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ABSTRACT

This thesis covers a subject that is not well-documented yet. It serves as a proof
of concept of the feasibility of using an AC Grid-Integrated Vehicle to provide power
from one electric vehicle to another (V2V) and from an electric vehicle to a load (V2L).

This work rst discusses the need for a V2V system considering the growth in
EV deployment and the possibility of not having enough range to complete a trip, yet
not having EV charging infrastructure nearby.

Di erent user scenarios are considered, and the technical requirements, based
on existing equipment and on multiple standards, are analyzed and discussed in order
to design a complete working system.

Multiple design choices are presented as well as the path taken to study a speci c
working model allowing an EV to exchange power with another.

Results of an example application are presented, and the need for future work
is outlined in order to achieve a working, user-robust system to perform both V2V and

V2L in addition to V2G.
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Chapter 1
INTRODUCTION

According to the EV30@30 Scenarip the number of EVs on the roads will
reach 228 million [8]. With this number of EVs on the roads, it is important to have
an approach to deal with EVSE malfunctions in order to keep the world moving.
Running out of gas on an ICE (Internal Combustion Engine) vehicle can be somewhat
easy to x using a gas can; however, it is trickier when it comes to EVs. One of the
solutions available today is towing the EV to a nearby EVSE, or having a roadside
assistance charging vehicle drive up to the EV to charge its it possible though to use
another EV to charge up? This thesis will present a proposed approach to using an
EV to charge another. This method is called V2V (Vehicle to Vehicle).

The V2V approach has been discussed for some time as a method to dampen the
e ect of range anxiety’ that can reduce the need for installing more charging stations
while increasing the number of EVs operating in an area. For a recent discussion, see [3].
This does not eliminate the need for the deployment of more charging stations as the
number of EVs grow, but can be seen as an incentive for accelerating the adoption
of EVs by reducing the range anxiety that is higher for EV drivers than ICE vehicle
drivers. [25]

A simpli ed Vehicle-to-Vehicle setting is shown in Figure 1.1. A V2V setup
consists of two EVs: aonor that is the source of the energy exchanged andecipient

that is the destination of the energy. The two vehicles are connected using a cable that

! International Energy agency EV deployment forecast.

2 The worry of running out of energy when driving an EV



carries energy from the donor side to the recipient side. The requirements and tools

needed for such exchange will be detailed in subsequent sections.

Figure 1.1: A simpli ed Vehicle-to-Vehicle sketch.

This thesis serves to discuss the existing charging standards and electric vehicles
as well as the origin of the need for vehicle to vehicle charging. It also covers a detailed
approach to designing a V2V system and de nes the requirements that were considered
during the design phase. Additionally, the thesis covers an example application of the
design and analyzes its limits in order to allow for future improvement.

This thesis is organized as follows: Chapter 2 covers charging systems, charging
connectors, and presents grid-integrated vehicles (GIVs). Chapter 3 discusses the open
guestions toward achieving V2V by de ning a realistic scenario where this technology
could be useful, and the methodology followed in order to achieve V2V. Chapter 4
covers both hardware and software requirements that constitute the backbone of the
proposed design. Chapter 5 showcases an example application of the V2V design.
Chapter 6 covers the observed results of the example application. Chapter 7 proposes
solutions that can be added to mitigate the limitation of the example application.

Chapter 8 sums up the results of the approach, and the proposed future improvements.



Chapter 2
BACKGROUND

This chapter is devoted to a discussion of the background of electric vehicle
charging. It covers the di erences between 2 types of Electric Vehicle Supply Equip-
ment, and types of connectors used for charging electric vehicles. This chapter aims to
explain how the existing charging infrastructure works. It also covers Grid-Integrated

Vehicles and the services they can o er.

2.1 EVSEs

Before designing a V2V/V2L system, it is important to understand how EVs
charge in order to understand and formulate the requirements for a V2V system. An
Electric Vehicle Supply Equipment (also called EVSE or charging station) is the equip-
ment in charge of delivering electric power to an EV in order to refuel its batteries or
to feed power back to the grid. This equipment is not only responsible for the power
exchange between the grid and the EV, but also responsible assuring that the exchange
is safe in the presence of voltages, and of potentially high currents owing between the
EVSE and the EV.

It is important to note that the IEC 61851-1 standard for electric vehicle charg-
ing systems allows EVSEs (Mode 1 charging) not to have an RCD (Residual Current
Device) circuit. [13] This mode doesn't allow currents to exceed 16A, and was designed
for electric panels that use a RCBO (Residual-Current Circuit Breaker with Overload
Protection) on the main breaker. This mode is not allowed in the USA in accordance
with the National Electric Code. [13] Table 2.1 shows the achieved maximum power of

currently deployed EVSEs for AC, DC, and Combo.



