with non-bold fonts and include, for example, “Request
update of SoC”.

These actions need to be performed following strict message exchange protocols
stipulated by the IEC 61850 framework. This means the nature of the message exchange
needs to be studied and mapped onto relevant protocols in the IEC 61850. For instance,
“Request update of SoC” is an ad hoc action that is triggered when needed. These kind
of actions are performed with manufacturing messaging specification (MMS) messages.
Messages that are sent to start or stop an action, e.g., “Initiate Charging”, are executed by
generic object-oriented substation event (GOOSE) messages. Finally, periodic messages,
e.g., continuous measurement values, are sent through sampled value (S5V) messages.
All these protocols are shown in bold in Figure 2 with the corresponding actions listed
below them.
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Table 1. DEEV logical node.
DEEV
Data Name CDC Explanation T M/O/C
Descriptions
EVNam DPL EV nameplate M
Status Information
ConnTypSel SPS Selected connection type acc. to 61851-1 M
Measured and metered values
SoC MV State of Charge M

Settings
In IsO 15118 compliant implementations, EVId refers

Evid VSG to EVCCID Identifier as defined in ISO 15118-2 M
DptTm TSG Departure time after charging M
EnAmnt ASG Charge amount M
Vmax ASG Max voltage supported by EV M
Amax ASG Max. current per phase supported by EV M
Amin ASG Min current per phase supported by EV. M
SchdRef ORG Reference to scheduling nOf:Ie that contains charging M
profile
Table 2. DESE logical node.
DESE
Data Name CDC Explanation T M/O/C
Descriptions

EVSENam DPL EVSE nameplate M

Status Information

Measured and metered values

Settings
ChaPwrRtg ASG Rated max charge power of EVSE
ChaPwrLim ASG Charger’s power limit
ConnTypDC SPG True = DC charging supported

True = ACn (n =1, 2, 3) phase supported

ConnTypPhs SPG Use ConnTypPhs1/2/3 for phase 1/2/3 charging

£ KX

Electric Charging
Vehicle Station

MMS Message request,
Request power supply
IMS Response, ACK:
MDMS Request,
Request update of SoC,
charging mode, Amin, VMax
MMS Message Response,
update of SoC, charging mode, Amin, VMax
GOOSE,
Initiate charging
sV,
BattLevel (continous update)***
GOOSE,
top charging when desired level
is reached or full

Figure 2. Sequence of message exchanges between EVs and CSs.
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IEC61850 Emulator

Electric
Vehicle

SV Messages

The focus of this study was the implementation of this theoretical design in the lab,
the integration of different terminals such as EV or CS, and the testing of a successful
exchange of desired data objects for different purposes. In addition to this, the test was
performed in an integrated simulation environment where power flow simulations were
performed simultaneously with communication tests. This helped visualize and confirm
the impact of message exchanges on power flow optimization decisions. The integrated test
environment, test setup, and results, as well as their interpretations, are given in the next
section. Although cybersecurity was beyond the scope of this study, it is an important part
of smart grid communications [20] and future work may focus on adding certificate-based
authentication or a software-defined security mechanism for the EV-CS connection [21,22].

3. Hardware-in-the-Loop Tests for Validation

In order to validate the standardized models and messages developed, a hardware-in-
the-loop (HIL) test was performed. The topology is provided in Figure 3. An IEC 61850
emulator was used to model an EV, while a digital real-time simulator (DRTS) was used to
model CS (and connection to the grid). The use of DRTS was important for the next set
of simulations, where DRTS was integrated with an optimization software to run power
system simulations and centralized control algorithms.

s
\\) Charging
\ .
SV Messages \“‘\»\Statlon P
M AT
b\ . SRR
GOOSE NG
Messages

— >

IEC 61850
Network

<

GOOSE
Messages

Figure 3. The HIL test set-up for model validation.

This test was important as two different emulators were used on either end, which
is a real validation of interoperability of the developed models. Furthermore, such imple-
mentation situates the study within real-life limitations. The messages developed in [19]
strictly follow IEC 61850 rules. However, in practice, SV messages are deemed too complex
to be implemented, and a sub-set was used instead. The light edition (9-2LE) are used
in industry to send three-phase voltage and current measurements in addition to neutral
values and quality bits. In order to enable HIL implementation with these limitations, the
message modeling had to be mapped from IEC 61850 SV to IEC 61850 9-2LE SV messages.

