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Abstract: Vehicle-to-Grid (V2G) technology is viewed as a viable solution to offer auxiliary power 

system services. Currently, V2G operation is only possible through DC chargers using the 

CHAdeMO connector with the necessary communication protocol. However, in Europe, for high-

power DC charging (>50 kW), the Combined Charging Service (CCS) Type 2 is preferred over 

CHAdeMO. Therefore, this work presents the development of a V2G testing system with a Combo 

CCSType 2 charger including communication via the ISO 15118-2 protocol. The BOSCH passenger 

car with a 400 V battery pack is used to test and validate the technical feasibility of V2G charging 

via a Combo CCS Type 2 connector standard. The V2G feature is characterized in terms of efficiency, 

signal delay, response proportionality, magnitude accuracy and noise precision. A data driven V2G 

charger simulation model based on the real-time data is also developed in MATLAB/Simulink. The 

performance under various operating settings is presented in the outcomes, emphasizing the need 

for appropriate hardware calibration, and understanding while delivering standard-compliant grid 

control services using V2G technology. Finally, the results of the simulation model are compared 

with the real hardware results in terms of error, noise level and data magnitude accuracy. 

Keywords: Vehicle-to-Grid (V2G); testing; Combo CCS Type 2; ISO 15118-2; electric vehicle DC 

charger; electric vehicle charging analyzer; communication control unit (CCU) 

 

1. Introduction 

Electric vehicles (EVs) are becoming a popular means of transportation to ensure a 

clean environment. The majority of nations are making efforts to electrify their transporta-

tion systems, which are currently one of the main causes of the world’s carbon footprint [1]. 

For EVs, the electric charge of the battery is the main fuel to drive the car. To refuel the EV, 

we have to connect the EV to a charging station. For the EV charging pile, there are two 

options are available: (a) AC charging pile and (b) DC charging pile. They are differing from 

each other based on the charging voltage and current characteristics. In DC or direct current, 

the electrons flow in one direction steadily with zero frequency. In contrast, the electron 

changes its direction of mobility after a certain period periodically with 50 Hz frequency. 

The advantages of AC charging and DC charging are briefly discussed below [2]: 

Benefits of DC charging over AC charging 

• DC chargers are bigger and faster than AC chargers. 
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• All power conversion (AC/DC and/or DC/DC) occurs outside of the car. So, there are 

no power converters for DC charging inside the car. The charging current goes di-

rectly to the battery from the DC charger. 

• The electric vehicle that accepts DC charging can fast recharge while traveling a long 

distance. 

• Working with AC at high voltages is more dangerous than working with DC. 

As the power converter is built within the DC charger itself, unlike AC chargers, elec-

tricity may be sent straight to the car’s battery without needing to be converted via the 

onboard charger. Because it needs a power source or transformer (a lot of electricity, such 

as 125A from the grid), the cost of charging is greater. 

Benefits of AC charging over DC charging 

• Most parking spaces where a car will be parked for a longer period of time are ideal 

for AC charging. 

• The installation of an AC charging station is less expensive than DC. 

• An inductor or conductor can be used to lower the current without experiencing a 

significant energy loss because the current magnitude is not constant. 

• Rectifiers make it simple to convert AC electricity to DC. 

• A transformer may be used to produce a broad range of voltages. 

• When AC is delivered at higher voltages over larger city distances, the line losses are 

less in comparison to a DC transmission. 

The main disadvantage of AC chargers is the speed of charging. Since the on-board 

charger is used for AC charging, the charging speed is depending on the design and tech-

nologies used during the on-board charger design. The majority of the EVs are left in 

parking lots for a sizable portion of the day, which means that the energy in their batteries 

is not being used. To transfer this underutilized EV battery power to the grid, Vehicle-to-

Grid (V2G) technology was developed [3]. 

The V2G technology was first conceptualized by Kempton and Letendre in 1997 [4]. 

The power is usually transmitted from the generation unit to the customer (home, aggre-

gator, etc.) in a conventional power system. An EV charging station functions as a con-

sumer in normal operation, connecting the EV battery to the grid to charge it via the power 

connection. The EVs with V2G technology may return energy to the grid when the car is 

parked. Additionally, the V2G features enable more advantages such as peak shaving and 

labeling the demand, ancillary service to avoid the shortage. On the contrary, V2G has 

some barriers to using it commercially. The EV battery lifetime is reduced by frequently 

discharging for V2G service. Additionally, the public’s primary concerns with this strat-

egy are the battery’s level of charge, local charging stations and infrastructure, as well as 

the initial high investment prices. Therefore, the rate of V2G system participation may be 

impacted, but this issue may be handled by putting in place a well-organized and moti-

vating plan to assure the public of this system’s effectiveness [5]. The most significant 

barrier is to change the hardware modification inside the car. Moreover, establishing com-

munication amongst the many stakeholders is the biggest obstacle to successfully using 

the V2G technology. To transfer the required instructions between the EVs, the electric 

vehicle supply equipment (EVSE), and third-party operators, V2G systems require com-

munication protocols, both front-end and back-end [6]. The charging topologies (on-

board/off-board), type of charging (conductive/inductive), safety, charging connections, 

communication, and cybersecurity criteria are all provided by the front-end protocols. 

