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Abstract

This thesis explores various charging standards for electric vehicles with the goal to find a
standard that can be implemented in an electric maritime vessel (EMV). Combined charging
system 2.0 (CCS2) is selected and the standard is explained in detail along with the necessary
power electronics. Several Matlab and dSPACE simulations is made to test the charging
and communication. A laboratory experiment is conducted with two programmable logic
controllers, an electric vehicle charging controller and two power line carrier communication
units. By use of Matlab and e!COCKPIT the equipment is programmed, controlled and
monitored. The combination of the theoretical work, the simulations and the experiment
works as a base for further work on how CCS2 can be implemented in an EMV.
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1 Introduction

1.1 Background

Battery electric vehicles (BEVs) was invented in the 1890s by Nikola Tesla, George West-
inghouse, and Thomas Edison. They established the usage of alternating-current (AC) and
direct-current (DC) power systems. At that time, the BEVs utilized lead-acid batteries and
a DC power system to be able to start. Nevertheless, the low sales price of gasoline in the
1900s made the internal-combustion (IC) vehicles more attractive compared to the BEVs and
made it difficult for the BEVs technology to compete [1].

Late in the 1980s General Motor (GM) produced and designed electric vehicles (EV) known
as the GM EV 1. Like the cars invented almost a decade earlier, the GM EV1 utilized a lead-
acid battery, but now it also had a lightweight construction and low drag design. GM wanted
to reduce air pollution like smoke and fog, which has spread in American cities because of the
IC engine vehicles. Nevertheless, the lack of support from the government and less consumer
demand for green technologies made it hard to keep the business going [1].

Nowadays, electric vehicles are constructed with a very high number of lithium-ion (Li-ion)
cells. Li-ion cells have a high energy density, which makes it more space efficient because
it provides longer EV range and has the capability to be rapidly charged and discharged.
Many large car companies have invested in the development of innovative electric motors
and batteries. At the same time, the government in several countries has provided many
incentives for the EV owners. In Norway, for example, the government has for many years
provided them with free toll roads, ferries, and parking as well as no import tax or VAT (value
added tax) on new cars [2]. Because of the geographically large area and distance in Norway,
the government also put more focus in infrastructure planning and building a strong network
of fast EV charging stations for CHAdeMO charging, CCS (Combined Charging System)
charging and Tesla Supercharger stations. The incentives and the reliability of charging made
people in Norway more interested in buying electric vehicles [3].

The global environmental problems still face the world today, and it has been a major focus to
work on reducing climate emissions and air pollution, both on-shore and off-shore. In 2014
a fully electric car ferry, MF Ampere, was built by Fjellstrand AS in Norway [4]. In northern
Norway, a local company named Grovfjord Mek. Verksted AS has taken the initiative to
develop a battery electric maritime fish farming vessels [5].

They have succeeded in building the world first electric fish farming vessel and the vessels
supposed to be used as a work boat for the aquaculture industry. GMV Zero, as shown in
Figure 1 is a 100% battery electric driven vessel with zero emission, which is environmentally
friendly. In order to reduce climate emissions and air pollution, they plan to build more of
this type of vessels [6].
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Figure 1: GMV Zero battery propulsion maritime vessel [7]

Table 1: Specifications of GMV Zero [5]

Specifications
Parameter Value
Length 13.97 m
Width 7.6 m
Depth 2.40 m

Battery capacity 350 kWh
Charging power 2x 87 kW
Charging solution 2x125 A plug 400 V

Motor output 2x107 kW, 600 rpm
Max speed 10 knots
Nominal speed 8 knots

Navigation distance | 26 nautical miles at nominal speed

The specifications of GMV Zero is shown above in Table 1 with the battery capacity of 350
kWh and charging power 2x 87 kW. The charging hour has not been mentioned and also the
maximum navigation service. Referring from the specifications of the relation between the

2
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speed and distance of the navigation’s service when the vessel is operated at the nominal
speed and has reached a distance of 26 nmi approximately within 3 hours which has been
calculated by using the Formula 1.

oY)

1.2 Project Description

Application of electric vehicle charging solutions on small electric maritime vessels. After
conducting a literature review on charging standards and communication protocols for elec-
tric vehicle charging, one should be selected for implementation in GMV Zero. Next is to
design and simulate a charging control algorithm in MATLAB and Simulink programming.
Subsequently, build a setup for the communication between dSPACE Control-desk layout and
Power Line Carrier Communication (PLCC) through a Programmable Logic Control (PLC)
to the Electric Vehicle Charging Controller (EVCC) board.

1.3 Problem Analysis

The GMV Zero is 100 percent battery electric driven maritime vessel, and it needs to be
charged. The charging solution for the GMV Zero that has been used until today is by con-
necting the industrial plug on the vessel, as shown in Figure 2a with a 400 V shore connection
plug. The problem is that the users are not informed about if the charging has started or what
the battery charge level is during charging. This makes the ship very vulnerable if one or
more components are not working as they supposed to. It is a risky situation that can incur
large costs for the owner of the vessel. Therefore it needs to be designed, programmed and
simulated a communication protocol and control algorithm for the vessel to be safer and more
profitable.

By searching on the literature of the charging standard that exists and has been used for
electric vehicles today, convert it so it possible to implement on the EM Vs is the goal of this
project. While also finding a solution for communication between the charging station and the
vessel, the possibility of full monitoring during the charging operation of the vessels. Such a
type of control unit that can be connected with a PLCC that will provide useful information
for the user and serve the interface to the user and possible show the critical information
through a screen display to avoid the unbalanced voltage and current flow from the grid to
the vessel.
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(a) 400V 3-phase industrial plug (b) Low voltage shore connection
plug

Figure 2: Charging plugs

1.4 Main Objectives

The main objectives of the project are to create a model and able to simulate the charging
solution that initially has been developed for electric vehicles and evaluate it, so it will be
applicable to use on small EMVs.

The main objectives of the thesis is listed down below :

* Literature search of charging standard and communication protocols for electric vehicles.

Evaluate the use of EV standards on EMVs.

Simulate one or more charging solution with focus on power electronics and commu-
nication protocols.

* Design and propose a small-scale laboratory test setup for selected solutions.

Emulation of charging control algorithms using hardware in the loop.

1.5 Project Limitations

In this project, the focus will be on the CCS 2.0 charging standard communication protocol
and control algorithms. Other charging standards like CHAdeMO, Tesla and GB/T will not
be considered.

During the project, small scale laboratory experiments with an approach similar to CCS char-
ging standard will be conducted. However, a full scale and exact CCS charging standard
experiment is not possible as it would take too much time and resources. MATLAB and
Simulink, dSPACE and e!COCKPIT will be used for the experiments.
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2 Literature review

2.1 Electric Vehicles

Electric vehicles (EV) is using electric energy from an on-board battery storage system and
electric motor as powertrain applications. The on-board battery is the primary power source
and has the main task to supply the power to all components in the vehicle. The EV gives zero
tailpipe emissions when operated. Moreover, the EV powertrain and the fuel consumption is
more efficient that will give more economic benefits compared to the IC engine powertrain

[1].

i Well-to-wheel i g w=80% nc=85% Ngria=40%
L = 27% |

[ i S PO
—  |Charge] AC O

Grid

Battery

Figure 3: EV energy flow and powertrain architecture [1]

The EV need to be recharged from the grid power source and the basic powertrain for the EV
is shown in Figure 3. It can be charged with AC power for slow charging and DC power for
fast charging. The EV powertrain system is constructed with the following components.

* Electric Motors AC or DC motor. The electrical energy which been supplied from the
battery to electric motor and the motor characteristic to transform the electrical energy
to the mechanical energy [8].

* Electric Generators The generator task is to transform mechanical energy to electrical
energy.

* Inverters Also known as static inverters, is an power electronic device that changes the
DC source from the battery to AC output voltages in able to powering the AC motor.
The battery storage system have a direct connection with the motor.

* Chargers The electricity flow through the charger and it consist of a rectifier to able
to transform the AC power to DC power and charging the battery storage system. The
charger also often build with the charge controller to optimize the charging process,
which will affect the battery lifetime.

» Battery storage system consist of battery packs that are required to be recharged. The
dominant type of battery that has been used in EV today is made with a large number of
lithium-ion (Li-ion) cells also called for a secondary battery. It has a DC output voltage
and has characteristic to be charged and discharged.
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2.2 Electric Maritime Vessels

Global environmental problems have been in focus for a long time. The increased number
of gasoline and diesel IC engines in use gives a negative effect on human and other living
organisms. Among it will impair physical and mental health, damage the natural ecological
balance of sea and urban. As it is related to maritime transport, port, air, water, and noise
pollution are just a few problems that exist today [9].

Maritime transport is the worlds largest and most important transportation industry [10], and
less expensive compared to transportation by air. Huge container ships are responsible for
around 90 percent of the global transportation of goods [11]. Passenger and car ferries used
for public transportation, small fish farming vessel and regular people who own the boat
for their private transportation. Unfortunately, many of those maritime transportation’s are
still implemented with an IC engine, where the use of gasoline and diesel fuel will continue
which means the greenhouse emissions, air and oil pollution in seawater will also continue to
increase [11]. Therefore it has gained the initiative among people and evokes big companies
to invest in developing the battery electric propulsion ship in order to protect the environment
and great future development of the new trend technology [12].

Battery electric propulsion ships are also called electric maritime vessels (EMVs). They
use the same principle as an electric vehicle that has on-board storage batteries as the main
power source and electric drives for propulsion. The electric drive typical features an inverter,
electric motor, and controls [1].

|

| %

I AC + [pc g
fa

| DC[—= AC £
[

\ [T1 &

‘\I\. Hotel Electric

Auxiliaries

Figure 4: Electric propulsion system block diagram [13]

A simple block diagram of electric propulsion system with DC architecture in the vessel can
be seen in Figure 4. The systems are placed in the vessel hull it consists of an electric motor,
power electronics converters AC-DC and DC-DC, hotel electric auxiliaries, and battery pack.
The charger connection usually has a directly connected with the batteries pack.

Since the vessels are powering with the storage batteries, means the vessels didn’t use any
fuel same as internal-combustion ships and there is no oily stink in the ships [14]. Another
benefit is low-vibration and low-noise, for public transportation it will give a more pleasant
experience for the travel and fresh air working environment for the worker.
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The capacity of the battery on-board depends on what application the boat is going to be used
for. According to the size of the vessels itself, operating distance, the speed, and total carry
weight have a big impact on the consumption of electric power [14]. However, bigger battery
capacity requires a bigger area of the vessel hull and the more expensive it is. The weight of
the batteries pack is heavier compared to fuel. Since the capacity of the batteries and weight
is proportional to each other, means the bigger it is the heavier it will be on-board. It must be
balanced to be able to operate sufficiently [15].

The price of the batteries is decreasing each year, although it is still expensive compared to
the fuel price. But after a while it will be money savings, because the price of the electricity
needed to recharge the battery is cheaper than the fuel price. To make efficient, it is a re-
quirement to build a short time DC charger in the harbour. The availability of short time DC
charger will help to minimise the size of installed battery capacity in the vessel, which also
means reducing the weight of the vessel.

Another impact that can affect the performance range of the electric maritime vessels is when
there is changing on environmental conditions where the weather is rough. Big waves, high
tidal current, and high wind speed increase the resistance against the vessels which will lead
to higher power consumption than when the water remains quiet. Therefore leeway is neces-
sary when choosing the batteries capacity in case of unexpected weather changes [14]. The
rough weather that has been mentioned above will affect the energy losses of the battery and
it can be a big challenge to manage.