This had a direct impact on the operation and the way the tests were run. For instance,
as defined in IEC 61850-9-2, SV messages can be sent at almost any sampling rate. For an
EV charging application, appropriate sampling rate might be one per minute. However,
IEC 61850-9-2LE allows for only two sampling rates: 80 or 256 samples per cycle. For
a 60 Hz system, this corresponds to 4800 and 15,360 messages per second, respectively.
This might be meaningful for a protection application, but is too high for EV charging. As
the industry progresses more to the generic implementation of SV messages, this rate can
be reduced.

Figure 4 shows the message configurations completed for the CS. SoC was received as
an SV message from EV and GOOSE messages were sent to start or stop charge/discharge
operations. Firstly, phase-A current was used to pass the SoC value. However, as shown in
Figure 5, this was a sinusoidal message and an RMS value was required. Unexpectedly,
the HIL test showed a variation in RMS values. As the sinusoidal wave (left) shows, there
were occasional glitches that distorted the RMS value (right). In this figure, 20% of the SoC
is sent, but the received value fluctuates between 18 and 21.5. Since this value is the SoC,
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it cannot change this quickly. Making calculations based on such a volatile value would
make optimizer results fluctuate as well.

1A . m > o
1A |Ams

18 | s
GTNET Card # -1
GTIO Fiber Port 1
I
‘GTNETSV1 -1 |V X
IN

1 : ’ Multicast Addréss
01:0C:CD:04:00:02
. . . . . VA

80
/|| samples/cycle VB cONTROLS
'Systen; Freq ' ' PROCESSOR# "1
8OHz Ve . to GPC/PB5 3A
VN
= ASSIGN
GTNET-GSE conmts
PROCESSOR # 2
GTNET Card# 1 to GPC/PBS 2A
GPG FiberPort 1
SCL file: 2outscd Disch button
i o (B
Signal _ .- : A
nlagnf\‘e suffix’ 0

UCAlug &

Figure 4. SV and GOOSE message configuration for a charging station.
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Figure 5. Incoming SV messages (phase-A current).

This was remedied in an innovative way using phase-A current’s quality bits (I1).
This was a 14 bit value and the first 7 bits were used to represent the percentage of the
SoC (0-100%). Furthermore, the next two quality fields were used to send P (I12) and Q (I3)
values for the EV charger. Figure 6 shows the EV emulator where an 9-2LE SV was sent for
the SoC = 31%, P =25,and Q = 5.
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Figure 6. SV message sent from the EV emulator including SoC, P, and Q values.

Figure 7 shows the GOOSE messages received by the EV from CS. It included a
command to charge (or discharge) as well as the real and reactive powers required in the
process. The ability to set real and reactive power exchange amounts was very valuable for

providing auxiliary support.

Figure 7. GOOSE message received by the EV, charge command, P =25, and Q = 5.

-
File Transmission Data Help
y @ @ , E @ Network adapter [Adapter 1 MAC: CC:30:80.1153FD _+] z
GOOSE
Soul:e 70 - B3 54 - 22 ApplD |3 H#% StNum |20 =
Destination| 01 - OC CD 01 01 TTL  |4000 * SgNum |79 ]
VLAN DSRef |CSControl/LLNO$GOOSE _outputs_1 CigRev |1 :]
Proity [0 % CBRef [CSContiol/LLND$GO$GCH01 NComm [FALSE
[" YLAN header | cA [eth = GID |1 Test  |FALSE =
o [0 HZ Time  [200812:27 222202 365 St [SRANIIN
Data items
Idx Type Value Data reference
0
1(INT 5 Real Power Exchange during Charge
2[INT 5 Reactive Power Exchange during Charge
3[BOOL  FALSE Discharging Status (True = ON, False = OFF)
4 [INT 70 Real Power Exchange during Discharge
5 [INT 460 Reactive Power Exchange during Discharge

Similarly, if a control scheme requires the EV to discharge, i.e., provide grid-support, a
GOOSE message that instructs it to discharge is sent as shown in Figure 8. Upon receiving
this message, the EV starts discharging (providing grid support) and sends updated SoC

(90%), local P (15 kW), and Q (10 kVAR) measurements, as shown in Figure 9.
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Idx Type Value Data reference
0
T[INT 570 Real Power Exchange during Charge
2[INT 470 Reactive Power Exchange during Charge
3|eooL  TRUE Discharging Status (True = ON, False = OFF)
4[INT 15 Real Power Exchange during Discharge
5|INT 10 Reactive Power Exchange during Discharge

Figure 8. GOOSE message received by the EV, discharge command, P = 15, and Q = 10.
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Figure 9. SV message sent from an EV emulator including the SoC, P, and Q values.