They explain the relationship between EVs and EVSEs as well [7]. For instance, front-end 

protocols include communication standards such as IEC 61851, ISO 15118, SAE J2847, and 

CHAdeMO [8,9]. The back-end protocols describe criteria for communication and cyber-

security and provide links between EVSEs and third-party operators such as charge point 

operators (CPOs) [9,10]. A few examples of back-end protocols include the open charge 

point protocol (OCPP), IEC 63110, the open automated demand response (ADR), and EE-

BUS described in [11]. More information on these standards can be found in [12]. Due to 
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the advancement in communication and devices, the V2G technology has attracted the 

researchers’ and OEMs’ attention to integrating EVs into the power grid with grid-sup-

porting capabilities.  

As a result of the increased attention being paid to V2G technology, approximately 50 

V2G projects have been launched globally with the goal of identifying the best business 

models for all parties involved, including EV owners, chargers developers, utilities, and au-

tomotive OEMs [13]. Nissan is now collaborating with the German power company E.ON 

on the V2G services, distributed energy generation, and renewable energy systems business 

models [14]. Similarly, Volkswagen sees enormous potential in V2G [15–17]. The residential 

V2G charger from the Australian business EV-NRG has been released. It can control EV 

power depending on data from the vehicle and a series of sensors that track household loads 

and grid supply [11]. Additionally, V2G technology is developing via different projects 

around the globe. For instance, the ACES project tested V2G service in Bornholm, and Den-

mark tested V2G technology using the CHAdeMO standards to assess the feasibility of the 

provision of grid services [18]. The Parker project also demonstrated the V2G technology in 

2016 with a CHAdeMO charging port to assess the grid support service to renewable power 

systems [19]. The real-time benefits of advanced vehicle-grid integration are assessed with 

the IEC 62196-2 standard on DC charging port in the INVENT project [20]. Moreover, this 

project enables UC San Diego to manage when and how electricity is drawn from EVs 

plugged into its charging stations to help power university buildings and facilities, saving 

both money and energy. The Grid Motion project has also investigated the V2G service fea-

sibility in smart grid applications [21]. The summary of the state of the art of European V2G 

projects with associate charging standards is shown in Table 1. 

Table 1. European V2G test projects with corresponding connector standards [22]. 

Projects Country 
Connector  

Standard  

Project  

Duration 

Parker Denmark CHAdeMO 2016–2018 

Redispatch V2G Germany CHAdeMO 2018–2021 

CITY-ZEN Netherland CHAdeMO 2014–2019 

Smart Solar Charging Netherland CHAdeMO/CCS 2014–2019 

Grid Motion France CHAdeMO/CCS 2017–2019 

ACES Denmark CHAdeMO 2016-2018 

Network Impact of Grid-Integrated Vehi-

cle 
UK CHAdeMO/CCS 2017–2020 

Porto Santo Portugal 
IEC 62196-

2/CHAdeMO 
2015–2020 

ZEMtoALL Spain CHAdeMO 2012-2017 

Vehicle-to-Coffee Germany 
IEC 62196-

2/CHAdeMO 
2015–2018 

NewMotion V2G Netherland CHAdeMO 2017 

Amsterdam V2G Netherland CHAdeMO 2013–2017 

SEEV4-City 5 Cities in EU CHAdeMO 2016–2020 

SHAR-Q Greece 
IEC 62196-

2/CHAdeMO 
2016–2019 

Denmark V2G Denmark CHAdeMO 2016–Ongoing 

Genoa Pilot Italy CHAdeMO 2017–Ongoing 

UK Vehicle-2-Grid (V2G) UK CHAdeMO 2016–Ongoing 

GrowSmarter Spain CHAdeMO 2016–2019 

The ChaoJi or GB/T connectors do not have a standard communication protocols 

whereas the CHAdeMO publishes the communication protocol for V2G in 2014 [23]. Cur-

rently, the V2G technology is only commercially possible through CHAdeMO DC 

chargers using the accompanying communication protocol, which also means that only 

cars using CHAdeMO, such as Nissan and Mitsubishi, can be used to test the V2G 
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functionality. However, in Europe, most EVs use the Combined Charging Service (CCS) 

type 2 for DC charging together with the ISO 15118 communication protocol. There are 

three separate versions of the ISO 15118 standard: 15118-1, 15118-2, and 15118-3. The 

broad specifications and use case descriptions for V2G communication are provided in 

ISO 15118-1. It offers to charge confirmation, service certification, and start and stop charg-

ing instructions for electric vehicles. In order to satisfy the use cases established in 15118-

1 for the network and application layer needs for V2G communication, ISO 15118-2 de-

fines the message types and formats between the EV Communication Controller (EVCC) 

and Supply Equipment Communication Controller (SECC) [24–26]. However, the ISO 

15118-2 protocol still needs some modifications to ensure V2G services. Moreover, for the 

real-time test of V2G technology with Combo CCS type 2, a simple communication unit 

needs to be added to the EV to regulate the power flow between the EVs and the grid. 