2. LITERATURE REVIEW Maya Mandasari

2.3 Existing Solutions of Electric Maritime Vessels

Examples of few battery electric maritime vessels that exist today is RAICHO-I, all electric
catamaran, and Eco friendly Electric propulsion Boat [16], [15] [17]. However, since it is
quite a modern type of transportation, the use of battery electric propulsion ships is expected
to rise in the future [14]. Another study in [18] of the vessels has also been found out that
the energy saving is very high and better than the electric vehicle on the road. An estimation
of 13 times in saving performance can be achieved. It is expected that by the installation
of renewable energy source in the vessel, further saving can be achieved. The new research
areas of electric vessels are the control, the motor, and battery energy storage. It is expected
that electric vessel will be replacing a large number of short-range vessels in the next ten
years.

RAICHO-I is a type of electric boat that has been produced by Tokyo University of Mar-
ine Science and Technology in Japan. It utilises lithium-ion battery cells as the main power
source on board and has a quick charging system when docking at harbour [16]. The spe-
cifications and a picture of the boat can be seen in Figure 5. "RAICHO-I" is the first electric
boat that use the CHAdeMo charging standard protocol. A quick charging plug-in system
that charges up to 80 percent within only 30 minutes. With 80 percent charge it can operate
for 35 minutes in full speed, while a fully charged battery gives it 45 minutes of operation.

Length 10.00 m
Beam 230 m

Depth 120 m
Motor output 25 kW Pe—p——p—

Speed - z o ‘
Half load 10 knots ! o Dbl

Full load 8.50 knots
Navigation service 45 minutes
Battery capacity 18 kWh
Crew Crew 2, Passengers 10

Figure 5: Specifications of electric boat "lRAICHO-I" [19]

It is a short running time boat that is best suited as a sightseeing boat or fisheries patrol. The
battery capacity of the boat is 18kWh as shown in Figure 5 with total battery weight about
400 kg. To be able to observe the information status of the battery, motor, and error they used
a controller area network (CAN) bus as a communication network of a control unit. It is a
part of the CHAdeMo charging standard protocol.

The speed of the boat is controlled by a use of a throttle lever and it can be navigated in both
calm waters and in open sea. The navigation that they tested is between two campuses with
a distance of 7 km. To improve the manoeuvrability of the boat they installed an azimuth
thruster and a bow thruster in the boat. The boat features two DC 395V lines for the control
system. The first DC line is connected with the battery for energy supply and the other one
is used for the main azimuth thruster. The main controller, bow thruster, etc is connected
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independently by using a DC 24V line that is supplied energy from the solar panel they have
installed on the roof.

Bow theuster

Figure 6: Control system of electric boat "TRAICHO-I” [19]

All Electric Catamaran is a small passenger vessel with zero emissions that can be used
for public transportation and water sports events [15]. The purpose is to reduce the water
pollution in the lakes and lagoons, mainly in tourists area. The boat is equipped with lithium-
ion batteries that can be charged with 14 m? photo-voltaic panels that are installed on the
roof while it operates. It can also be charged with either a quick charging system (1 hour),
or slow charging system (8 hours) that is connected to grid in the harbour. The catamaran is
constructed with a drive system of propulsion power up to 100 kW using 96V low voltage
battery banks. It consists of two waterproof battery banks with total of 60 batteries cells and
weighted 380 kg.

The all Electric Catamaran can reach speeds close to 10 knots, making ideal for use in com-
petitions such as Iron man triathlon and Olympic Games.
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Parameter Value
Battery voltage — E/ 9% V
Battery cells — LiFePO4 32V, 160 Ah
Dc-bus voltage 160V
Motor - PMSM 2 x 12 kW @ 20 N-m, 5500 rpm
| Passenger capacity 12
(a) Electric system (b) Specifications

Figure 7: Electric diagram and specifications of the all electric catamaran [15]

A study has been done according to the all electric catamaran that is shown in Figure 7. The
study is about how to increase efficiency of the drive system and improve the performance
for the Permanent Magnet Synchronous Motors (PMSM) that is used for electric boat.

A dc-dc bidirectional converter that uses highly-coupled inductors to maintain a steady dc-bus
which feeding three-state switching cells based voltage source inverter (VSI) that connected
with motor drive system. It based of two 12 kW (PMSM). The benefits of using PMSM
is easy to assembly and give a high-performance drive due to high efficiency, robust rotor
structure, and high power density. The bidirectional improve the breaking performance for
the propeller, when its have the ability of regenerating breaking. They want to reduce the
voltage harmonic, where it follows to reducing current ripple, mechanical stress, copper and
iron losses. To be able to reduce all above they using a three-level VSI and boost converter,
and both presents five level waveform. It also give the system higher switching frequency,
less switching losses and tolerate heat distribution better.

Boost Conveter

3LVSI

PMSM

Figure 8: Power converters and the drive system for the all electric catamaran [15]

Communication for the batteries is using the battery management system (BMS) and for the
motor is power converters used. PV arrays has independently line through a dc-dc converters
for energy supplied to the batteries, it features with maximum power point tracking (MPPT)

10
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systems. All components that are mentioned above, are communicating with a central control
unit using CAN bus. Through a touch screen display the user can easily observe the status of
the boat.

Eco friendly Electric propulsion Boat is a part of a project that has been designed for the
Lake Trasimeno, where people who lived on the island Maggiore can utilise the boat as the
public transport and protect the environment at the same time [17].

The ferry boat features with lithium-ion batteries that can be charged at any harbour in the
surrounding area. In addition to the energy distributed to the grid charging system is com-
ing from renewable sources such as photo-voltaic power plant. With a battery capacity of
226kWh and total weight 2456 kg. The boat is able to operate 11hours without recharging
the batteries. The regular travel time is about 1hour, with an operating speed of 6 knots and
can fit the passenger capacity of 44-50. The boat is designed as a catamaran because it has
low resistance to motion and a minimum draft.

=l

Figure 9: Diagram of Eco friendly Electric Propulsion Boat [17]

Power Management System (PMS) is an innovative solution used to provides the real power
and actual transfer energy range from the batteries. By optimal managing and measuring the
charge and discharge behaviour of the batteries. It gives the possibility to observe the voltage
and the current necessary during the charging and operations of the boat. So it will maintain
more safety to the system if a failure occurs of one or more appliances.

11
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2.4 Battery Storage System

Battery storage systems (BSS) is mainly consist of the lithium-ion (Li-ion) cells battery. Li-
ion cells are commonly used in today electric propulsion systems and the development of it
is yet expected to improve. The capability to store the electric energy, with an important task
to provide energy to all the electric appliances in the vessels [18]. By connecting the electric
maritime vessel to the electric grid at the harbour so the electricity will flow and fill up energy
in the batteries. It can be charged to full at night and used short time DC charging during the
day [14]. But before do the charging, certain requirements must be studied and planned when
selecting the charging system. it is important to consider the safety, user-friendly, reliability,
charging times and power levels, communications, and standardisation [1]. Its important that
battery cells is in balanced, to prevent the over voltage and under voltage problem [18]. The
battery pack needs to have a battery management system (BMS), by connecting it in series,
it able to monitor and control the operative conditions of every single battery cells [13].

e
First order 0
low-pass filter
i(‘t) 0 (Discharge) Internal
it % Sr_gel : Resistance
1 (Charge) o—O0+

Ibatt

Exp(s) _ A
i* Sel(s) 1/(B-i(t))-s+1

I
# Exp
\d

Echarge = f2(it,i*, Exp, BattTvpe)

Vbalt

Controlled
voltage
source

Edischarge = fi(it.i* Exp, BaiiTipe) |

Figure 10: The block model of the battery equivalent circuit

There are two battery terms that are important:

* The state of charge (SOC) is the total battery level that is still on the battery pack. Usu-
ally the battery storage system have a connecting line to a DC bi-directional converter
and the voltage of the DC bus is determined by SOC [20].

* The depth of discharge (DOD) is the amount of energy that has been discharged from
the battery pack.

Above terms is often expressed as a percentage. For example if the battery capacity is 50
kWh and 20 kWh has been discharged, the DOD is % x 100% = 40%. The remaining

energy in the pack is 30 kWh, and the SOC is % x 100% = 60% [1].

12
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2.5 Regenerative Braking

In an EVs, since it featured with the electric drive system which made it possible to regenerate
the energy and able to store back the energy to the storage system. The regenerative braking
occurs when the road is downward and the car getting a negative downgrade force. It is
an advantage that an Evs has compared to a vehicle with IC engines [1]. For the electric
maritime vessel, there is no regenerative braking, but instead, known as the plugging mode.
By reducing the speed with the expense of high power needed.The plugging mode occurs
when the vessel is decelerating and it will produce dynamic energy and recovering that energy
to the battery storage system. The water stream below the vessel will produce the dynamic
energy and the excess of that energy will supply the regenerative power to the battery storage
system [18].

2.6 Constant Current and Constant Voltage Charging Mode

Constant current and constant voltage charging strategy are two methods that can be imple-
ment as a battery charger controller. To have better understanding in charging and discharging
process.

I{Cf PI
at
+5_ Control > o— Obuck

ibat j—v:at X
Ude -

(b) Constant current strategy

Figure 11: Charger control for EV battery [21]

In constant voltage (CV) strategy, the current of the charger will continue to flow until the
power supply reaches the voltage requirement. When the voltage has reached the set value,
the current will then decreased to a minimum value. In constant current (CC) strategy, is a
simple form of charging batteries, with approximately 10% of the maximum battery power
rate. The battery may be overheating because of the long charging time. Combination of
Constant Voltage and Constant Current strategy will allow the fast charging and give less risk
for the overheating and overcharging, therefore it is suitable for Lithium-ion cell.

13
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In Constant Voltage (CV) strategy, the battery will be operating as a voltage source. The
converter will operate in buck mode and sets from the output duty ratio m.,. When CV mode
applies the charging process starting. The voltage gradually increases with the initial SoC,
and it will be higher than the starting value. Constant voltage source will generate a suitable
output voltage at the desired level. As the batteries are using a practical voltage source, means
that the internal resistance (R) produces the same effect as a resistance connected in series
with an ideal voltage source. These two series are carry the same current [22].

In contrast with Constant Current (CC) strategy, the battery will operate as a current source,
and the output duty ratio sets m,,. of the circuit to perform in boost mode converter. When
the converter is being controlled by constant current strategy, the EV battery will discharge.
By corresponding with the current reference and regulate the output current [21].

i Constant Current
_Charging
Charging ' '
Current 1 H
0A ) >
» 1 Constant Voltage Charging Time
' 25—
1
Battery : 28V S 1
1
Voltage X "
" 1
' 1
15V | X R
me ; 1 g
. 1 Time
Charging start Charging finished

Figure 12: Constant Current and Constant Voltage characteristic [23]
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2.7 Technology of Charging System

There are varieties of charging technology that is available for electric vehicles. Every EV
brands have their requirements, which follow with the chosen technological approaches,
standards, and different type of charging levels or modes. By choosing one of those available
EV charging systems and implement it for EMV is still a new trend of technology. The char-
ging system is linked to how the BSS in the EV is being recharged, and there are two main
ways to recharge the EV from the power grid: conductive charging and inductive charging
[24]. The inductive charging will not be discussed in this thesis.

2.7.1 The Conductive Charging System

The conductive charging is the method, where the EV is connected directly with charging in-
frastructure or the energy supply equipment by using an electrical cable for power delivering
[25]. On Figure 13, it is showing different types of EV inlet and plugs that exist today.

., 2N

(a) SAE J1772 Type 1 (b) CCS 1.0

(e) CHAdeMO

Figure 13: EV charging inlets and plugs [26]

The charging technology that will be studying in this project is the conductive charging sys-
tem. The EV industry and the EV manufacturers have invented many types of conductive

15
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charging, following with their standard. The Norwegian EV association has registered 29
various EVs that people can buy today. Comparison within the range, the price, and war-
ranty. Some of those EVs used the same charging plug, and others use different charging
plugs [27].

The conductive charging generally classified into on-board and off-board chargers. The on-
board charging means the charger is located inside the vehicle, which the EV owner can slow
charging their EV at home or any suitable place. The disadvantage with on-board chargers
is the limited power due to the space need, costs, and weight. Compared to the off-board
chargers, it has higher power rates and more accessible, since the government is supporting
on built and develop more charging station infrastructure along the Norwegian road.