The HIL tests showed that the developed IEC 61850 models for EV and CS can operate
interoperably while running on different emulators, meaning they can be used by different
vendors and manufacturers in real life. Successful message exchanges show that the data
were mapped correctly and the desired information was transmitted seamlessly. This
means interoperability was achieved with the standardized modeling approach and it
removed the communication barrier between the EVs and other grid components. The
next section focuses on a case study where this infrastructure was utilized to provide grid
support and increase renewable energy penetration levels.

4. Case-Study: Co-Simulation with Centralized CVC for Increased Renewable Energy
Penetration

A combined HIL and co-simulation test environment shown in Figure 10 was utilized
to integrate an EV (or a fleet of EVs via CS) with the grid. The communication interface
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validated in Section 3 was used to exchange messages with the CVC optimizer while power
system simulations were run in DRTS.

IEC61850 Emulator

Electric

Vehicle SV Message:

GOOSE
Messages

o\ <=

IEC 61850
Network

S

Hardware-in-the-loop

-..-,-'f:.f-r::f-"’-‘*"" “|oRTS
!\ Charging

SV Message \ Station ..

<

GOOSE
Messages

g™

IEC 61850 Client

model of simulated node

Simulation works

—/ . ;
Operation
Instructions
for EV

Bus1| o, l 5 cve
%1.335.9 A i 1,837.2 A Optimizer
Bus 2 Bus 3
ce3 cB4 ces cBe S
,2483A |, 223154 674.3 A L 24807 A Optimization
[4 v v i Parameters
us usp
Dus 4 Buslp
|C'.37., l cBs Icsu cB10 I cafi . .
ead 1 1,346.2 17132 A |2427.1A| 373174 | 1,3464A Co-simulation
DG1 ceiz |y v i i
(Wind)1 1204 A
‘
=

DG2
Solar)

Load 2

L), &3 e

DG4

(Dlesel) (Fuel Call)

V2G_Conneet

Figure 10. Co-simulation and HIL test set-up for the CVC study.

The tested power system was a microgrid with renewable energy penetration, as
shown in Figure 11. In addition to renewable-energy-based generators such as PV and fuel
cells, battery storage was deployed to mitigate their impacts such as voltage rise during
excess generation. For the purposes of this study, battery storage was replaced with a CS
where a fleet of EVs was available. It was also possible to simulate cases where the CS was

empty. This was achieved by setting the SoC to 0% with no charging activity.

20 kv
oLTC

0.4 kV

D Bus 7
& ~ Bus8

E Bus 9 fus 10
us
Load 1 Q Bus 11
load2 PV1

Load4 PV3

m

load 3 PV2

load5 PV4

Figure 11. Simulated topology, with buses identified.

The CVC controller monitored the load, the distributed generator status, the SoC, and
on-load tap changer (OLTC), as well as the grid parameters, i.e., voltage and frequency [23].
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It optimized the charging and discharging cycles of the EVs in the CS to control the voltage
deviations in the grid. The objective function minimized the following three items:

L OLTC tap change operations;
II. Voltage fluctuations at load and battery buses;
III. Line losses.

The CVC operated in real-time to make these decisions. However, the availability
of batteries needed to be planned. For this, there were two objectives. Firstly, the EV
charging ability was utilized by aligning it with maximum PV generation, hence reducing
the voltage rise in the grid. Secondly, the EV’s battery charge was utilized at peak-load
hours to support the grid and mitigate voltage and frequency drops. The CVC controller,
in addition to making real-time decisions, tried to optimize EV battery availability for
charging and discharging operations as required.

As EVs are mobile, unlike battery storage systems, they cannot be fully controlled.
However, usage patterns and statistical analysis helped to identify a minimum amount
of EVs with a minimum amount of SoC available at certain times. At any given time, the
cumulative SoC needs to be between 40% and 100%. In other words, EVs do not provide
grid support if the SoC is less than 40%.