Designing this communication technology is expensive [9]. Therefore, most (European) 

EVs are not equipped with this unit, and they require a setup modification or adaptation 

to successfully establish a bidirectional power flow. Accordingly, the majority of the EVs 

on the European market today is not yet ready for V2G technology except for a few EVs 

manufactured by companies such as Nissan and Mitsubishi.  

This paper attempts to enable V2G technology for Combo CCS Type 2 chargers by 

developing and validating a V2G testing system using the modified ISO 15118-2 commu-

nication protocol. This research also investigated the performance of DC chargers to the 

provision of V2G-based services. Additionally, a thorough modeling of the system in 

MATLAB/Simulink 2019b software environment, which takes the results of the tests into 

account, is developed to complete the research. The low-fidelity accurate charger model 

can be used as an effective tool for power system simulation studies for the grid integra-

tion impact assessment of the EVs. The investigated modeling technique of the real V2G 

system hardware can be able to contribute during demanding smart grid services such as 

frequency containment reserves (FCR). The remainder of the paper is structured as fol-

lows. Section 2 outlines the background information on EV charging connectors and com-

munication standards. Section 3 outlines the V2G test system development and modifica-

tion strategy. Section 4 presents a comprehensive discussion of the testing results includ-

ing statistical analysis. Section 5 described the modeling of the V2G charger low-fidelity 

model in MATLAB/Simulink based on the real-time testing data. Finally, the conclusions 

are presented in Section 6.  

2. EV Charging Connector and Communication Standard Background 

International organizations have been working for many years to enact their connec-

tion standards regarding the high-power charging of EVs. The commonly used technolo-

gies are: (a) AC on-board charging and (b) DC off-board charging. In previous years, Eu-

ropean EV manufacturers have rather produced EVs with on-board chargers which are 

compatible with a high-power AC supply. However, since the company TEPCO intro-

duced a standard Japanese socket for DC connection, namely CHAdeMO, DC off-board 

charging is becoming more common. CHAdeMO is now available in several European 

countries, and although it is not internationally standardized yet, it is widely used in the 

US and Japan [27]. The SAE also has been developing its own connector standard called 

Combo. In SAE J1772, the Combo coupler features extra pins compared to the standard 

version [28]. 
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2.1. AC Charging Connector 

The IEC 62196-2 standard defines three types of connectors for AC supply power in 

Europe. These types of connectors are described in Table 2. 

Table 2. IEC 62196-2 Connector Standard for AC charging [29]. 

IEC 62196-2 Type 1 Type 2 Type 3 

Coupler 1-phase 1-phase and 3-phase 
1-phase and 3-phase with shut-

ters 

Related standard SAE J1772 Type 1 VDE-AR-E 26232-2 - 

Maximum current 
32 A (80 A at the 

US) 

70 A (1-phase) 

63 A (3-phase) 

16 A (1-phase) 

32 A (3-phase)/63 A(3-phase) 

Maximum voltage 250 V 480 V (3-phase) 250 V/400 V 

Maximum power 19 kW 43.5 kW 22 kW (3-phase) 

Pin and interlock 
5 pins, mechanic 

lock 

7 pins, electronic 

lock 
4 pins or 5 pins 

Control pin Two short pins 
One short, one long 

pin 
- 

Communication PWM over CP PWM over CO - 

 

   

The IEC 62196-2 Type 1 is not different compared to the SAE J1772 which is widely 

used in the US and Japan. In China, the IEC 62196-2 Type 1 is also known as GB/T 20234.2-

2015 connector. Notice that China has modified it by changing from an electronic lock into 

a mechanic lock (with the option of electronic lock) and the control pilot is using two short 

pins.  

2.2. DC Charging Connector 

The most common use of fast charging technologies is to supply the direct current to 

the EV battery. This requires an off-board charging station to supply high levels of current 

and to transform the AC of the distribution grid to DC for the charging of the EV’s battery. 

CHAdeMO was the first fast-charging method in the world, specified by the Japan Electric 

Vehicle Standard (JEVS) G105-1993 from the JARI (Japan Automobile Research Institute), 

and it has been developed by the Japanese company TEPCO. CHAdeMO is an abbrevia-

tion of “CHArge de MOve” or “move by charge” [30]. The connector includes two large 

pins for DC power, plus other pins to carry CAN-BUS connections. The CHAdeMO trans-

mits the information by CAN-BUS and analog control lines. This hybrid communication 

protocol has more advantages compared to pure digital control, since it can let the system 

double-check the digital control system. Once the analog signal is lost, an immediate 

charging operation shutdown can be performed [28]. The CHAdeMO specifications com-

ply with the international standard IEC 62196-3. The characteristics of CHAdeMO are 

shown in Table 3. 

Table 3. CHAdeMO connector characteristics [31]. 

Parameter Description Rated Values  

Maximum current 120 A 

Maximum voltage 500 V DC 

Maximum power 50 kW 

Maximum current (control system) 7 A 



Energies 2022, 15, 7364 6 of 24 
 

 

Maximum voltage (control system) 12 V DC 

 

Level of charging DC level 3 

Control pin 7 pins 

Communication protocol 
CHAdeMO (CAN communica-

tion) 

The configuration of CHAdeMO only specifies the necessary and effective parts for 

connection. A summary and pinout of CHAdeMO is shown in Table 4. 