Charging architecture is an essential requirement in the charging technology, the interaction
between the EV or EMV and the grid that is consists of electrical power conversions [28].

ac Transforme
50/60 Hz
Rectifier . A Rectifier
@ and dc Inverter | hfac | §H§ i hfac And dc = Battery
Filter Filter

(a) The AC charging with cable assembly is part (b) The DC charging with cable assembly is part of
of the vehicle the charging station

Figure 15: Different method for connection of an EV to the power grid for charging proposed
[29]

Table 2: Letter descriptions [5]

‘ Letter descriptions ’

(a) Socket outlet (e) Vehicle coupler
(b) Plug (f) Vehicle inlet

(c) Cable (g) Charging station
(d) Vehicle connector

16
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2.8 AC Charging Architectures

For AC charging architecture, the cable assembly is part of the vehicle, also meaning as the
on-board charge. The alternating current (AC) currents and voltages with electrical frequency
at 50 or 60 Hertz are transferred through the electric vehicle supply (EVSE) socket outlet from
the electrical grid to the female inlet in the maritime vessel [1].

The battery in the storage system requires direct current (DC) electricity, therefore the AC
current need to passed several conversions process before it reaches to the battery. The first
stage, are a rectifier and a filter that convert AC to DC waveform. The second stage, an
inverter that converts DC to higher frequency AC waveform. The third stage is a transformer
which provides more electrical safety in the electrical path between the grid and the battery.
The last stage is rectifier and filter from high-frequency AC to DC and supply to the battery
in the vessel.

ac : Transformer
50/60Hz | |
' [Rectifier . . Rectifier
and dc  |Inverter| hfac : %Hg . hfac | And dc = Battery
Filter Filter

«— Off-board + On-board ,
: Conductive ac

Figure 16: Conductive AC charging architecture [1]

2.9 DC Charging Architectures

The general architecture of DC fast charging station have the cable assembly as the off-board
charge modules, which consists of by a step-down DC-DC converter that connected to the
power grid through an AC-DC converter and a medium voltage transformer. The DC-DC
conversion stage connects the DC-link of the inverter to the battery. The battery voltage is
depending on the state of charge (SOC), therefore a battery voltage regulation is required.

The dc fast charge must able to communicate with other appliances, such as pack voltage,
charge rate, when to back off. Additionally, for the system to support smart grid things such
as borrowing electricity out of the pack, it needs to be able to read the state of charge, as well
as request extraction of power. The process of the power flow from the power grid directly to
EVs battery can reach up to power levels of 240 kW and known as Level 3 [30].

17
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ac Transformer :
50/60 Hz 5
Rectifier . . Rectifier| :

and dc Inverter | hfac §H§ hfac And | dc —= Battery
Filter Filter |

Off-board ' On-board —
Conductive dc :

Figure 17: Conductive DC charging architecture [1]

Currently, there are three types of DC charging systems: CCS, CHAdeMO, and Tesla dual
charger for AC and DC. This project will only be considered CCS or CCS 2.0 to be precise
as they are available for Norwegian users.

2.10 EVs Charging Standards

The increased of EVs users and EV supply equipment plays a critical role in grid integration
and daily use. Therefore, several organisations have invented charging standards. There
are two type EVs standards that is in used today, one for American and one for European
standards. Each standards are divided into different type of power ratings, the configuration
for AC and DC voltage [31].

American Standards

Several organisations have established and developed the regulation and standards for the
conductive charging systems used in America. Among them is the Society of Automotive
Engineers (SAE), the Institute of Electrical and Electronics Engineers (IEEE) and the Inter-
national Electrotechnical Commission (IEC) [25]. SAE J1772 defines EV charging system
architecture that covers the general physical, communication protocol, electrical circuitry,
and performance requirements for the EV charging systems. As is shown in Table 3, the EV
charging system are classified into AC Level 1, AC Level 2 and DC Level 3.

18
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Table 3: SAE J1772 standards charging level and ratings [25] [31]

Charging Level Voltage Max Current/Power | Typical use ‘
AC Level 1 120V 16 A/1.9 kW Slow charging
On-board, 1 phase for home/office
AC Level 2 240V 80 A/19.2 kW Primary charging
On-board, 1/3 phase for private/ public
DC Level 3 200-600 V | 400 A/240 kW Fast charging
Off-board, 3 phase for public use

AC Level 1 and 2 have a lower power rating than DC Level 3 charging. The DC charging
is usually used for public and known as fast DC charging station. The infrastructure for DC
charging stations is more complex compared to AC slow charging, because it can delivered
much higher power, which means more regulation needed. It is essential to consider safety
and reliability due to charging to ease the customers.

Level 1 charging system is the slowest because it using 120 V and have the max current 16
A. No additional infrastructure is required for this level.

Charger

NEMA
515 Plug 4

Charge

Proxamity Detection S
Control

Figure 18: Charging system configuration of AC Level 1

Level 2 charging system is the primary one, has been used for public facilities and private.
This level required charging equipment infrastructure and shall be fitted with an on-board
charger. It can be charged with single or three phase AC voltage.
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Figure 19: Charging system configuration of AC Level 2

Level 3 charging system is the fastest compared two levels, as mentioned above. This level
operates with a three-phase 480 V or may even higher and delivered much higher power. This
also requires a complex charging infrastructure equipment.

2.10.1 SAE J1772 Type 1

Type 1 connector is also known as the Yazaki connector after the manufacturer and the plug
used in the US and Japan. As presented in Figure 20, the number of power is limited to
single phase because they do not have a three-phase power grid and since only single-phase,
the maximum power output is lower than Type 2 plug on every Level [24]. The connector
consists of 5 pins: earth pin, 2 control pins corresponding with IEC 61851-1, phase (L1,
L2/N). The control pins are Control Pilot (CP) and Proximity Pilot (PP) signals, for control
the PWM signal is sent over CP pin.

L2N 7~ O\ L1 L1 gy L2/N
N @\\ (22).
I\C/A

(a) Type 1 vehicle inlet (b) Type 1 plug

Figure 20: Type 1 vehicle inlet and the charging plug
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Table 4: SAE J1772 Level 1 and 2

Parameter Value
Connector: SAE J1772
Voltage: 120-240 V
Current: 16 - 80 A
Power: 1.9-19.2 kW
Charge Level: | 1 and 2

2.10.2 Combined Charging System (CCS)/Combo 1.0

The Combined Charging system (CCS) is a charging plug for EV with brands BMW, Audi,
and Volkswagen. Society of Automotive Engineers (SAE) has developed the CCS charging
standards in CCS 1.0 [32].

The combination of SAE J1772 standard (type 1) plus DC voltage. This charging system is
known as CCS 1.0 for use in the US and Japan. It can be use for DC charging. The connector
consists of 7 pins: protective earth pin, 2 control pins, AC pins (L1, L2/N) and 2 DC power
pins DC+, DC-. The control pins are Control Pilot (CP) and Proximity Pilot (PP) signals, to
control the communications with the power grid as PLCC signals on CP pin, plus PE. The
communication standards for CCS 1.0, followed according to ISO/IEC 15118-2,3 and DIN
SPEC 70121.

LN~ \ L1 L1 gy L2/N

PP (oo oo‘ cP

cP %/9 PP OI

(@ ()) (0 0)

(a) CCS 1.0 vehicle inlet (b) CCS 1.0 plug

Figure 21: CCS 1.0 vehicle inlet and the charging plug
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Table 5: CCS/Combo 1.0

Parameter Value

Connector: SAEJ1772 CCS 1.0
Voltage: 200 - 600 V
Current: 200 - 400 A

Power: upto 240kW

Charge Level: | 3

European Standards

June 2000, the European Commission issued the standardisation concerning the AC con-
nector and DC connector for the European charging situation. The European charging sys-
tem, inlet, and plugs follow the IEC 61851 standards. The European EV standards are in-
dispensable to ensure EV drivers have enjoyable trip of long distance within Europe because
of EU-wide charging system that fits all. The European government and the operating of
charging station invested money to built and develop the charging infrastructure [31].

The rated power is divided into three categories: slow charging, medium or quick charging,
and fast charging. The IEC 61851-1 Committee has classified the conductive charging con-
nections into 4 different Modes.

Table 6: European charging Modes and ratings [26] [31]

Charging Mode | Voltage Max Current/Power | Typical use

Mode 1 230V 10 - 16 A/3.7 kW Slow charging

1 phase AC for home/EV parking
Mode 2 upto 400 V 63 A/ 43 kW Medium charging

1/3 phase AC for private/ public
Mode 3 200-600V | from 63 A/from 43 kW | Fast charging

3 phase AC for public use

Mode 4 200 - 1000 V | 500 A/350 kW Fast charging

DC for public use

Model charging system is used for slow charging at home or EV parking. The plug is
does not need an extension cord. In some countries the Mode 1 is not in use anymore. The
connection is a single phase AC voltage and the electrical installation should follow the safety
regulation, for example the earthing line must be present, earth leakage protection and circuit
breaker to prevent overload [24].

Mode 2 charging system is medium charging used for private and public. The connection can
be connected with a single or three-phase AC voltage. The cable is specially built with the
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supply equipment, the regulation of this must follow the standard among those is according
to IEC 62196 and communication signal according to IEC 61851. The charging cable for this
Mode is usually included with the purchase of EV. The charging cable gives protective earth
detection, in-cable RCD to prevent the electric shock, over-temperature, and over-current
protection. The current does not exceed 63 A and maximum power of 43 kW.

Mode 3 charging is for fast three-phase AC voltage, typically for public use. The vehicle is
connected to the supply network through EV charging equipment that has a protection and
control function built within. The power level is higher than Mode 2, but it has identical
safety protocol as Mode 2.

Mode 4 is fast DC charging for public used. Electrical vehicle is connected with the charging
station through socket outlet. This method is called for an off-board charging. Protection and
control functions in built in the charging station and the vehicle. The highest power rate is
350 kW with max current of 500 A.

2.10.3 Mennekes Type 2

The EV charging in Europe using a different standard, so-called standard IEC 62196, which
is analogous to SAE J1772 standard. The standard was selected by the organisation in the
European Commission for the European Union country.

Type 2 connector is also known as the Mannekes connector after the company first proposing
standard IEC 62196 [24]. As presented in Figure 22 for Mennekes connector is consist of
7 pins: earth pin, 3 phase pins (L.1,L2,L.3),earth pin, neutral pin, and 2 control pins which
corresponding with IEC 61851-1. The control pins are Control Pilot (CP) and Proximity
Pilot (PP) signals. The Control Pilot has a PWM signal to communicate with EV supply
equipment. It also supports both single-phase and three-phase with higher maximum power
output than Type 1.

PP PE
—

u 7 - F?\ U
\Go7ANLY,
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(a) Type 2 vehicle inlet (b) Type 2 plug

p

Figure 22: Type 2 vehicle inlet and the charging plug
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Table 7: Mennekes Type 2

Parameter Value
Connector: Mennekes Type 2
Voltage: 250-400V
Current: upto 63 A
Power: 43 kW

Charge Mode: | 1 and 2

2.10.4 Combined Charging System (CCS) 2.0

The European Automobile Manufacturers (ACEA) is the organisations that have developed
the CCS 2.0 charging standards [32].

The combination of SAE J1772 standard (type 2) plus DC voltage pins known as CCS 2.0
for use in the Europe. For this condition, the cable assembly is part of the charging station
or off-board charging method. Moreover, this charging system should support both AC and
DC charging built in one inlet in the vehicle. As seen in Figure 21, they added two large pins
for dc high power. The power for DC charging is usually above 50 kW [30] and can have
a maximum charging rate of 350 kW. There is still ongoing research for future development
for even higher charging rate at the charging station infrastructure and more and more EV
manufacturers consider using CCS as a charging system [32].