The network topology was based on the CIGRE’s benchmark system for renewable
energy integration [24]. As shown in Figure 11, there were five loads and four PV panels.
The EV was connected, and could be considered a CS, at the microgrid’s main bus. The
microgrid transformer had an OLTC system connection of 0.4 kV to the utility grid at 20 kV.
The SoC, given in Figure 12, started at 70% and followed charge and discharge instructions
given by the CVC. Higher charge and discharge values (P) yielded a higher slope in the
profile and vice versa. In order to monitor the CVC’s performance and the tap changes in
OLTC, the voltage fluctuations at the denoted buses and the outputs of PV generators were
monitored and plotted as shown in Figures 13-18. As mentioned before, all messages were
exchanged through the HIL test with an IE 61850 emulator as explained in Section 3.

1007 T T T T T T T

90 -

80

70

60

Batter SoC

50

40

[l | I

1 Il L

30 :
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59

Time (H)

Figure 12. State of Charge.



Energies 2021, 14, 2493 11 of 15

0.27

0.26

Voltage (kYY)
o o o
(=] [ =] [~
[} e (4]

e
2
(]

0.21 1 1 1 L 1 1 1
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 23:59

Time (H)

Figure 13. Voltage profiles without CVC.
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Figure 14. Voltage profiles with CVC.
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A comparison between Figures 13 and 14 shows the benefit of this work. Figure 13
shows clear voltage overshoots during PV peak generation hours and voltage dips during
peak load hours. Proper EV management mitigates these issues, as shown in Figure 14,
where the voltage at noon does not rise as much. The reduction rate was more than
5%. This means more solar power can be captured by the PV panels and fed into the
grid (Figure 15). This is important as it increases the return on investment (ROI) for PV
panels and their impact on the environment, and decreases the payback period. As a
result, profitability of these generators increases and investors will be more inclined toward
funding such projects.

Voltage drop at peak hours is mitigated by providing grid support by discharging
the EV batteries. Such grid support lifts the voltage more than 8% at some buses. This
addresses the increasing load in distribution networks.

Figure 18 shows the real and reactive power exchanges of EV battery. As expected,
power flow occurs on both ways, as is required. It is important to note when the SoC
reaches 40% (at around 6:00 a.m.), it stops discharging as this is the lower threshold. The
EV battery is kept at this minimum value before peak PV generation hours so that it can
be used as extra storage. During peak load hours, the EV battery discharges to support
the grid.

The most important contribution of this study is that the EV and its interaction with the
utility grid (grid optimizer) was applied with a real communication infrastructure where
the messages were exchanged in a standardized way between two physical terminals.
Normally, power system simulations assume that such a communication line exists and
is operable. For real-life implementations, that assumption needs to be removed. This
study addressed this need by developing a real solution that can be used by different EV
manufacturers and grid operators. A standardized modeling approach ensures any vehicle
can be integrated with any smartgrid seamlessly.

5. Conclusions

EVs are a viable option to meet global decarbonization targets, which has increased
their popularity. However, EV migration is hindered by different concerns such as the
higher cost of EVs and the unknown impacts of large-scale migration to EVs on the current
power grid. Distribution networks are the focus as they are not designed for high-volume
power exchange with EVs, i.e., both charging and discharging operations. Thorough
study of these aspects is indispensable. Large-scale refurbishment of the distribution
networks is costly and complex. A better alternative, proposed in the related literature, is
coordinating EV power exchange operations with other events in the grid to minimize their
impact. There is a universal consensus that such coordination requires constant information
exchange between different components, such as grid operators, EVs, and CSs. Despite
this, the majority of the related research has focused on coordination schemes and treated
communication issues as a black box. The ability to seamlessly connect different equipment,
i.e., interoperability, is vital for the applicability of such schemes and implementation details
need to be addressed.

In order to fill this gap, standard models were developed for CSs and EVs based
on the IEC 61850 standard’s common information model. Furthermore, relevant steps of
smart coordination algorithms were transferred to different IEC 61850 messages based on
their suitability, e.g., SV, GOOSE, and MMS. These theoretical models and communication
designs were implemented in the lab with emulators and HIL testing tools. The test results
showed that both of the designs are valid and achieve the desired operation.

Since the frameworks were developed according to a popular futuristic standard,
the real-time implementation and evaluation of these frameworks enables plug-and-play
operation for smart grids. This approach can be used to seamlessly connect EVs and CSs in
smartgrids to achieve the IoT concept.