Table 4. CHAdeMO pinout functionalities [32]. 

Pin ID 
Wire Cross Sec-

tion (mm2) 
Description  

1 0.75 Ground 

 
 

2 0.75 Start/stop charging 1 

3  None 

4 0.75 Permission/prohibition charging 

5 22 or 40 DC supply negative 

6 22 or 40 DC supply positive 

7 0.75 
Verification of the connector connec-

tion  

8 0.75 CAN High 

9 0.75 CAN Low 

10 0.75 Start/stop charging 2 

2.3. Combined Charger Connector (J1772-2009 Combo) 

In parallel to CHAdeMO, the US and some European EV manufacturers such as 

Audi, BMW, Daimler, Ford, General Motors, Porsche, or Volkswagen have been develop-

ing a new system for fast charging: the Combined Charging System (CCS), i.e., J1772-2009 

Combo. The main goal of this standard is to allow the EV to charge in both AC (slow/me-

dium charging) and DC (fast charging), which is different from CHAdeMO as it only al-

lows DC and needs an extra socket for AC charging. 

There are two types of Combo CCS currently available. The Combo Type 1 connector 

for the US has been developed based on the AC Type 1 connector (specified by the stand-

ards SAE J1772/UNE EN 62196-2). The Combo Type 2 for Europe integrates a Type 2 con-

nector as defined in the standard UNE EN 62196-2 [33]. The main characteristics of Combo 

connectors Type 1 and Type 2 are summarized in Table 5. 

Table 5. Main characteristics of Combo connectors Type 1 and type 2 [31]. 

Parameters Combo Type 1 (US) Combo Type 2 (EU) 

 

  
DC Charging 

Maximum current 150 A 200 A 

Maximum voltage 600 V 850 V 

Charging mode 4 4 

Maximum power 90 kW 170 kW 

Connector type Combo 1 (IEC 62196-3) Combo 2 (IEC 62196-3) 

AC Charging 
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Nominal current 32 A 70 A (1-phase)/63 A (3-phase) 

Nominal voltage 250 V 230 V (1-phase)/400 V (3-phase) 

Charging mode 3 3 

Maximum power 13 kW 44 kW 

Connector type Type 1 (IEC 62196-2, SAE J1772) Type 2 (IEC 62196-2) 

The Combo Type 1 and Type 2 have a different pinout configuration based on their 

different functionalities. Table 6 shows the configuration and the functions of the pins in 

the Combo Type 1 and Type 2. 

Table 6. Pin configuration and functionality of Combo connectors Type 1 and Type 2 [32]. 

Pin Functions Comments Combo Type 1 

PP Communication/Charging process con-

trol 

Proximity inlet 

 

CP Control pilot 

PE Earth ground EV to earth ground 

L1/N 
AC 1-phase charging 

Phase 1/Neutral 

L2 Phase 2 

DC+ 

DC charging 

DC positive terminal 

DC- DC negative terminal 

Pin Functions Comments Combo Type 2 

PP Communication/Charging process con-

trol 

Proximity inlet 

 

CP Control pilot 

PE Earth ground EV to earth ground 

L1 

AC 3-phase Charging 

Phase 1 

L2 Phase 2 

L3 Phase 3 

N Neutral 

DC+ 
DC Charging 

DC positive terminal 

DC- DC negative terminal 

Currently, GB/T was giving just 237.5 kW at 950 V and 250 A; thus, this will be about 

four times more competent in terms of power with other DC charging connectors. Power 

will be more than twice as high as the new 400 kW CHAdeMO and 350 kW CCS Combo 

specs, too. However, the V2G features is not supported by GB/T connector standard. The 

feature comparison among the DC charging connector standards is listed Table 7 below: 

Table 7. Specification comparison of different DC charging connector standards [33]. 

Specification New GB/T GB/T CHAdeMO CCS Type 1 Tesla 

 

     

Max Power 900 kW 237.5 kW 400 kW 400 kW 135 kW 

No. of Control Pilot 2 0 3 1 1 

Communication CAN (SAE J1939) CAN (SAE J1939) 
CAN (ISO 

11898) 

PLC (ISO 

15118) 

CAN (SAE 

J2411) 

+12 V Power Supply Yes Optional Yes No No 

V2G Compatible Unknown Under R&D Yes Under R&D No 

Coupler Lock Inlet Connector Connector Inlet Inlet 
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Availability China China, India Global EU, US, A Global  

Related Standards 
IEC 61851-23-1 

IEC 61851-23-2 
IEC 61851-23-1 

IEC 61851-23-1 

IEC 61851-23-2 

IEEE 2030.1 

IEC 61851-23-1 

SAE J1772 
None 

Cooling Technique 

Liquid-Cooled  

Cable Under  

Development 

Liquid-Cooled  

Cable Not  

Available 

Liquid-Cooled  

Cable Under  

Development 

Liquid-Cooled  

Cable Under  

Development 

Liquid-Cooled  

Cable  

Discontinued 

2.4. EV Charging and V2G Communication Standards 

The design of an EV charging system and the relevant communication standards are 

shown in Figure 1. The EV and charging supply unit are the main key systems for EV 

charging. The EV is connected to the charging supply unit using a charging cable includ-

ing communication wires. They usually use IEC 61851 for application-level communica-

tion standards and ISO/IEC 15118 for CAN communication standards. This high-level 

communication is specifically carried out by the EVCC in the EV and the SECC to regulate 

the whole charging process [34,35]. Third-party actors provide supporting responsibilities 

on the other side of the EVSE, such as billing and power management. 