(ED)- 2

oc| /@_@\ ) oc. ~(Q Q) ~

(a) CCS 2.0 vehicle inlet (b) CCS 2.0 plug

Figure 23: CCS 2.0 vehicle inlet and the charging plug
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Table 8: CCS/Combo 2.0

Parameter Value
Connector: CCS/Combo 2.0
Voltage: 200 - 1000 V
Current: upto 500 A
Power: upto 350kW
Charge Mode: | 2 -4

The connector is consists of 5 pins: earth pin, 2 control pins, and 2 DC power pins DC+,
DC-. Both CCS type is using the same physical pins for control and communication. The
communication for CCS is using a Power Line Carrier Communication (PLCC) on CP pin.
The PP should detect the plug is connected and CP has the communication with EV supply
equipment. PLCC is a part of the smart grid protocol and using HomePlug Phy for the fast
charging control systems. The communication standards for CCS 2.0 followed according to
ISO/IEC 15118-2,3 and DIN SPEC 70121

Charge

: Charge

: protocol

| interface

I

I

I

I AC/DC

: rectifier

I

: User Main
ABB : Interface controller

Teras3C . ____

Figure 24: Example of CCS charging dynamic system using S0kW ABB Terra 53C charger
[30]

2.10.5 SAE J1772 Signal

Later in the project case study chapter, the small scale laboratory experiments will be pro-
posed, and the selected Level to do the small scale laboratory experiments was given to be
an AC Level 2 of SAE J1772. Therefore it is necessary to look into the signalling circuitry
before the experiments. The signalling circuit is shown in Figur 25
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Figure 25: Schematic of signalling circuit for the J1772 standard [33]

2.11 Communication Protocols
2.11.1 Control Pilot (CP) and Proximity Pilot (PP)

In each charging plug has the Control Pilot (CP) pin and through the CP line, the PWM and
Power Line carrier communication are both transferred over the CP line. Usually, the signals
starting from the EVSE to the EV. The CP has the primary responsibility of sending the PWM
signals to the EV. So whenever the plug is mated, the EV should able to read the PWM signal
in the form of duty cycle, and it will know what the maximum of charging current the EVSE
sending.

The EV can monitor and generate the duty cycle as the EV required in able to reach the
maximum accessible current from EVSE. The EV should able to read the BSS condition
based on the battery SoC and temperature of the BSS. The EV can request the current value
to the charging station, which made the EV is the Master, and the charger will behave as
a Slave. The EV is the one who is getting the current value it needs from the EV supply
equipment. Gradually, when the current is near or less than the maximum limit, the EV
requesting current less and lesser, and the SoC will be slower and slower. Therefore, it has
been recommended to stop when the SoC is on 80 % because the rest of 20 % will take much
longer time to fill [30].

The Proximity Pilot (PP) has the main task to detected the physical connection between the
supply equipment and the EV simultaneous [29]. Together with CP and Protective Earth
(PE), it will ensure the communication to operate at the maximum capacity of the EVSE to
EV. It have the lock mechanism, and prevent the users to plug out the connector during the
charging condition. Hence, minor error will occur. If there is an error, which may occur in
the EV or the EVSE, the PP and CP will read it and prohibit the charging from starting.
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Brief summer of the advantages of using the CP signal is by the following :

* To detect the protective conductor connection

Charging side

Figure 26: Control Pilot Circuitry [29]

i

IEC

* To detect the vehicle status, from beginning to the end. Whether the vehicle is not

connected, connected, ready to charge, ventilation required and error.

* The transmission of the charging controller status, if it’s ready, not ready or has an

CITOr.

* Via PWM signal or duty cycle on CP it will monitor the maximum available charging

current value for the electric vehicle.

2.11.2 CCS charging flowchart
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Figure 27: CCS architecture on system level
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Figure 28: CCS Charging Cycle Flowchart )%



2. LITERATURE REVIEW Maya Mandasari

2.12 Vehicle to Grid (V2G) Energy Transfer

Using bidirectional DC-DC converter have made it possible for the EV to supply power
back to the local grid and the method known as vehicle to grid (V2G). It is usually using a
Microgrid operation. A Microgrid operation is a term for a local power grid, and it can be
connected to the main power grid. It can also be disconnected to the main power grid if the
need for independent operation occurs [1].

V2G technology proposed of using batteries in the EV as distributed storage devices and
provide the energy to the grid. The technology is still under the study.
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3 Power Electronic Interfaces

3.1 Power Electronics

To have a proper understanding of EVs, it is necessary to know the working principle of the
power electronics topologies. There has been a significant improvement in power generation,
high-efficiency power electronics and electric propulsion systems with DC architecture in
addition to the new trend in the EMVs.

The design of communication protocols of the selected charging standard and control unit
for the EMVs is composed of the power electronics, hotel electric auxiliaries, battery storage
system, and an electric motor. The type of converters for the electronics appliances in the
vessel, depends on individual requirements from case to case. There are numerous converter
types and topologies that are excellent to use in the electric propulsion system.

The benefits of using the switch mode on and off in power converters are to reduce the total
harmonic distortion and to correct the power factor. The requirement to interfacing of energy
storage with the load and power source in a smart way which will increase the reliability
and efficiency to the system [34]. The ability to set the limitations of the injected harmonic
current and power factor as required, with the purpose to upgrade the electric grid efficiency
and increase real power utilisation.

3.1.1 Super-Capacitors

Super-capacitors are commonly used to maintain the high startup current, and are around 10
- 100 times better than the battery and it has high current density. It depends on what type
and rated power of the motor is being selected for the vessel, in [11] the motor have the
rated power 20 kW, and during the startup, it can rise to 4 times higher. Super-capacitors
is an excellent choice to implement for correctly saving the startup energy. It only requires
approximately 5% of battery capacity. Since the super-capacitor is more efficient than a
battery pack, which has made them expensive compared to the battery price and therefore it
is not necessary to install more.

3.1.2 AC-DC Converter

AC-DC converter, also known as a rectifier, is used to make the voltage and current positive
when they are in the negative half cycle [1].

3.1.3 DC-DC Converter

DC-DC converter is an electronic device used to convert low voltage level to higher voltage
level and the opposite. Buck converter and Boost converter is a type of DC-DC converters
and also known as a switching converters [35].
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* Boost converter have the characteristics such as the output voltage is greater than the
input voltage and the value is positive. The input current is depends on the switching
frequency and the input inductance value.

* Buck converter is step down the voltage level, it has two switch (transistor and diode).

The DC-DC converter has been used in several modern technologies, such as in battery char-
ger, MPPT, DC motor drive and LED drive [36]. The use of a DC-DC converter for battery
charging in EMVs is important for managing the flow of electrical power and improve the
efficiency to realise the performance as desired.

There are also some challenges when using a DC-DC converter, such as high current ripple
and switching losses. Therefore it is necessary to use the right filter, such as an LC filter
to able to reduce the current ripple and using modern transistor technologies to reduce the
switching losses. With those handled, then the efficiency will increase [37]. A traditional
DC-DC converter can be transformed into a bidirectional converter using the bidirectional
switch by using MOSFET or IGBT in anti-parallel with diode.

A study in [38] which has proposed the use of a Partial Power Converter (PPC) for DC-
DC conversion stage of EV’s fast charging station. By implementing the converter topology
that based on the dual H-bridge DC-DC converter. The PPC will regulate by allowing the
converter to process only 36% of total power, and letting the rest of the power flow directly
to the load. The result of only allows a part of the power that flowed through the converter
gives benefits that are more efficient compared to if it was a full power that flowed through
the converter. Among it is less switching and magnetic losses, reduction of the conduction
and efficiency risen from 95.1% to 98.3%.

tin bypass L
+ i ibat +
Ve _T__ 212 s —— Vi
(a) Full power DC-DC converter (b) Partial power DC-DC converter

Figure 29: DC-DC conversion for fast charging station [38]

3.1.4 Bidirectional DC-DC Converter

Bidirectional DC-DC converter has a significant role in electric vehicles technology. They
cover the requirement of power connection from the source to the battery or super-capacitor
as a load or so-called battery storage system (BSS) in the EV. The bidirectional DC-DC
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converter is used to capture the kinetic energy of the motor and charge the battery through
regenerative braking. It is also used to smooth the power flow to BSS and power conditioning,
which will improve the quality of the power delivered to the load and increase the efficiency
of the charging system [34].

The device has the switch on and off capabilities at high frequency, for example in Dual Act-
ive Bride (DAB) and Isolated bidirectional DC-DC converter that will provide both savings
of the surplus energy, galvanic isolation, and efficient power flow, without wasting the en-
ergy. In able to study further into electric vehicles, it is essential to know about the working
principle of the DC-DC converter.

To control the charging and discharging of the battery storage system, it is necessary to use
a bidirectional DC-DC controller. By choosing a modern converter which has the possibility
to operate between two fixed voltages, the battery storage system voltage and the DC bus
voltage. A bidirectional DC-DC converter is implemented with two PI controllers with two
different value of the gain, one value for the charging process and other value for the dischar-
ging process to achieve the desired reference current signal. The battery charger controller
must correspond to voltage and current reference signal for charging and discharging, also
possible to regulate the DC bus voltage when it is necessary [39].

Nevertheless, the current ripple can be a challenging with the bidirectional DC-DC converter,
by reducing the current ripple, it will give higher efficiency and a longer lifetime to the
batteries. It will also give an economic benefit for the owner of the maritime electric vessel
if the battery system going to last much longer than expected. The following equations that
can be used when selecting the values of the current and voltage.

There are two types of Bidirectional DC-DC converter is shown in Figure 30.

Power flow

Low voltage side _gum > High voltage side

Q1 _lE } . Cr3 ==C3
AL - 1 .
T— T¢ J zco T V2
Q _| ) _|_ —_ Cra TC4
(a) Non Isolated Bidirectional Buck-Boost DC- (b) Dual Half Bridge (DHB)- Isolated Bidirec-
DC converter tional DC-DC converter (IBDC)

Figure 30: Bidirectional DC-DC converter
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Non Isolated Bidirectional DC-DC converter (NIBDC) The non-isolated bidirectional
DC-DC converter can provide electrical isolation between source and load without using
a high frequency transformer. Due to safety reasons, these are not recommended to use
in high power application. The advantages of this type of converter are easy to control,
simple to design and have low weight because it does not use a transformer. Example of this
converters are Bidirectional Buck-Boost converter, Bidirectional CUK converter, Cascaded
Bidirectional Buck-Boost converter, Half-bridge bidirectional converter, etc. Bidirectional
Buck-Boost converter has been used in EV applications because the topology is simple and
have high efficiency. As shown in Figure 30a, it has two switches, and those are operating
in anti parallel according to the duty cycle. The circuit consists of the combination of buck-
boost converters. Q1 is conducting during the boost mode, and Q2 is not connected. The
opposite, when Q2 is active than Q1 will not conduct [34].

Isolated DC-DC converter (IBDC) There are many topologies of isolated converters,
among those are Dual Half Bridge IBDC and Dual Active Full Bridge IBDC. How IBDC
work is by using a high-frequency transformer to ensure galvanic isolation. It is primarily to
have the galvanic isolation to avoid the overload condition for EMV. Another benefit of gal-
vanic isolation is to reduce the noise and for voltage matching between different conditions.
This type of converters has two stages, and those stages connected through a high-frequency
transformer, the first stage is DC-AC and second stage is AC-DC.

Dual Active Full Bridge IBDC are more suitable choice, use in hybrid energy system and
will not be further considered for this thesis application. Dual Half Bridge IBDC in Figure
30b have also been used in EV applications. Isolated DC-DC converter will provide the
safety standard of galvanic isolation. Dual half bridge IBDC is an excellent converter to
implement in EMYV, include with their high power density, soft switching technique, and
simple control technique. However, it also has a disadvantage, which is heavy in weight
because of transformers.

Transformer is used for safety improvement and efficiency in power regulation. It can
transfer the electricity between the circuits with the same frequency but changing in the
voltage level.