Furthermore, the developed communication infrastructure was tested in a co-simulation
environment where the battery’s SoC was sent to the centralized controller and relevant
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charge and discharge instructions were received. The results showed successful integration
of these communication and power system components in a co-simulation environment. In
this fashion, more comprehensive tests can be run to investigate full-spectrum impact stud-
ies. Instead of treating communication infrastructure as a given, or a black box, researchers
can achieve full system implementation where communication and power flow studies
run in parallel. Such studies will increase the feasibility of smart EV control algorithms
and the EV migration rate in car fleets.

Future work should focus on cybersecurity considerations and the extent of possible
attacks on power system operation.

Author Contributions: Conceptualization, methodology, software, T.S.U. and S.M.S.H.; validation,
M.H.S., P.D.; writing—original draft preparation, writing—review and editing, T.5.U.; visualization,
M.H.S. and P.D.; supervision, project administration, funding acquisition, T.S.U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by ERIGrid Transnational Access program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ustun, T.S.; Zayegh, A.; Ozansoy, C. Electric vehicle potential in Australia: Its impact on smartgrids. IEEE Ind. Electron. Mag.
2013, 7, 15-25. [CrossRef]

2. Singh, M.; Kumar, P; Kar, I.; Kumar, N. A real-time smart charging station for EVs designed for V2G scenario and its coordination
with renewable energy sources. In Proceedings of the 2016 IEEE Power and Energy Society General Meeting (PESGM), Boston,
MA, USA, 17-21 July 2016; pp. 1-5.

3. Aftab, M.A.; Hussain, SM.S.; Alj, L; Ustun, T.S. IEC 61850 and XMPP Communication Based Energy Management in Microgrids
Considering Electric Vehicles. IEEE Access 2018, 6, 35657-35668. [CrossRef]

4. Nsonga, P; Hussain, S.M.S.; Alj, I; Ustun, T.S. Using IEC 61850 and IEEE WAVE standards in ad-hoc networks for electric
vehicle charging management. In Proceedings of the IEEE Online Conference on Green Communications (OnlineGreenComm),
Piscataway, NJ, USA, 14 November-17 December 2016; pp. 39-44.

5. Schmutzler, ].; Andersen, C.A.; Wietfeld, C. Evaluation of OCPP and IEC 61850 for smart charging electric vehicles. World Electr.
Veh. ]. 2013, 6, 863-874. [CrossRef]

6.  Ustun, T.S. Design and development of a communication-assisted microgrid protection system. Ph.D. Thesis, Victoria University,
Melbourne, Australia, 2013.

7. Nadeem, F; Aftab, M.A,; Hussain, S.S.; Ali, I; Tiwari, PK.; Goswami, A.K.; Ustun, T.S. Virtual Power Plant Management in Smart
Grids with XMPP Based IEC 61850 Communication. Energies 2019, 12, 2398. [CrossRef]

8.  Barnola-Sampera, M.; Heredero-Peris, D.; Villafafila-Robles, R.; Montesinos-Miracle, D.; Bergas-Jane, J.; Vidal-Tejedor, N.
Charging/discharging process for electric vehicles: Proposal and emulation. In Proceedings of the 2014 IEEE International
Electric Vehicle Conference (IEVC), Florence, Italy, 17-19 December 2014; pp. 1-8.

9.  Ustun, T.S.; Hussain, S.M.S.; Kikusato, H. IEC 61850-Based Communication Modeling of EV Charge-Discharge Management for
Maximum PV Generation. IEEE Access 2019, 7, 4219-4231. [CrossRef]

10. Hussain, S.M.S.; Ustun, T.S.; Nsonga, P.; Ali, I. IEEE 1609 WAVE and IEC 61850 Standard Communication Based Integrated EV
Charging Management in Smart Grids. IEEE Trans. Veh. Technol. 2018, 67, 7690-7697. [CrossRef]

11.  Schmutzler, J.; Wietfeld, C.; Andersen, C.A. Distributed energy resource management for electric vehicles using IEC 61850 and
ISO/IEC 15118. In Proceedings of the 2012 IEEE Vehicle Power and Propulsion Conference, Seoul, Korea, 9-12 October 2012; pp.
1457-1462.