 

Figure 1. EV charging and V2G architecture with relevant communication standards [36]. 

In this work, a high-level communication based on ISO 15118-2 is implemented, 

where the bidirectional feature is defined for the Combo CCS Type 2 connector. The IEC 

61850 standard is also used for the operator and EVSE to exchange values relating to elec-

tricity. The messages produced by ISO/IEC 15118 and IEC 61850, however, are incompat-

ible. The IEC 61850-90-8 was suggested to bridge communication between ISO/IEC 15118 

and IEC 61850 in [36].  

3. Test System Development 

The DC charging test system architecture is shown in Figure 2. The novelty of this 

test system is the incorporation of the Combo CCS Type 2 charging port standard during 

V2G testing. Additionally, the BOSCH car is used as a baseline vehicle during V2G with 

necessary hardware and software modifications. The system modification details are de-

scribed in Sections 3.4 and 3.5. The test system consists of an Electric Vehicle Charging 

Analyzer (EVCA) and a battery emulator through which the system has been tested to 

ensure a safe operation in accordance with the current standards and charger interfaces. 

The required equipment to measure and verify communication, protection, safety, and 

load circuit—on the standard—conformity over the complete duration of charging and 

captures all deviations is used. In this way, it is possible to identify the non-conformity of 

charging and obtain the reasons for charge interruptions. The overall test system compo-

nents are described in the next subsections. 

Application

Network

Data Link

Physical

ISO 15118 Server ISO 15118 Client

Application

Network

Data Link

Physical

EV and VCCU EVSE and SECC (Application Layer Gateway)

ISO 15118

IEC 61851

EVSE EV
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Figure 2. DC charging test system architecture with Combo CCS Type 2 connector. 

3.1. Controllable DC Supply/Load (Battery Emulator) 

DC programmable loads (80 kW): these devices can be used as battery simulators to 

get into the charge loop. The main features follow:  

• Per module: max. 1000 V with energy recovery.  

• Power up to 30 kW, and 150 kW by connecting two modules in parallel.  

• CAN interface.  

• Power monitoring module with redundant power contactors. 

3.2. Electric Vehicle Charging Analyzer (EVCA) 

An EVCA instrument measures and monitors both the load and the communication 

circuit for the entire charging procedure. By detecting and logging deviations from the 

standards, the conformity of all relevant parameters can be assessed when evaluating the 

measurement files. Results can be transferred by CAN to external data processing equip-

ment. It can be used for testing all types of chargers (AC and DC chargers). The EVCA can 

operate in three modes: (1) EV emulator, (2) EVSE emulator (AC and DC), and (3) Man-

in-the-middle. This unit is designed for testing the conductive charging of electric vehi-

cles. The main features are: 

• Data recording and controlling on CAN interface as “Remote Control”.  

• Isolated banana sockets for control pilot of EVSE for comparison with an oscilloscope.  

• Integrated electronics for measuring Voltage up to 800 V and Current up to 200 A.  

• Integrated high-power resistors for isolation test with ca. 100 mA leakage current at 

500 V DC.  

3.3. Electric Vehicle DUT (BOSCH) 

ROBERT BOSCH GmbH supplied the passenger EV shown in Figure 3 to perform 

the charging test. The company technical team replaced the CHAdeMO port with a 

Combo CCS Type 2 connector to perform AC and DC charging tests compatible with the 

above-mentioned test infrastructure. Additionally, a vehicle control unit was installed to 

enable DC V2G with a Combo CCS Type 2 connector and the ISO 15118-2 communication 

protocol. 
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Figure 3. Passenger car to test the V2G using Combo CCS Type 2. 

3.4. Additional EV Hardware Modification for V2G 

The EV has been equipped with an additional vehicle control unit (VCU) as shown 

in Figure 4 to enhance the V2G setup. The VCU is usually used for vehicle state manage-

ment, communication with the backend, coordination, etc. In this test setup, the additional 

VCU has also direct interfaces to connect debugging tools for developing/modifying the 

software and monitoring all vehicle internal bus messages as well as the ISO 15118-2 com-

munication. The automotive-compliant changeover relay for switching the 12 V supply 

voltage between the series VCU and the additional VCU is shown in Figure 5. A dedicated 

relay terminal is also switched over with the same changeover relay. This means that only 

one VCU can be active at the same time. 

 

Figure 4. Additional VCU installation with necessary wiring and communication interfaces. 