DC-link is an electrolytic capacitor that can be used to filter the 50/60 Hz component.
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4 Laboratory test

A small scale laboratory test was proposed to verify the aforementioned theory and build
a foundation for a full charger setup. For simple communication and control there are two
Wago PLCs, one for the charger and one for the EMV. An EV charging controller board is
also used, as well as two PLCC units. e!COCKPIT, dSPACE and Matlab Simulink is used to
program, monitor and control the equipment. A sketch of the proposed setup can be seen in
Figure 31.

GMV Zero Charger
PLCC PLCC
WAGO PLC WAGO PLC EV CC
Matlab |-------- dSPACE
Computer

Figure 31: Sketch of the proposed test setup

4.1 Charging Controller (CC)

Several charging controller boards were evaluated for the project. In the end the decision fell
on series EV-CC-AC1-M3-CBC-SER-HS (1622452) [40] as a Printed Circuit Board (PCB) to
control and monitor the charging behaviour of electric maritime vessel. This card was chosen
for its capabilities, price and availability. The controller is operating as Mode 3 according to
the product specification and it follows the IEC 61851-1 standard. Moreover, it shall also run
as AC level 2 charging according to SAE J1772. For the powering it needs 230 V AC power
supply, which can be obtained by plug into a wall socket in the laboratory. Hand made 230 V
cable with three different output wire, that can be inserted into L, N, and PE in the terminal
box on the charging controller PCB.

In able to monitor and control the charging of the EMV, the charging controller can be im-
plemented inside of the infrastructure on the power grid side. The function is to control the
switching element during the connection between the EV or in this case, the EMV and the
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grid. Through the charging controller, it will be examining the communication interface of
Control Pilot (CP) and Proximity Pilot (PP) signals.

zzzzzzzz

: g Qg

.

P

(a) First tested EV CC board series 1622460 (b) Second tested EV CC board series 1622452

Figure 32: Tested EV Charging Controller Series

4.2 Simulink emulation of Control Pilot PWM Signal

When experimenting with the EV CC board an accident caused some of the components to
fry. The board was an open PCB and a lose wire cased a short circuit between the high
voltage and low voltage side of the board. A new board with protective case was ordered, but
the delivery time was uncertain, which meant an alternative solution had to be found in case
the new board was delayed.

The solution was to emulate the CP signal of EV CC board in dSPACE. The signal along
with the CP control circuit was modelled in Matlab and transferred to dSPACE. The model
can be seen in Figure 33.

35



4. LABORATORY TEST Maya Mandasari

PS S
Solver -«

Configuration Switch 2.7
. o | M
Duty cycle »{ PWM Channel 1 J> J \ . n
3 < \<—|PS s
1Kohm 3 1 o\ D

(V) Switch 1.3
v/

: » PWM Channel 2
PWM Channel 3

PWM on
PWM Channel 4 1.3Kohm

2.7Kohm

A%

-

Ground  g1104SL_DSP_PWM

W

SLAVE BIT IN — PSS ]
convert S PS —
DS1104SL_DSP_BIT_IN_C5 | 0.5 — CP_voltage

Half signaSubtract

Serial Setup DAC 0.01

DS1104SER_SETUP DS1104DAC C1

NumTXBytes
Transmit bytes read Serial Transmit TXBytes convert

@f -
DS1104SER_TX

Transmit status

Figure 33: MATLAB model of PWM on CP

It starts by generating a pulse width modulated signal with 100% duty cycle on PWM channel
1. This is outputted on pin 5 (ST2PWM) of the slave /O PWM modulation connector (CP18)
on RTI 1104 interface. The output is physically wired to input pin 24 (ST3PWM) which can
be seen as the slave bit in block to the left in the model. The PWM signal comes in with low
value of 0 and high value of 1. The CP signal should be +/—12V so first 0.5 is subtracted
and then the signal is multiplied by 24. This now perfectly emulates the CP signal.

The CP signal is used as input to a voltage generator. There are two resistors in parallel with
the generator; a 2.7k{) and a 1.3k{). Both of the resistors are in series with their individual
switch. The switches are controlled from dSPACE control-desk. Based on the switch setting
and the resulting circuit, the CP signal is altered. The resulting signal is divided by 100 and
outputted through the DAC channel 1 and into an oscilloscope. On the oscilloscope it was
confirmed that the CP signal behaved the same way as on the physical board. Figure 34
shows the oscilloscope readout at both PWM channel 1 and DAC channel 1. There was also
an attempt to transfer the signal by serial interface to the PLC, this is further discussed in
section 4.5. In the end, this emulation was not used as the new EV CC board arrived on time.

15
10

Figure 34: The emulated CP PWM signal from oscilloscope
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4.3 Programmable Logic Control (PLC)

Programmable logic controller (PLC) is a type of computational device that was invented
in the late 1960s to replace relay control systems [41]. As the name implies, it can execute
logic code based on AND, OR, NOT, Timers, and a whole lot of other functions. One of
the strengths of a PLC is the number of inputs and outputs they can be configured with. The
largest can have over a thousand inputs and outputs. They are also very robust and are built
to withstand harsh environments. PLCs are widely used in industrial automation like car
factories or offshore drilling platforms [42].

The Wago-system 750-8102 is the PLC that is going to be used in this project. It comes with
a serial port for RS232 or RS485 communication, and also two Ethernet ports. To program
the Wago PLC, one must use their e!COCKPIT software. It can be programmed with many
different languages; structured text, ladder, function chart, instruction list or function block
diagram. Both statement list and function block diagram are used here. Statement list offers
the most powerful programming, but it is also the hardest to program. Function block diagram
is a graphical programming languages and have less capabilities, but are easier to program
and troubleshoot for novices.

A PLC will repeatedly execute its program in cycles at fixed intervals. The cycle time, or
how long the PLC takes to execute the code one time, is typically between 1ms and 10ms
depending on the speed of the PLC and the complexity of the code. The interval, or interrupt
time, is set by the programmer and usually between 10ms and 100ms. The interrupt must be
set higher than the cycle time otherwise the PLC will not be able to execute the full code. In
this project the interrupt is set to 10ms on each PLC and the average cycle time is measured
to 0.5ms

PLCs are used instead of PCs for several reasons. They are designed to execute the pro-
grammed code, and nothing else, making them very reliable. A PC running Windows is a
multipurpose machine and the operating system will run commands in the background that
may interfere with the performance. In terms of robustness, a traditional PC is inferior to a
PLC which is designed from the ground up to industrial applications. However, PCs can also
be manufactured to be just as robust as a PLC, and they can run special real-time operating
systems with little interference [43]. As mentioned earlier, a PLC runs both graphical and
text based code, while a PC is programmed with C, C++, Python, and Java among others.
The PC programming languages can be challenging to troubleshoot as the code is running.
You may print variables at various points, but this requires code change and you must also
know which variable to print and where. In the PLC code on the other hand, you can go in
an monitor all signals and values while it is running, making troubleshooting much easier.

When looking at it from a cost perspective we see that for simpler applications that the PLC
offers cheaper performance, higher expandability, better environmental protection, and less
development time [44]. However, for large and complex projects, the PC becomes a much
more viable option to use.
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4.3.1 Voltage Divider

In the progress of the thesis case study, where one of the setups is to connected the PLC
system digital input (DI) and digital output (DO), and the EVCC board to be able to transmit
and receive the signals either way. From the data specification, the PLC system has 24 V and
the EVCC board has 12 V. There is a difference in voltage between those two. From the PLC
DO, the voltage needs to be reduced to 12 V and it can be solved by using a voltage divider.

Voltage Divider —DIPS s

e
PS-Simulink Current
| — Converter
) AN

Current Sensor R1 = 1.6 Kohm

PLC DC Voltage "+

i = (/) | Voltage Sensor
24V -/ R2 =1.6 Kohm V) g

=
s
N PS-Simulink Voltage output

J Converter1
—— Gnd
f(x)=0 '

Solver
Configuration

—— "\ \NN—0

Figure 35: MATLAB model of voltage divider

Voltage divider has been designed in Matlab model and 4 physical models on the breadboard.
The voltage output is slightly different, 12 V in the Matlab model and approximately 11,70
V from the physical model, nevertheless it will not give any influence for the communication
between the systems. A small error from the components is to be expected. The current
is same in the circuit, the voltage across both resistor of a series circuit can be derived by
Formula 2 of the voltage-divider rule [45].

E _ Veic _ Vou

] = — =
Ry Ry Ry )
Vot = Voot
out — VPLC Rl + RQ

4.3.2 Optocoupler

An optocoupler is normally used for transferring a signal from one electrical circuit to another
without having a physical connection, thus eliminating noise. It works by energising a LED
on one side which is then recognised on the other side. The signal is transferred by light and
the two circuits are thereby electrically isolated from each other. In this project optocouplers
are used as switches. By connecting the LED side to dSPACE or PLC output, it can connect
the circuit on the other side to ground when needed.
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4.4 Power Line Carrier Communication (PLCC)

\

Figure 36: WisPLC Pro [46]

The power line carrier communication (PLCC) that is going to be used for the laboratory
setup is WisPLC Pro. It has maximum transmission rate up to 500 Mbps, comes with an
Ethernet port and support the twisted pair interface. It does not need any user configuration,
simply plug and play.

In general PLCC is one of many communication technologies that exist today. The most
known areas is related to communication for the smart power grid and home network. The
demand for the various bus systems in the automotive industry continues to rise for every
year [47]. Moreover, the PLCC has proven to give great benefits regarding costs and weight
reduction. The wiring infrastructure has a significant role and found to be the third factor
that contributes to the overall weight. Such as in a large ship, it has been more than 20% of
the total weight is caused by electric cables. The increase in weight has a negative impact on
the performance and the efficiency of the vessel. Therefore, the PLCC is considered as an
excellent choice for the communication technologies that will reduce the amount of wiring.
Less cost, less weight and more efficient [48].

Currently, PLCC has been implemented in most hybrid and electric vehicles, for operating
with different tasks. One of many tasks is for charging communication, from the moment the
socket outlet is mated on the vehicle to the end of charging cycle. The demand to recharge
the battery both in slow and fast charging. The study of this technology in an electric car is
still new and have an essential potential development for technology advances [49]. It now
has a great potential to be implemented in electric maritime vessels. The charging connector
which use PLCC technology is CCS, which is the selected charging standard for this project.
The purpose is to serve as a smart communication between the grid and EMVs. The data
exchange needed for diagnosis of the grid to ensure the charging flow of the power delivery
into the EMV battery charging system and make it more reliable.

PLCC technology is based on the HomePlug Green PHY (HomePlug GP) protocol and is
chosen for low power use application, where it can quickly adapt with an existing in-vehicle
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12 V battery [50]. It uses smart electronic components that provide high-speed data transmis-
sion over the existing control pilot cable between the EV and the charging station that has the
CCS infrastructure socket outlet. It converts the CP into a data line via the superposition of
a low power information signal to the power wave, which carries both data signals and pulse
width modulation signal simultaneously.

In General, there are two types of PLCC: broadband frequency spectrum (BB-FS) and nar-
rowband frequency spectrum (NB-FS). According to [51], the kind of PLCC that fits to im-
plement into CCS communication is a broadband communication. Which means narrowband
communication will not be able to support the required HomePlug GP communication pro-
tocol on the pilot line. In the BB-FS PLCC signals can be operated from 1.8 MHz up to
86 MHz and have the possibility to streaming high-speed multimedia content [48] [52]. The
HomePlug GP has defined to run at the frequency from 2-30 MHz for energy efficient trans-
mission.