12.  Hussain, S.M.S,; Tak, A ; Ustun, T.S; Ali, I. Communication Modeling of Solar Home System and Smart Meter in Smart Grids.
IEEE Access 2018, 6, 16985-16996. [CrossRef]

13. Fan, Z; Kulkarni, P; Gormus, S.; Efthymiou, C.; Kalogridis, G.; Sooriyabandara, M.; Zhu, Z.; Lambotharan, S.; Chin, W.H. Smart
Grid Communications: Overview of Research Challenges, Solutions, and Standardization Activities. IEEE Commun. Surv. Tutor.
2013, 15, 21-38. [CrossRef]

14.  Communication Networks and Systems for Power Utility Automation-IEC 61850, 2nd ed.; International Electrotechnical Commission:
Geneva, Switzerland, 2013.

15.  Communication Networks and Systems for Power Utility Automation-Part 90-8: Object Model for E-mobility, IEC 61850-90-8, 1st ed.;
International Electrotechnical Commission: Geneva, Switzerland, 2016.

16. Aftab, M.A.; Hussain, S.S.; Alj, I.; Ustun, T.S. IEC 61850-Based Communication Layer Modeling for Electric Vehicles: Electric

Vehicle Charging and Discharging Processes Based on the International Electrotechnical Commission 61850 Standard and Its
Extensions. IEEE Ind. Electron. Mag. 2020, 14, 4-14. [CrossRef]


http://doi.org/10.1109/MIE.2013.2273947
http://doi.org/10.1109/ACCESS.2018.2848591
http://doi.org/10.3390/wevj6040863
http://doi.org/10.3390/en12122398
http://doi.org/10.1109/ACCESS.2018.2888880
http://doi.org/10.1109/TVT.2018.2838018
http://doi.org/10.1109/ACCESS.2018.2800279
http://doi.org/10.1109/SURV.2011.122211.00021
http://doi.org/10.1109/MIE.2019.2948678

Energies 2021, 14, 2493 15 of 15

17.

18.

19.

20.

21.

22.

23.

24.

Jamborsalamati, P.; Hossain, M.].; Taghizadeh, S.; Konstantinou, G.; Manbachi, M.; Dehghanian, P. Enhancing Power Grid
Resilience Through an IEC61850-Based EV-Assisted Load Restoration. IEEE Trans. Ind. Inform. 2020, 16, 1799-1810. [CrossRef]
Ahmed, M.A; El-Sharkawy, M.R.; Kim, Y.-C. Remote Monitoring of Electric Vehicle Charging Stations in Smart Campus Parking
Lot. J. Mod. Power Syst. Clean Energy 2020, 8, 124-132. [CrossRef]

Ustun, T.S.; Hussain, S.M.S. Implementation of IEC 61850 Based Integrated EV Charging Management in Smart Grids. In
Proceedings of the 2019 IEEE Vehicle Power and Propulsion Conference (VPPC), Hanoi, Vietnam, 14-17 October 2019; pp. 1-5.
Power Systems Management and Associated Information Exchange—Data and Communications Security Part 4: Profiles Including MMS.
IEC 62351-4; IEC: Geneva, Switzerland, 2007.

Farooq, S.M.; Hussain, S.M.S; Kiran, S.; Ustun, T.S. Certificate Based Security Mechanisms in Vehicular Ad-Hoc Networks based
on IEC 61850 and IEEE WAVE Standards. Electronics 2019, 8, 96. [CrossRef]

Wang, S.; Wu, J.; Zhang, S.; Wang, K. SSDS: A Smart Software-Defined Security Mechanism for Vehicle-to-Grid Using Transfer
Learning. IEEE Access 2018, 6, 63967—-63975. [CrossRef]

Maniatopoulos, M.; Lagos, D.; Kotsampopoulos, P.; Hatziargyriou, N. Combined control and power hardware in-the-loop
simulation for testing smart grid control algorithms. IET Gener. Transm. Distrib. 2017, 11, 3009-3018. [CrossRef]

CIGRE Task Force C6.04.02: “Benchmark Systems for Network Integration of Renewable and Distributed Energy Resources. 2013.


http://doi.org/10.1109/TII.2019.2923714
http://doi.org/10.35833/MPCE.2018.000502
http://doi.org/10.3390/electronics8010096
http://doi.org/10.1109/ACCESS.2018.2870955
http://doi.org/10.1049/iet-gtd.2016.1341

	Introduction 
	Integration of EVs and CSs 
	Hardware-in-the-Loop Tests for Validation 
	Case-Study: Co-Simulation with Centralized CVC for Increased Renewable Energy Penetration 
	Conclusions 
	References