VCU-2 Wiring Harness

Safety 
Switch

Vehicle 
Control 
Unit 2

CAN 
Interface

Communication 
Unit based on 
UDA
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Figure 5. Required relay terminals to activate control of selected VCU. 

3.5. Software Modification for V2G in EV 

The bidirectional charging functionality has been implemented based on the ISO 

15118-2 specification which is shown in Figure 6. The Power Line Communication (PLC) 

is employed at the physical and data-link layers. User Datagram Protocol/TCP (Transmis-

sion Control Protocol) is utilized for the transport layer on top of PLC, while IPv6 is used 

for the network layer. Although the testing system does not explicitly test these protocols 

since they are properly implemented by commercial operating systems such as Windows 

or Linux, it will indirectly discover the poor implementation of these levels.  

 

Figure 6. The OSI 7-layer structure of ISO 15118.20 standard. 

The ISO/IEC 15118 standard defines the communication protocol during the V2G test, 

which is used for session management. All requests are sent via energy transfer protocol as 

a message group. The protocol just confirms the ISO/IEC 15118 version compatibility of the 

message request data packet. After the EV charging or discharging setup initialization is the 

request packet initiation; the EVCC broadcasts a request packet using this protocol, and an 

SECC responds by sending back a response. The response detects the charging controller’s 

IP address and communication port identification. The later packet type is the application 

(charging/discharging) message, although the actual message in the transmission is multi-

plexed by the EXI method to reduce packet density. Every application message is internally 

represented in XML for higher versatility and adaptability. For each type of application 

12V Supply 
(VCU1) 12V Supply 

(VCU2)

Relay
Terminals
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message, the user sends a request message, and the ISO 15118 server responds with a re-

sponse message. This is known as the client-server model of communication ISO standard 

[36]. The EV and charging supply unit exchange the essential messages prior to the whole 

charging process through a sequence of request and response messages, as seen in Figure 7. 

For instance, the EVSE receives the SSR messages from the EV for the set initialization mes-

sage type and responds with the acknowledgment message. However, the sequence of the 

application message types in the table approximately corresponds to the actual message se-

quence. The message exchange sequence is shown in Figure 8. 

 

Figure 7. The communication request and response stream during charging/discharging test. 

 

Figure 8. The software modification for V2G test. 

Thus, during the “charging loop/re-scheduling”, the ISO 15118-2 is extended to be 

able to handle negative current requests to enable the DC discharge functionality. 

4. Testing Results and Discussions 

The V2G test setup with EV and charging supply unit is shown in Figure 9. Tests are 

especially conducted to focus on V2G power transfer through the Combo CCS type 2 con-

nector standard. The overall system is comprised of a battery emulator, EVCA, EVSE, and 

BOSCH passenger car with a Combo CCS2 connector and checking the ISO 15118-2 com-

munication. The communications among the EV, the charging supply unit, and the oper-

ator were manually examined, and the timings of message deliveries were checked to en-

sure that the target EV charger is properly tested. 
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Figure 9. Experimental setup for V2G test with BOSCH passenger car. 

The battery voltage and current are shown in Figure 10. The operator specifies the 

discharge current setpoints. Initially, the discharging current is set to −10 A, and then, it 

is increased up to −30 A. The battery voltage starts from around 323 V to decrease during 

discharging. The current waveforms from the AC side, which feeds the grid, are depicted 

in Figure 11. It can be observed that the AC voltage is around 220 V and is in phase oppo-

sition with the grid current. The THD level of the discharging current in the AC side is 

lower than 5%. The discharging power to feed the grid is around 10 kW. However, the 

discharging current is a bit distorted and has some noise. 

 

Figure 10. Measurement of DC voltage and current via CAN communication. 
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Figure 11. Measurement of AC voltage, current and power on the grid side. Here, Ig is grid cur-

rent (Cyan), Vg is grid voltage (light green) and Pg is the instantaneous power (red). 

The overall V2G test is performed for approximately 593 sec. The operator controls 

the discharge current setpoint over the entire period. The DC current is following the cur-

rent setpoint with a delay of 2 sec, which is shown in Figure 12. The DC voltage from the 

battery side is decreased over the discharging period. The discharging power is the prod-

uct of DC voltage and current, as shown in Figure 13. During the test, the limit of the 

discharged power is between 4.8 and 9.6 kW. Moreover, the discharged power on the grid 

side is estimated by the grid side current. The grid voltage is 230 Vrms and the power 

factor is approximately 0.975 leading. The grid current profile at two different vehicle dis-

charge power levels is shown in Figures 14 and 15. Additionally, this current profile is 

recorded at 45% battery SoC level. So, the discharging efficiency is estimated at three dif-

ferent battery SoC levels, which are shown in Figure 16. The efficiency slightly varies with 

the initial SoC level. According to Figure 16, it is possible to obtain a higher discharging 

efficiency at a high initial battery SoC level. 

 

Figure 12. Measurement of DC voltage and current with reference value via CAN communication 

over the full testing period. 
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Figure 13. Measurement of DC power discharging from the battery. 

 

Figure 14. Grid current profile (20A/div) at 6.23 kW discharging power. 

 

Figure 15. Grid current profile (50A/div) at 9.23 kW discharging power. 
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Figure 16. Estimated V2G efficiency at different initial battery SoC. 