Maximum EVSE power
Charging Level Maximum Power
AC low power Up to 1.92kwW
AC Up to 166kW
DC & Combo Up to 400kW

Table 2.1: The left column shows the charging level for EVSEs. The right column
shows the maximum power.

In AC charging systems, the EV is required to have an on-board charger that
converts the grid power (AC) to DC power in order to charge the EV battery, or to
perform a DC-AC conversion when feeding back power. In DC charging systems the
charger (and inverter in case of a bi-directional EVSE) is part of the charging station.
This thesis only covers AC charging systems. The rationale for this will be discussed

in Chapter 4.

2.2 Charging Connectors

The section covers some of the widely available AC connectors, and does not
cover some connectors that have been decommissioned or are not widely used (e.g Type
Il connector). As noted, DC systems were deemed unt for the system covered by

this thesis; therefore, no DC connectors are covered.

221 Typel

This is a single-phase AC connector that is speci ed by SAE J1772, [20] and
can handle up to 80A. The connector has 5 pins as shown in Figure 2.1. The pins'
functions are shown in Table 2.2. One of the pins that is of interest is the CP (control
pilot) pin which is used to communicate between the EV and the EVSE.

In SAE J1772, the CP pin allows the EVSE and EV to exchange their states (i.e
ready to deliver energy/ready to accept energy) and whether ventilation is needed for

the EV. It also serves as a current limiting pin using PWM (pulse width modulation)



on the EVSE generated CP signal. Table 2.3 shows the formulae used to calculate the

maximum charging current based on the CP's duty cycle.

Pins functions for Type | connectors

Pin Function

L1 Power carrying pin

L2/N Power carrying pin /
Neural

GND Ground pin

CP Control Pilot: used for

communication between
the EV and the EVSE

PP Proximity Pilot: used for
cable plug in on the EV
side

Table 2.2: The left column shows the pins names on Type | connectors. The right
column explains the function of the pins.

CP duty cycle and max allowed charge current

Duty cycle Maximum allowed
charging current

10% to 20% (Duty Cycle)*0.6 + 0.9A

20% to 85% (Duty Cycle)*0.6 + 7.5%

85% to 96% (Duty Cycle-64)*2.5 +
7.5%

Table 2.3: The left column shows the duty cycle of the CP signal. The right col-
umn shows the formula used to compute the maximum charging current
allowed.

1 12vDC; 1KHz square wave.



Figure 2.1: A 32A type | connector.



2.2.2 Type ll

This is a three-phase connector that is de ned by IEC 62196-2. [12] It can be
used for either 3- or single-phase power, carrying up to 63A for three-phase and 70A for
single-phase. The connector has 7 pins as shown in Figure 2.2. The pins' functions are
shown in Figure 2.4. CP's functionality is similar to Type I, but without the allowed
0.9A and 7.5% tolerances. Unlike SAE J1772 [20], IEC 62196 allows for a detachable
charging cord which introduced the need for encoding the charging cable's ampacity
using the resistance to ground of the PP [12, 21] pin as shown in Figure 2.5.

It is important to note that while Type Il allows for both three-phase and
single-phase systems, only L1 is connected to grid power, referenced to neutral, when
the cable has a single-phase con guration.

Although not relevant to the V2G design, it is of interest that Type 2 also allows

for DC and combined AC/DC charging by using the following:

" DC charging: N & L3 pins for the positive side of DC, and L1 & L2 for the
negative side of DC.

" AC/DC combined charging: N & L1 as AC pins, and L2 & L3 as negative and
positive DC pins respectively.



Figure 2.2: A 32A type Il connector.



Pins functions for Type Il connectors

Pin Function

L1 Power carrying pin

L2 Power carrying pin (3
phase)

L3 Power carrying pin (3
phase)

N Neutral

GND Ground pin

CP Control Pilot: used for
communication between
the EV and the EVSE

PP Proximity Pilot: used for
cable plug in on the EV
side and ampacity

Table 2.4: The left column shows the pins names on Type | connectors. The right
column explains the function of the pins.

PP resistance to ground and cable ampacity

PP resistance (2% tol- Cable ampacity

erance)

1.5kOhm 13A

6800hm 20A

2200hm 32A

1000hm 63A (three-phase) or 70A
(single-phase) or 160A
(J3068 three-phase with
LIN communication)

Table 2.5: The left column shows the PP resistance to ground. The right column
shows the ampacity of the cable.

2.2.3 Tesla Connector
The Tesla connector is not standardized, and is used only on Tesla EVs; thus, it
also is not well documented. It consists of 5 pins as shown on Figure 2.3. The pinout

is detailed in Table 2.6. The connector allows up 19.2kW [23] in AC con guration
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