Application I Higher layers :

Data link control SAP

Connection coordination
Control SAP

Presentation

Data SAP

Session /

Transport S Convergence layer
; Control pilot
// CConvergence MAC SAP D (IEC 61851-1)
Network 4 PLC MAC layer Hardware I/0s
Data Link " C MAC/PHYSAP D -

PLC Physical layer

Physical 1 Signal coupling

OSI reference
model layers

Communication media

Key

m covered by communication technology specification

Figure 37: Communication stack for CCS charging [53]

The PLCC communication stack in ISO/IEC 15118-3 consist of many layers. At the very
bottom is the communication media as seen in Figure 37, which is the CP cable. The signal
coupling is how the signal is connected to the cable. The physical and data link layer marked
in grey are part of the G3-PLC-PHY and G3-PLC-MAC specifications. The MAC address is
a unique network identifier for each board.

Figure 38 shows how the PLCC unit should be implemented in the CP control circuitry. Item
5 on each side of the drawing are the locations of the two PLCC units on the charger and
EMV side respectivly.
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Figure 38: PLCC placement in CP circuitry [53]

4.5 Serial Interface

A serial interface is a type of communication that is most used in electric equipment today.
The purpose is to provide a single path for data transmission over a cable or wireless, and this
project will only consider a cable connection. It is also has been developed in serial inter-
face technology with higher data transmission speed and capability to have multiple devices
connected for practical applications. A possibility to communicate when there is a certain
distance located. The process is consist of a transmitter and the receiver end. Furthermore,
the data is sent one bit at a time, sequentially, to/from a computer bus or communication
channel.

The original serial interfaces that are actual to use in this project is RS-232 or RS-485 proto-
cols since they are the most common used today. For the further development of this project,
its a needed to use one of those mentioned protocols, to provide the standardized of logic
levels from transmitters to receivers for the flow of the charging cycle. The data rates and
time and be specified as required. In some cases, they can perform a parallel-to-serial and
serial-to-parallel conversion or specify a data protocol. The definition of logic levels, me-
dium, and layer 1 of the Open Systems Interconnection (OSI) or connectors that is part of the
physical layer (PHY) networking model.
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4.5.1 PLC Wago /0O System

RS-485
Pin | Signal on PLC | Description
1 NC Not connected
@ 2 NC Not connected
I 3 RXD/TXD-P Receive/transmit data
9 ®glla 4 | NC Not connected
8| @ @®||3 5 FB-GND Ground
Z g ® | 2 6 5V Power Supply
@1 7 NC Not connected
U 8 RXD/TXD-N Receive/transmit inverted data
@ 9 NC Not connected

Figure 39: D-sub 9-pin female and signal connection of RS-485

As shown in Figure 39, the PLC Wago-1/0O-system has D-sub 9-pin female of RS-485 com-
munication standards and signal connection according to their descriptions. The voltage
levels are from -5 V and +5 V. It is important to ensure the communication partner matches
the signals.

Table 9: D-sub 9-pin female and signal connection of RS-232

RS-232
Pin | Signal on PLC | Description
1 NC Not connected
2 RxD Receive Data
3 TxD Transmit data
4 NC Not connected
5 FB-GND Ground
6 NC Not connected
7 RTS Request to send
8 CTS Clear to send
9 NC Not connected
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DTE DCE DTE DTE
RxD [2 | 2] RxD RxD Z::>CZ RxD
TxD | 3 — 3| TxD TxD | 3 3| TxD
FB_GND |5 5| FB_LGND FB_GND |5 5| FB_GND
RTS |7 [—> | 7| RTS RTS lxl RTS
CTS |8 —< | 8] CTS CTS | 8] | 8| CTS

(a) DTE and DCE straight wiring (b) DTE and DTE crossed wiring

Figure 40: Data Terminal Equipment (DTE) and Data Communication Equipment (DCE)
wiring when operating as RS-232 interface

The primary protocol that is implemented in Wago I/O System is RS-485, thereby it is not
necessary to be configured and it possible to use only a straight cable. Nevertheless, there
is also an option to operate as RS-232 protocol instead, but it needs to configure before use.
The configuration can be done by connecting as it showing in Figure 40 accordingly as the
proposed.

4.5.2 dSPACE CLP1104 Panel

Hole for 19" rack mount Incremental Encoder Interface connectors

(CcP19)  (CP20)

i

o Io)
CP1 CPS CPS CP13
© © 00 ~~
Cp2 CP& CP10 CP14
CP3 CP7 CP11 CP15 e
© © © © M
CP4 CP& CP12 CP16
@© © @ © Y
A
v

O
O

O

Slave I/O PWIM
connector (CP18)

UART RS485/R5422
conhnector (CP22)
BNC connectors

(CP1... CP16)

UART RS232 connector
(CP21)

Digital 110 connector
(CP17)

Figure 41: The dSPACE CP1104 connector panel overview

The communication standard on dSPACE is UART RS-232 and RS-422, to have a suitable
performance when communicating. As mentioned above, the data must meet the same stand-
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ard in each side to have stabilised communication and less error when operate. The dSPACE
connector panel has UART RS-422 D-sub 9-pin male, which means it needs to be configur-
ing to RS-485 protocol in order to communicate appropriately with PLC Wago 1/0 System
RS-485 connector.

RS-422
Pin | Signal on dSPACE | Description
1 TXD-N Transmit inverted data
2 TXD-P Transmit data
3 RXD-P Receive data
4 RXD-N Receive inverted data
5 GND Ground
6 RTS-N Ready to send inverted data
7 RTS-P Ready to send
8 CTS-P Clear to send
9 CTS-N Clear to send inverted data

Figure 42: D-sub 9-pin male and signal connection of RS-422

When configuring from RS-422 to RS-485, the wire of transmitting and receiving data need
to be joined together. The positive data with positive data and negative data with negative
data or so-called inverted data. It is also important the wire is connected with the resistor
to warning the data signal is near at the exit of transmitting and receiving wired, to avoid
confusion for the data and give less error.

+5V

| 1kQ Pulkup

resistor

g
fwl

I k2

| —

XD
R
Pulldown T
TXD

T = Transmitter
R = Receiver

Figure 43: Wiring configuration from RS-422 to RS-485
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4.6 Experimentation’s of The Serial Interface

The serial interface is a way to communicate for the computer network. The process of
the communication is to send a data bit one at a time, sequentially, over a computer bus
or communication channel. The part of the project is to establish communication between
the software and hardware to create a control algorithm. The setup is between PLCs and
dSPACE. The interaction between those two needs to be completed, in order to build the
control algorithm for the charging system for the next step. The e!COCKPIT software is
going to be used for controlling the PLC , and the other software is MATLAB and Simulink
which going to be implemented into dSPACE control-desk.

First chosen of serial communication protocol has been decided, where the RS-485 has been
used. The RS-485 is the most commonly used for the PLCs because it is already imple-
mented as RS-485 and supporting multiple commanding devices, and pin-out wiring is less
complicated since they are only using two wire system. Fortunately, there has been unexpec-
tedly challenged to get communication between the PLCs and dSPACE to work, and various
experiments been tested to verify where the problem is. Below is an overview of different
type of connections, communication protocols, and the result for the following attempted.

Table 10: Experiments of the serial interface

Serial connection and protocol testing
No | Connection Protocol | Wiring | Result
1 dSPACE to PLC RS-485 | Straight | Failed
2 dSPACE to PLC RS-485 | Joined | Failed
3 dSPACE to PLC RS-232 | Straight | Failed
4 dSPACE to PLC RS-232 | Crossed | Failed
5 dSPACE to Oscilloscop | RS-232 | None Worked
6 PLC to dSPACE RS-485 | Straight | Failed
7 PLC to dSPACE RS-485 | Joined | Failed
8 PLC to dSPACE RS-232 | Straight | Failed
9 PLC to dSPACE RS-232 | Crossed | Failed
10 | PLC to PLC RS-485 | Straight | Worked
11 | PLC to PLC RS-232 | Crossed | Worked

As it is shown in Table 10 above that, the connection between two PLCs has been found
out to be working. Where it also indicates they are working correctly both with straight RS-
485 wiring protocol and with crossed RS-232 protocol. Moreover, the connection between
dSPACE to the oscilloscope is also found to be working. Means the oscilloscope is able to
capture the data signal that dSPACE sending through the connector of the RS-232 protocol.
Fortunately, the oscilloscope is not able to capture the data from the connector of the RS-485
protocol because of their limiting function.
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Nevertheless, the combination of serial connection from dSPACE to PLCs and the opposite
does not support each other. Neither dSPACE or PLCs are receiving any data. Since there is
a lot of failed results of multiple connections and serial protocol test. In addition to, it has
consumed much more time than expected to these experiments, therefore the serial commu-
nication between dSPACE and PLCs is not possible at this point as it will take too much time
and resources.

4.7 OPC

OPC stands for Open Platform Communications and is a standard that was developed to
ease the transfer of data between PLCs, HMI systems and PCs [54]. The standard was first
released in 1996. There have been many versions of OPC since it was first invented. There is
OPC Data Access, OPC Historical Data Access, and OPC Alarms and Events. These have all
needed their own server and client software to work. In 2008 however, the OPC foundation
released OPC Unified Architecture [55]. It combines all previous OPC standards into one
and adds a lot of new functions at the same time.

OPC UA servers can broadcast on the network to make itself easily discoverable by clients. It
automatically sorts all the data in a hierarchy to accommodate both large and small projects.
Read and write permissions can be set individually for each signal and it has support for
subscription and event-based signal transmission.

The Wago 750-8102 PLC has built-in functionality to act as an OPC UA server. When pro-
gramming, it is possible to select which signals should be accessible in the OPC. Matlab
2019a has support for OPC UA and are thus able to read and write data to an OPC UA server
[56]. By using an “Interpreted Matlab Function” block in Simulink, it is possible to integrate
OPC UA data from the PLC in a Simulink model. Siemens had already created such a func-
tion for using Matlab with their PLCs [57]. With a little adjustment, it was possible to use it
for the Wago PLCs as well.

4.8 The final setup

The laboratory test setup went through many iterations over the course of the master thesis.
It was gradually expanded as each test were complete. Parts had to be replaced as they
broke and alternative solutions were tested. In the end there is a working prototype that is
close to the proposed setup, with some compromises and improvements. There is still two
wago PLCs with two PLCC units connecting the Ethernet interface between them. The EV
CC board is connected to the charger PLC. Matlab is used to test, control and simulate the
charging. Matlab communicates with both PLCs by use of OPC UA over Ethernet. A sketch
of the setup can be seen in Figure 45 and a detailed schematic can be seen in Figures 44, 46
and 47.
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GMV Zero Charger
PLCC PLCC
WAGO PLC WAGO PLC EV CC
Matlab
Computer

Figure 45: Sketch of the final test setup
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Figure 44: Schematic of the final test setup

The communication between the two PLCs should ideally be over Ethernet through the
PLCCs. When trying to automatically configure this in e!COCKPIT however a bug caused
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the software to crash. A manual configuration was attempted by using the help documentation
but it did not work. From the previous testing of the serial interface there had been successful
transmission of signals with both RS-232 and RS-485. When trying to set up two-way com-
munication between the PLCs however, the signals were blocked and no transmission were
possible. To be able to demonstrate some functionality, one-way communication from the
EMYV PLC to the charger PLC was set up with RS-232 modbus. This type of communication
sends the data in forms of either bits or word, thus resulting in not being able to send decimal
numbers, only integers. To circumvent this limitation the values are multiplied by 100 before
sending and divided by 100 after receiving, giving a number precision of 2 instead of 0.

Plug in charger
soc 30.0164
Desired SOC

CCR Limit

CCR Active Q

Current and Voltage settings

Electric maritime
vessel

Max |

Min |

Max V

Min V

EMV and Charger
compatible

Charger

<Current (A}

<Voltage (V)>

soc)

.
Continuous

]

Measures

Charger

cct

OPC UA

=TT =
—

B

<Voltage (V)>

Voltage

Figure 48: Matlab Simulink model with OPC UA communication
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A Matlab 2019a Simulink file was made with a simple constant current constant voltage
(CCCV) charger and battery as seen in Figure 48. Multiple signals are sent and retrieved
from the PLCs with use of Matlab function blocks with OPC UA communication. Separate
blocks have been made for each signal, 15 in total. They are all contained in the OPC UA
subsystem that can be seen in Figure 49a. The amperage of the constant current source
is controlled by both the Charging Current Restriction (CCR) signal and Charging signal
from the charger PLC. The Charging signal also controls the voltage for the constant voltage
source. The values of the combinations can be found in Table 11 and the charger subsystem
can be seen in Figure 49b.