The signal delay between the reference and the actual signal indicates the controller 

response delay. It just provides the hardware response as it occurs, without any further 

delays brought on by miscellaneous setup communications between the reference and the 

measurement. The signal delay is determined using the cross-correlation method. Figure 

17 depicted the correlation the reference and actual signal which describes how two sig-

nals correlate when one of them is subjected to various temporal shifts during the test. 

The peak is detected for a signal delay of around 2 sec, which is then taken into account 

as the activation time of the tested V2G apparatus. The charger communication testing 

architecture is implemented with the full stack of ISO/IEC 15118, including IEC 61851 

standard signaling. In this way, the DC charger can exchange energy between an EV con-

nected by a Combo CCSType 2 connector and the grid via standard communication. How-

ever, while the reference controller exchanges from the 15118 server and 61851 mobile 

applications, the main message for energy exchange is transmitted from the ISO 15118 

server through different communication layers such as the physical layer, data link layer, 

etc. The communication architecture of the charger includes the 15118 servers, the 61851 

module and the reference controller, as shown in Figure 18. 

 

Figure 17. The correlation between reference and measurement current value. 
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Figure 18. Communication architecture implemented during V2G testing. 

The communication testing results for the specific DC charging cases and the reference 

design with different data transfer protocols are shown in Table 8. It is noted that the EV 

charger passed every request and response test, including the unfavorable ones. The test 

system was capable of concurrently acting in the capacities of the operator and the EV. 

Table 8. The communication testing result with full stack ISO 15118 during V2G test. 

Test No Contents Target Protocol Result 

1 Slack Parameter Exchange EVCC SLAC Pass 

2 Signal Strength Measurement EVCC SLAC Pass 

3 Logical Network Parameter Exchange EVCC SLAC Pass 

4 Control Pilot Voltage Range EVCC IEC 61851 Pass 

5 Control Pilot Frequency Range EVCC IEC 61851 Pass 

6 Control Pilot Duty-Cycle Range EVCC IEC 61851 Pass 

7 SECC Discovery Protocol (SDP) EVCC ISO 15118 Pass 

8 Supported Application Protocol EVCC ISO 15118 Pass 

9 Session Setup Message EVCC ISO 15118 Pass 

10 Service Discovery EVCC ISO 15118 Pass 

11 Payment Service Selection EVCC ISO 15118 Pass 

12 Payments Details EVCC ISO 15118 Pass 

13 Authorization EVCC ISO 15118 Pass 

14 Charge Parameter Discovery EVCC ISO 15118 Pass 

15 Cable Check EVCC ISO 15118 Pass 

16 Pre-Charge EVCC ISO 15118 Pass 

17 Power Delivery (Start) EVCC ISO 15118 Pass 

18 Current Demand EVCC ISO 15118 Pass 

9 Power Delivery (Stop) EVCC ISO 15118 Pass 

20 Welding Detection EVCC ISO 15118 Pass 

21 Session Stop EVCC ISO 15118 Pass 

22 Power Delivery (Negative) EVCC ISO 15118 Pass 

The reference controller interacts with the 15,118 servers and 61,851 modules to reg-

ulate the overall operation of the EVSE. The PLC converter, which changes the data to the 

control pilot and vice versa, receives communication from the 15,118 server and 61,851 

modules to connect with the EV. The combo-type coupler is supported by the reference 

charger for connecting to the EV. Figure 19 displays the outcomes of messaging time to 

initiate and begin DC discharging with the improved EV. 
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Figure 19. Panels of communication between real EV and EVSE. 

5. Data-Driven V2G Charger Model Development 

Investigation of the impact assessment of large-scale DC charging stations with V2G 

facility on the existing power system or microgrid is a popular research topic of recent 

years. This research reveals the positive and negative outcomes of the V2G facility in peak 

shaving, frequency regulation, the total cost of ownership reduction, and social barriers. 

Thus, a DC charging station simulation with a practical V2G charger model is very im-

portant. In this regard, a V2G charger modeling approach is described in [37]. A similar 

approach is followed to develop the real-time V2G charger model based on the tested 

data. This model is a low-fidelity model with less required simulation time requirement. 

Therefore, this model can be used for detailed simulation studies when investigating the 

impacts of DC-EV chargers with V2G features on the grid. The EV charger model is de-

signed using the Simulink platform within the MathWorks 2019b software environment. 

The schematic representation is shown in Figure 20. 

 

Figure 20. Actual hardware response delay compared to the reference signal. 
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The input of the model is the reference signal which is sent to the real-time controller 

from the user side. Using this reference input, the model processes this reference signal 

data based on the signal amplitude accuracy, signal relay, and noise precision of the real-

time test output signal. Consequently, the output signal is estimated by appropriate ac-

tions that represent the charger’s real operation. 

The setpoint current signal and the corresponding current measurement are shown 

in Figure 20 where the activation delay information can be found. It can be noted that this 

signal delay is including the time delay of the battery emulator and EVCA. Therefore, this 

information has a significant role in the data driven V2G charger modeling.  