Table 11: PLC signals with corresponding voltage and current in simulation

Charging | CCR | Voltage | Current

False False ov 0A
False True ov 0A
True False 17V 16 A
True True 17V 8 A
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Figure 49: The two subsystems in the Matlab model

There are 8 input fields for the maximum and minimum current and voltage for EMV and
the charger. These values are written to the corresponding PLCs. The EMV PLC then sends
its values to the charger PLC in accordance to the flowchart in Figure 28. The charger PLC
compares the values from the EMV with its own and determines if they are compatible. The
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compatibility is determined by four comparisons as seen in Table 12 which must all be true.
A signal is sent back to Matlab were the compatibility is indicated.

Table 12: Compatibility logic of EMV and charger

Comparisons
EMV minl < CHGmaxlI
EMV maxI > CHGminl
EMVminV < CHGminV
EMVmaxV > CHGmaxV

There is a display for the battery state of charge (SoC) as well as two additional input fields;
desired SoC and CCR Limit. The state of charge and desired SoC is written to the EMV PLC
and again these are transferred via RS-232 to the charger PLC so it can regulate the charging.
The CCR Limit is written to the charger PLC. The PLC sends a signal back to Matlab to
indicate if CCR is active or not. Finally there is a slider switch that simulates that the cable
has been plugged in to the inlet. This acts as the Proximity Pilot (PP) in absence of a real
plug and inlet.

°

Figure 50: The practical set up

50



4. LABORATORY TEST Maya Mandasari

4.9 Charging sequence

All in all, the laboratory test setup runs with Matlab, two PLCs (ChgPLC and EMVPLC) and
the EV CC board as seen in Figure 50. The simulation of a successful charging sequence is
as follows:

* Matlab: Slide on "Plug in charger”. Signal sent to ChgPLC

e ChgPLC: Sends signal on DO 5 to connect 2.7 kf2 resistor to CP

* EVCC: CP signal is now 9 V. Sends CON signal to ChgPLC.

* EMVPLC: Sends EMV min/max current/voltage to ChgPLC

* ChgPLC: Compares EMV and Charger min/max current/voltage

* ChgPLC: Sends signal on DO 6 to connect 1.3 k{2 resistor to CP

* EVCC: CP signal is now 6 V.

* ChgPLC: Sends signal on DO 1 to enable charging on EVCC

* EVCC: Sends CHG signal to ChgPLC

* ChgPLC: Sends charging signal to Matlab

* Matlab: Sets voltage to 17 V and current to 16 A on the charger

* Matlab: Continuously sends battery state of charge to EMVPLC

* EMVPLC: Continuously sends battery state of charge and desired SoC to ChgPLC
* ChgPLC: Continuously evaluates the SoC agains desired SoC and CCR limit

* ChgPLC: Sends signal on DO 4 to activate CCR on EVCC. Also sends signal to Matlab
* Matlab: Reduces current from 16 A to 8 A on charger

* ChgPLC: Removes signal from DO 1 and DO 6 to stop charging once SoC > desired
SoC. Also sends signal to Matlab

* Matlab: Sets voltage to 0 V and current to O A on charger

A test with desired SoC set at 30% and CCR limit at 28% yielded to result seen in Figure
51. The current starts at 16 A and the SoC is steadily rising until it reaches 28%. When the
current is reduced to 8 A the rate of charge is halved. Once the SoC is 30% the current is set
to 0 A and the charging stops. The battery voltage increases with the SoC, but drops a little
when the current is reduced and cut off.
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Figure 51: Result of charging test with Matlab, EV CC and PLCs
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5 Conclusion

Combined Charging System 2.0 (CCS 2.0) is the best standard for the GMV Zero and other
electric maritime vessels (EMVs) in Europe for fast charging. CCS 2.0 uses Power Line
Carrier Communication (PLCC) to enable communication between the EMV and the char-
ger. The project has shown that with use of two PLCs it is possible to control the charging
sequence with help of an Electric Vehicle Charging Controller (EVCC) board.

The charger PLC will control the EVCC and they will together communicate with the second
PLC in the EMV via PLCC over the Control Pilot (CP) line in the CCS 2.0 plug. With this
setup it is possible to monitor and control the charging process. It also allows the vessel
to offload the heavy voltage transformers to the dock, making the ship lighter and more
economical.

5.1 Future work

In this project there have only been Matlab simulation of battery charging. The models have
shown that it works fine. Next step is to experiment with real batteries and verify that the
simulations are correct.

Some compromises have been made in the project due to technical difficulties. It is possible
to get the PLCs to communicate over Ethernet via PLCC, eliminating the need for a serial
interface. This can be implemented when the e! COCKPIT software is patched or using other
PLCs from a different vendor.

With two-way communication in place and the charging tested on real batteries the system
can be implemented in GMV Zero. A user interface must be made and connected to the PLC
so the crew can monitor and control the charging process.
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1 Application: Application

1 Application: Application

1.1 Global Variable List: GlobalVariableList

©oOo~NOUA~WNEER

NNNNNNNRRRRRRRRRR
OO PP WNPFPOOO~NOOODAWNEO

~
N

©oO~NOUA~WNEER

=
o

VAR_

END_

GLOBAL

Error : BOOL ;
Charging : BOOL ;
Connected : BOOL ;
Enabled : BOOL ;
Status : BOOL ;

ManualLocking : BOOL ;
ChargingCurrentLimit :
StateOfCharge : REAL ;

Pluggedin : BOOL ;
Resistance27 : BOOL ;
Resistancel3 : BOOL ;
EMVmaxl : REAL ;
EMVmaxV : REAL ;
EMVminl : REAL ;
EMVminV : REAL ;
CHGmaxl : REAL ;
CHGmaxV : REAL ;
CHRminl : REAL ;
CHRminV : REAL ;
Compatible : BOOL ;
DesiredSOC : REAL ;
CCRLimit : REAL ;

VAR

POU: ChargerLogic

PROGRAM ChargerLogic

VAR

END_

EMVmax| . REAL ;
EMVminl . REAL ;
EMVmaxV - REAL ;
EMVminV - REAL ;
StateOfCharge : REAL ;
DesiredSoOC : REAL ;
VAR

BOOL ;
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1.2 POU: ChargerLogic

SerialMaster.

SerialMaster

SerialMaster.

SerialMaster.

SerialMaster

SerialMaster.

myData[11] —

WORD_TO_REAL

100 —

DIV

—— EMVmaxl

-myData[12] —

WORD_TO_REAL

100 —

DIV

—— EMVminl

myData[13] —

WORD_TO_REAL

100 —

DIV

—— EMVmaxVv

myData[14] —

WORD_TO_REAL

100 —

DIV

—— EMVminV

-myData[15] —

WORD_TO_REAL

100 —

DIV

myData[16] —

WORD_TO_REAL

100 —

DIV

I DesiredS0OC

GlobalVariableList.Pluggedln——GlobalVariableList.Resistance27
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1.2 POU: ChargerlLogic

EMVminl —
GlobalVariableList.CHGmaxl —

EMVmaxl —
GlobalVariableList.CHRminl —]

EMVminV —
GlobalVariableList.CHGmaxV —

EMVmaxV —
GlobalVariableList.CHRminV —]

GlobalVariableList.Connected —
GlobalVariableList._Compatible —

IA &

v &

IA &

v &

AND
E& ——GlobalVariablelList.

StateOfCharge —
DesiredS0OC —/

LE
<

10

GlobalVariableList.Pluggedln —

AND

——GlobalVariableList.Resista

StateOfCharge —
DesiredSOC —

LE
<

GlobalVariableList._Resistance27 —
GlobalVvariableList.Resistancel3 —

AND

——GlobalVariableList._Enabl
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1.2 POU: ChargerlLogic

.Compatible

ncel3
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1.2 POU: ChargerLogic

11
GE AND
StateOfCharge — > — ———GlobalVvariablelList
GlobalVariableList.CCRLIimit— - &
GlobalVariableList.Enabled —|
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1.2 POU: ChargerlLogic

t.ChargingCurrentLimit
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1.3 POU: InputMapping

1.3 POU: InputMapping

1 PROGRAM InputMapping
2
1
ERR——GIlobalVariableList._Error
2
CHG ——GlobalVariableList.Charging
3
CON ——GlobalVariableList.Connected
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1.4 POU: OutputMapping

1.4 POU: OutputMapping

1 PROGRAM OutputMapping
2 VAR
3 END_VAR
4
1
GlobalVariableList_Enabled ——EN
2
GlobalVariableList.Status——XR
3
GlobalVariableList._ManualLocking——ML
4
GlobalVariableList.ChargingCurrentLimit——CCR
5
GlobalVariableList_Resistance27 —O— OHM27
6
GlobalVariableList_Resistancel3—-O— OHM13
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1.5 POU: PLC_PRG

1.5 POU: PLC PRG

1 PROGRAM PLC_PRG
2 VAR
3 END_VAR
4
1 InputMapping () ;
2 SerialMaster () ;
3 ChargerLogic () ;
4 //SerialSlave();
5 OutputMapping () ;
6
1.6 POU: SerialMaster
1 PROGRAM SerialMaster
2 VAR
3 FbMbMasterSerial_01 : FbMbMasterSerial ;
4 xConnect : BOOL := TRUE;
5 utQuery :  typMbQuery ;
6 xTrigger : BOOL ;
7 uTResponse : typMbResponse ;
8 XError - BOOL ;
9 oStatus - WagoAppPIcModbus . WagoSysErrorBase . FbResult ;
10 xIsConnected : BOOL ;
11 wDelta - WORD ;
12 T1 : TON ;
13 XMyError : BOOL ;
14 END_VAR
15 VAR_OUTPUT
16 myData : ARRAY [0 ..1247 OF WORD ;
17 END_VAR
18
1 utQuery . bFunctionCode := 23 ;
2 utQuery . uiReadAddress :=0 ;
3 utQuery . uiReadQuantity =50 ;
4 utQuery . uiWriteAddress :=1 ;
5 utQuery . uiWriteQuantity :=4 ;
6 utQuery . bUnitld :=2 ;
7 utQuery . awWriteData [ 0] :=utQuery . awWriteData [0 ] + 1 ;
8
9 FbMbMasterSerial_01 (
10 xConnect = xConnect ,
11 1_Port = COM1,
12 udiBaudrate := 9600,
13 usiDataBits = 8,
14 eParity = 1, //ettyparity.None ,
15 eStopBits = 3, //ettystopbits.One ,
16 eHandshake = 0, //ettyhandshake .None ,
17 ePhysical = 1,
18 xlIsConnected => xlIsConnected ,
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1.6 POU: SerialMaster

19 XError => xError ,

20 oStatus => oStatus,

21 eFrameType = eMbFrametype . RTU ,

22 tTimeOut := T#200MS ,

23 utQuery = utQuery ,

24 xTrigger = XxTrigger ,

25 utResponse = utResponse) ;

26

27 myData := utResponse . awData ;

28 myData [ 0] ;

29 T1L (IN := NOT xTrigger , PT := T#200MS) ;

30 IF T1.Q THEN

31 xTrigger := TRUE ;

32 END_IF

33

34

1.7 POU: SerialSlave

1 PROGRAM SerialSlave

2 VAR

3 FbMbSimpleServerSerial_01 FbMbSimpleServerSerial ;

4 xConnect BOOL := TRUE ;

5 axDiscretelnputs ARRAY [0 .. 100] OF BOOL ; //Slave
outputs (Masterlnputs)

6 axCoils ARRAY [0 .. 100] OF BOOL ; //Slave
Inputs (Master Output)

7 awlnputRegisters ARRAY [0 .. 100] OF WORD ; //Slave
outputs (Masterlnputs)

8 awHoldingRegisters ARRAY [0 .. 100] OF WORD ; //Slave
Inputs (Master outputs)

9 xIsConnected BOOL ;

10 XError BOOL ;

11 oStatus WagoAppPIcModbus . WagoSysErrorBase .
FbResult ;

12 oMbAccessInfo FbMbAccessInfo ;

13 END_VAR

14

1 FbMbSimpleServerSerial_01 (

2 xConnect = xConnect ,

3 1_Port o= COM1,

4 udiBaudrate := 9600,

5 usiDataBits = 8,

6 eParity =1,

7 eStopBits = 3,

8 eHandshake = 0,

9 ePhysical =1,
//WagoTypesCom.eTTYphysicallayer.RS485_HalfDuplex,

10 eFrameType := eMbFrameType . RTU ,

11 xIsConnected => xlIsConnected ,

12 XError => XError ,

13 oStatus => oStatus,

14 bUnitld =1,

15 axDiscretelnputs := axDiscretelnputs ,
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1.7 POU: SerialSlave

16 axCoils := axCoils,

17 awlnputRegisters := awlnputRegisters ,

18 awHoldingRegisters := awHoldingRegisters,

19 oMbAccessInfo => oMbAccessInfo) ;

20

21 awHoldingRegisters [ 1] ; // (* First Write register *)

22 awHoldingRegisters [ 10] := awHoldingRegisters[10] -1 ; //(* First

Read register *)
23

1.8 POU: TepModbusMaster

1 PROGRAM TcpModbusMaster
2 VAR
3 myTcpMaster : FbMbMasterTcp = ( xConnect = TRUE,
4 sHost = "192.168.1.18" ,
5 wPort = 502,
6
7 utKeepAlive := (  xEnable
:= TRUE,
8 tMaxldleTime
:= T#5S,
9 tinterval
= T#2S,
10 udiProbes
= 5
11 ).
12
13 eFrameType := eMbFrameType .
ETHERNET ,
14 tTimeOut = T#30MS
15 )
16
17 utQuery > typMbQuery = ( bUnitld =1,
18 bFunctionCode 1= 23,
19 uiReadAddress =1,
20 uiReadQuantity := 10,
21 uiWriteAddress := 1,
22 uiWriteQuantity := 10,
23 awWriteData = [124 (C0)1]
24 )
25
26 XTXTrigger : BOOL ;
27
28 utResponse : typMbResponse ;
29
30 tonDelay : TON := (PT := T#20MS) ;
31
32 // myData : ARRAY[O0..124] OF WORD;
33 // xTrigger : BOOL;
34 // T1: TON;
35
36 END_VAR
37
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1.8 POU: TcpModbusMaster

1 tonDelay ( IN := (NOT tonDelay . Q) AND (NOT xTxTrigger)) ;
2 XTxTrigger S= tonDelay . Q ;
3
4 myTcpMaster ( utQuery 1= utQuery,
5 xTrigger := XTxTrigger ,
6 utResponse := utResponse
7 )
8
9 //myData = myTcpMaster.utResponse.awData;
10 //myData[0];
11 //T1(IN := NOT xTrigger, PT := T#200MS);
12 //1F T1.Q THEN
13 // xTrigger := TRUE;
14 //END_IF
15
1.9 POU: TcpModbusS/ave
1 PROGRAM TcpModbusSlave
2 VAR
3 mySimpleTcpServer : FbMbSimpleServerTcp := ( XxOpen = TRUE
4 wPort = 502,
5 utKeepAlive = (
xEnable = TRUE ,
6
tMaxldleTime = T#5S,
7
tinterval i= T#2S,
8
udiProbes = 5
9 ).
10 bunitid = 1
11 )
12 myDiscretelnputs : ARRAY [0 .. 207] OF BOOL ;
13 myCoils : ARRAY[O0..20] OF BOOL ;
14 my InputRegisters : ARRAY [ 100 .. 200] OF WORD ;
15 myHoldingRegisters : ARRAY [0 .. 20] OF WORD ;
16 END_VAR
17
1 mySimpleTcpServer ( axDiscretelnputs := myDiscretelnputs,
2 axCoils := myCoils ,
3 awlnputRegisters = mylnputRegisters ,
4 awHoldingRegisters := myHoldingRegisters
5 )
6
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1.10 Symbol Configuration: Symbols

1.10 Symbol Configuration: Symbols

2 Application: Application

2.1 Global Variable List: GlobalVariableList

1

2 VAR_GLOBAL

3 Error : BOOL ;

4 Charging : BOOL ;

5 Connected : BOOL ;

6 Enabled : BOOL ;

7 Status : BOOL ;

8 ManuallLocking : BOOL ;
9 ChargingCurrentLimit :
10 StateOfCharge : REAL ;
11 PluggedIn : BOOL ;

12 Resistance27 : BOOL ;
13 Resistancel3 : BOOL ;
14 EMVmaxl : REAL ;

15 EMVmaxV : REAL ;

16 EMVminl : REAL ;

17 EMVminV : REAL ;

18 CHGmaxl1 : REAL ;

19 CHGmaxV : REAL ;

20 CHRminl : REAL ;

21 CHRminV : REAL ;

22 Compatible : BOOL ;

23 DesiredSOC : REAL ;

24 CCRLimit : REAL ;

25 END_VAR

26

22 POU:PLC_PRG

PROGRAM PLC_PRG
VAR
END_VAR

A WNE

BOOL ;

//SerialMaster();
VessellLogic () ;
SerialSlave () ;

asrwnN P
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2.3 POU: SerialMaster

2.3 POU: SerialMaster

1 PROGRAM SerialMaster

2 VAR

3 FbMbMasterSerial_01 : FbMbMasterSerial ;

4 xConnect : BOOL := TRUE ;

5 utQuery : typMbQuery ;

6 xTrigger : BOOL ;

7 uTResponse : typMbResponse ;

8 XError - BOOL ;

9 oStatus : WagoAppPIcModbus . WagoSysErrorBase . FbResult ;
10 XxIsConnected : BOOL ;

11 wDel ta - WORD ;

12 T1 : TON ;

13 XMyError - BOOL ;

14 myData © ARRAY [0 ..1247 OF WORD ;
15

16 END_VAR

17

1 utQuery . bFunctionCode := 23 ;

2 utQuery . uiReadAddress :=0 ;

3 utQuery . uiReadQuantity :=50 ;

4 utQuery . uiWriteAddress :=1 ;

5 utQuery . uiWriteQuantity :=4 ;

6 utQuery . bUnitld :=1 ;

7 utQuery . awWriteData [ 0] :=utQuery . awWriteData [0 ] + 1 ;
8

9 FbMbMasterSerial_01 (

10 xConnect := xConnect ,

11 1_Port 1= COM1,

12 udiBaudrate := 9600,

13 usiDataBits = 8,

14 eParity = 1, //ettyparity.None ,
15 eStopBits = 3, //ettystopbits.One ,
16 eHandshake = 0, //ettyhandshake.None ,
17 ePhysical =1,

18 xIsConnected => xlIsConnected ,

19 XError => XError ,
20 oStatus => oStatus,
21 eFrameType := eMbFrametype . RTU ,
22 tTimeOut = T#200MS ,
23 utQuery = utQuery ,
24 xTrigger := xTrigger ,
25 utResponse := utResponse) ;
26
27 myData := utResponse . awData ;
28 myData [0] ;
29 T1L (IN = NOT xTrigger , PT := T#200MS) ;
30 IF T1.Q THEN
31 xTrigger := TRUE ;
32 END_IF
33
34
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2.4 POU: SerialSlave

2.4 POU: SerialSlave

1 PROGRAM SerialSlave

2 VAR

3 FbMbSimpleServerSerial_01 : FbMbSimpleServerSerial ;

4 xConnect : BOOL := TRUE ;

5 axDiscretelnputs : ARRAY[O .. 100] OF BOOL ; //Slave
outputs (Masterlnputs)

6 axCoils : ARRAY[O .. 1007 OF BOOL ; //Slave
Inputs (Master Output)

7 awlnputRegisters : ARRAY[O .. 100] OF WORD ; //Slave
outputs (Masterlnputs)

8

9 xIsConnected - BOOL ;

10 XError - BOOL ;

11 oStatus : WagoAppPIcModbus . WagoSysErrorBase .
FbResult ;

12 oMbAccessInfo : FbMbAccessiInfo ;

13 END_VAR

14 VAR_INPUT

15 awHoldingRegisters : ARRAY[O .. 100] OF WORD ; //Slave
Inputs (Master outputs)

16 END_VAR

17

1 FbMbSimpleServerSerial_01 (

2 xConnect = XxConnect ,

3 1_Port = COM1,

4 udiBaudrate = 9600,

5 usiDataBits = 8,

6 eParity =1,

7 eStopBits = 3,

8 eHandshake = 0,

9 ePhysical = 1,
//WagoTypesCom.eTTYphysicallayer.RS485_ HalfDuplex,

10 eFrameType := eMbFrameType . RTU ,

11 xIsConnected => xlIsConnected ,

12 XError => XError ,

13 oStatus => oStatus,

14 bUnitld = 2,

15 axDiscretelnputs = axDiscretelnputs ,

16 axCoils := axCoils,

17 awlnputRegisters = awlnputRegisters,

18 awHoldingRegisters := awHoldingRegisters,

19 oMbAccessInfo => oMbAccessInfo) ;

20

21 awHoldingRegisters [11] ; // (* First Write register *)

22 awHoldingRegisters [ 10 ] := awHoldingRegisters [10] -1 ; //(* First
Read register *)

23
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2.5 POU: TcpModbusSlave

2.5 POU: TecpModbusS/ave

1 PROGRAM TcpModbusSlave
2 VAR
3 mySimpleTcpServer : FbMbSimpleServerTcp := ( xOpen = TRUE
4 wPort = 502,
5 utkKeepAlive = (
XEnable = TRUE,
6
tMaxldleTime = T#5S,
7
tinterval = T#2S,
8
udiProbes = 5
9 ).
10 bUnitld =1
11 )
12 myDiscretelnputs : ARRAY [0 .. 20] OF BOOL ;
13 myCoils : ARRAY [0 .. 207 OF BOOL ;
14 my InputRegisters : ARRAY [ 100 .. 200] OF WORD ;
15 myHoldingRegisters : ARRAY [0 ..20] OF WORD ;
16 END_VAR
17
1 mySimpleTcpServer ( axDiscretelnputs = myDiscretelnputs ,
2 axCoils = myCoils,
3 awlnputRegisters = mylnputRegisters,
4 awHoldingRegisters = myHoldingRegisters
5 )
6
2.6 POU: VessellLogic
1 PROGRAM VessellLogic
2 VAR
3 END_VAR
4
1
MUL REAL_TO_WORD
GlobalVariableList.EMVmaxl — e ——SerialSlave..
b4
100 —
2
MUL REAL_TO_WORD
GlobalVariableList.EMVminl — — ——SerialSlave..
100 — s
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2.6 POU: VessellLogic

awHoldingRegisters[11]

awHoldingRegisters[12]
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2.6 POU: VessellLog

ic

3
MUL REAL_TO_WORD
GlobalVvariableList.EMVmaxV —| | —SerialSlave..
b 4
100 —
4
MUL REAL_TO_WORD
GlobalVvariableList.EMVminV — | ——SerialSlave..
X
100 —
5
MUL REAL_TO_WORD
GlobalVariableList.StateOfCharge — — ——Serial
X
100 —
6
MUL REAL_TO_WORD
GlobalVariableList.DesiredSOC— | ——SerialSla
100 — x
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2.6 POU: VessellLogic

awHoldingRegisters[13]

awHoldingRegisters[14]

Slave.awHoldingRegisters[15]

ve.awHoldingRegisters[16]
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2.7 Symbol Configuration: Symbols

2.7 Symbol Configuration: Symbols
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