The signal amplitude accuracy is calculated as the difference between the highest and 

the lowest values of the supplied current over the simulation time with stable setpoints as 

shown in Figure 21. The maximum and minimum magnitude are important data for exact 

noise modeling. The noise baseline can give an idea about the offset variation. It is found 

that the maximum signal baseline shift is about 0.2 A for the extreme operation, which is 

depicted in Figure 22. This value validates the choice of 0.2 A as the linearization constant 

that has been used to set the model linearity, which is shown Figure 22. This real-time 

response behavior is used to model the V2G charger which responds as an actual hard-

ware setup. 

 

Figure 21. Measurement of noisy signal with the variable baseline. 

 

Figure 22. Number of observations of measurement signal deviation from the reference. 
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To develop the data-driven V2G charger model, the following relations are consid-

ered in MATLAB/Simulink: 

• The response time is modeled as a transport delay, which is equal to 2 sec for the 

local control, which is shown in Figure 19. 

• The setpoint proportionality is obtained by implementing Equation (1) 

𝑌𝑠𝑝 =  𝐾𝑠𝑝 ∗ 𝑋𝑠𝑝 ∗ 𝑟𝑜𝑢𝑛𝑑(
𝑋𝑠𝑝

𝐾𝑠𝑝

) (1) 

where Xsp and Ysp are the non-truncated and truncated current signals, respectively. More-

over, the Ksp is a proportionality gain equal to around 0.5% of maximum current setpoint. 

• The relevant mean accuracy value, i.e., 0.2 A for a negative setpoint, is added to the 

current data points to perform the amplitude approximation. The implementation is 

obtained according to Equation (2): 

𝑌𝑚𝑎 =  𝑋𝑚𝑎 + 0.67% 𝑜𝑓 𝑟𝑎𝑡𝑒𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (2) 

• By including a uniformly distributed noise into the computed setpoint, the noise pre-

cision is accomplished. For a set-point ≠ 0, the noise typically has an amplitude of 0.3 

A and 0.4 A. Equation (3) is used to determine the implementation. 

𝑌𝑛𝑝 =  𝑋𝑛𝑝 + 𝛼 ∗ (
3

10
) (3) 

where during the duration of the simulation, it is a uniformly distributed random integer 

between −1 and +1. 

The developed V2G charger model has been validated via simulations in 

MATLAB/Simulink using the requested current signals from real hardware controller, i.e., 

the green line in Figure 23. Results show that the simulated results (red line) match rather 

adequately the actual current measured (blue line) via following the input signal, which 

was the same green test pattern. Furthermore, Figure 24 shows the error signal between 

the actual and simulated current data. It can be noticed that the error density is higher 

within the a very small band, i.e., 0–0.5A (1.66% of the charger rated power). Ultimately, 

Figure 25 reports the error distribution function for the entire simulation time relying on 

MATLAB/Simulink. It can be noticed that the mismatches that occur between actual and 

simulated current data are within the band 0.2 A. In particular, the error distribution fig-

ure shows that more than 80% of the error lies within the 0–0.2 A band. For the infor-

mation, it is possible to achieve a good approximation of the normalized errors’ distribu-

tion curve by using a normal distribution function with mean value m = 0.0385 A and 

standard deviation s = 0.235 A. The V2G facility test result of CHAdeMO and the Combo 

CCS Type 2 for EV charger application are compared in the Table 9 below. 

 

Figure 23. Simulation model results compared to the reference and actual hardware measurement data. 
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Figure 24. Error between simulated and hardware measurement. 

 

Figure 25. Measurement and simulated data error distribution function over the full testing pe-

riod. 

Table 9. The V2G testing result between CHAdeMO and Combo CCS Type 2 charger connector 

standard. 

Performance Indices V2G Test with CHAdeMO [37] V2G Test with Combo CCS 2 

Signal Activation Delay 4 s 2 s 

Setpoint Linearity <4% (Power Setpoint 400 W) <1.5% (Current Setpoint 0.2 A) 

Measurement Accuracy 4.4% (Power measurement) 2.56% (Current Measurement) 

V2G Efficiency (@50% SoC 

and 8 kW Power Delivery) 
Around 93% Around 97% 

6. Conclusions 

In this paper, the technical feasibility of a commercial EV charger with V2G function-

ality with a Combo CCS Type 2 connector has been identified. The significance of initial 

SoC on the efficiency has been emphasized. It is found that the V2G efficiency with the 

Combo CCS Type 2 standard is around 97.7% at a 50% SoC level. The THD of the current 

level at the AC side is lower than 5%, which is IEC-1000-3-6 standard compliant. However, 

some noise is captured, which is the reason the current ripples around 0.3–0.5 A ampli-

tude. The 0.1 A noise baseline offset is found during V2G power transfer. Furthermore, a 

data-driven model of the V2G charger has been developed by analyzing the testing data 
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in a MATLAB/Simulink software environment. A thorough simulation research demon-

strated the model’s correctness when implementing the flexibility product’s validated 

qualities. The suggested model is an illustration of how the results of hardware character-

ization tests may be used directly to construct realistic models that can be used for numer-

ous further power system simulation activities. 
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