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1. Introduction

1.1 Background

This project is part of the Ultra-Fast Charging of Electric Vehicles (UFCEV) research
project, which is sponsored by Ministry of Science and Innovation of Spain and is being
developed at the university [1]. In order to understand the goals of this project, it is necessary
to give some context and background on that research project too.

1.2 UFCEV

1.2.1 Context and state of the art

Transportation based on electric vehicle of battery (EVB) is one of the most attractive
solutions among the usual scenarios that are often proposed to mitigate the rate of global
warming. This is mainly due to the positive consequences that its massive introduction could
produce in both economy and environment.

The underlying hypothesis is that EVBs could play a significant role in both transportation
and people mobility under certain circumstances benefiting specific groups of users. Although
significant advances in the field of technologies for energy storage can be still expected, it can
be affirmed that the existing EVBs are capable of performing specific tasks of transportation
satisfactorily.

Moreover, there exists a clear consensus in admitting that the main obstacles that
complicate the market penetration of EVBs are the so called range anxiety (fear of not having
enough charge in the vehicle), customer price, charging time and charging availability, all of
them related to the battery. To overcome the range anxiety and decrease the charging time,
the so called fast charging technique has emerged in the last years, which represents a short
time of charging for both battery and energy supply system.

Although there are around half a dozen fast chargers in the market, there is not a clear
model of charging station that can be used as a reference to calculate investments cost for
such an infrastructure, which can be derived, among others, from ground surface conditioning,
length of the conduits from the power service to the service transformer and from the
transformer to the fast charger, material cost, permits, and administration.

At the same time, the idea of mimicking a conventional gasoline station appears
repeatedly in the professional forums for transport electrification. This essentially consists in
providing a service to several users simultaneously. The latter would be connected through
their respective points of charge by means of appropriate adaptors to the main supply line,
which will play the role of the reservoir in a conventional gasoline station.

This analysis reveals that, in spite of the existence of some particular cases, the
systematic design and the associated implementation of fast charging stations for EVBs are in
an incipient phase and many alternatives are open for solving both problems.

The electrical architecture of the charging station offers numerous open aspects to
investigate. In this sense, the low-frequency service transformer could be substituted by a
solid-state transformer with the aim of increasing the efficiency and reducing the volume and
weight. The notion of solid-state transformer is used here in a broad sense, which means that
it can be considered as such any conversion structure implemented with switching converters
that is capable to transform MV into DC.

In addition to possible implementations of the solid-state transformer, the electrical
architecture of the charging station is an open research subject in itself. On the one hand,
both AC and DC distribution can be implemented through different solutions regarding the
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type and number of converters and in what concerns the control of the interconnected blocks.
In that context, a third actor is also possible such as a hybrid solution, i.e. a power distribution
system with an AC bus and a DC bus. This type of microgrids could facilitate the integration
of renewable energy sources of different nature, e.g. PV and wind energies, and ensure the
mutual reinforcement between the AC and DC lines by transferring energy between them when
necessary.

Other relevant issues that are open to investigation are the storage energy mechanism,
the power electronics interfaces and the dynamic study of the interconnection of the different
conversion blocks that would constitute the fast charging station.

1.2.2 General objectives

The main goal of the project is to propose solutions to the problems caused by the
absence of fast charging infrastructure for EVBs.

In particular, the project aims to perform a study of realistic scenarios to implement fast
charging stations that:

e can be easily integrated in the MV or LV networks,
e allow the inclusion of energy storage,

e permit the insertion of renewable energy, and;

e are able to supply simultaneously several vehicles.

Complementarily, as a proof of concept, the research project builds a demonstrator of
an ultrafast battery charger that would be supplied by a hybrid microgrid of modular type
based on the following electrical structure.

AC 3-phase Grid LV

’ # AC Active Power Flow
‘ - DC Power Flow

t

Charger Sysiem
Tnterfacs

DE-DC | o i \
- J Solid Stake
- Transtarmer
DC Source DC-AC
Inierfuce
| AC-DE
WT Generalor
DC-DC
] < Galvanic
isolation
DC-DC I
PV amay DC-DC AC 3-phase Girid
DC Source ‘ ‘ ‘I
Interface DC-NDC MVILY
Grid Intertace
Storage System
600 V Interfuce
Single module
# DC-DC
- galvanic
‘ isolation
"
i
4 - Charger System
W — e Interface
h ¢ .
N dules -_
A Storage System m— | ﬁ =iy Ultrafast
Storage System Imerface palvanic | [ Charging Car
isolation A =
1500V

Figure 1. Block diagram of the proposed electrical architecture of the hybrid microgrid for

the implementation of 1:10 demonstrator for ultrafast charging of batteries. [1]
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1.3 Demonstrator

Being a scaled electrical structure based on the Figure 1, the demonstrator has a scale
of 1:4 in voltage and current and 1:16 in power. That meant that the bus voltage level was
scaled from 1500 VDC to 380 VDC in the power bus in charge to supply the EVBs. Currently,
it has just implemented this bus in order to prove the ultrafast charging process, but
considering the incorporation of renewable sources bus later in the design. So, the current
implemented model of the demonstrator had the following structure:

» AC Active Power Flow
- DC Power Flow

Solid State

Transformer «
AC-DC
DC-DC
Galvanic
isolation
Grid Interface
AC 3-phasc Grid
MV/LV
Single module
== | DC-DC
galvanic 51_0\"’
isolation ) Charging Car
‘ Charger System
> DC-DC Tnterface
= . . N N modules -m
= ¢ Svster \ -
Energy J Stoiai: f:-‘:"m » DC-DC /,»ﬂ . \ ) Ultr gtast‘
Storage System ntertac galvanic | =/ Charging Car
isolation \/ g
380V

Charger System
Tnterface

Figure 2. Block diagram of the modified electrical architecture of the demonstrator.

For the sake of clarity, the block diagram is simplified and not all the elements present
in the demonstrator are shown. For example, the supercapacitors, the FPGA, and some of the
converters are not shown, and we also added a battery pack for testing purposes. The
following table details the full list of elements present in the demonstrator:

Table 1. Elements present in the demonstrator, with their respective voltage levels.

Element Voltage level Notes
SST LV 3-phase grid to LV grid is 220 VAC
380 VDC
Bus 380 VDC
Battery packs 200 VDC LFP pack that makes up the Energy Storage System
100 vDC LTO pack that emulates a car battery
48 VDC LTO pack that emulates a motorbike battery
Supercapacitors 160 VDC 58F
102 VDC 88 F

DC/DC converters | 380 VDC to 100 VDC From bus to car battery pack

380 VDC to 48 VDC From bus to motorbike battery pack

380 VDC to 200 vDC From bus to Energy Storage System battery pack
380 VDC to 102 vDC From bus to 88 F supercapacitor

380 VDC to 160 VDC From bus to 5,8 F supercapacitor
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At the time of writing this report, the state of the demonstrator is the following:

Location of

200 VDC battery pack

Figure 4. Side view of the Energy Storage System.
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1.4 Objectives and scope

As we have seen, this demonstrator consists of several elements, which will be
interconnected, that need to work simultaneously. To achieve a proper and optimal
functioning, it is required to have a good coordination between all the devices, which in turn
requires a platform to manage and visualize all the interactions between the devices.

This project aims to develop a program that can gather electrical-and in some cases also
thermal—data from all devices in the system. Additionally, it has to be able to visualize this
data on a screen and then save it to a file.

With this goal in mind, two big questions arise. Firstly, how do we establish a connection
between all the devices, and secondly, how do we gather the data, display it on a screen and
save it.

1.4.1 Communication

The first issue we encounter is the connection and communication between all the
devices. There are several communication protocols that we could use in this project:

CAN
CAN FD
LIN
FlexRay

We considered many variables when comparing these options, but one of the deciding
factors was each protocol’s ability to provide flexibility and scalability to the system. All the
aforementioned protocols are well known in the automotive sector, but CAN is arguably the
most used one [2]. This facilitated the process of connecting and communicating all the
devices.

We also took bit speed into account, and CAN provides a wide and comfortable range
that goes from 125 kbit/s and up to 1 Mbit/s. Other protocols are much slower (LIN works
around 20 kbit/s), and others offer speeds that are higher than what this project requires (CAN
FD can go up to 5 Mbit/s, and FlexRay up to 10 Mbit/s).

Another determining factor was that some of the devices that we were going to use,
such as the supercapacitor, already had an implemented CAN bus port to transmit data.

Keeping in mind these considerations, we added an FPGA board to the demonstrator to
be able to collect the CAN data from all the devices and then send it to an external computer.
The board used is the NI sbRIO-9627, which has a CAN port and an Ethernet port, among
others.

Grau d'Enginyeria en Electronica Industrial i Automatica, Universitat Rovira i Virgili 14
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Figure 5. FPGA NI sbRI0-9627, in which the CAN port has been marked in yellow and the
Ethernet port in red [3].

1.4.2Data management and visualization

To fulfill the second requirement mentioned before, we needed to develop a SACDA
system, and for that, we had to choose a software that allowed us to have a scalable and
modular program.

The software chosen was LabVIEW from National Instruments, due to the FPGA board
we had chosen. Additionally, this software uses a visual programming language, which
provides high modularity and scalability.

15
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2. CAN communication

2.1 An introduction to CAN

2.1.1 Overview

CAN is a message-based protocol, originally designed for multiplex electrical wiring within
automobiles to save on copper, but it can also be used in many other contexts. Messages are
divided into frames, which contain an 11-bit identifier (or 29-bit for the extended format), data
of up to 8 bytes and various other bits for control information and error checking.

This protocol uses a priority-based arbitration system called CSMA/CD-A. This means
that for each device, the data in a frame is transmitted serially but in such a way that if more
than one device transmits at the same time, the highest priority device can continue while the
others back off. Frames are received by all devices, including by the transmitting device [4].

Devices connected to a CAN network are called nodes or ECUs and are able to
communicate with other ECUs by broadcasting data via the CAN bus (consisting of two wires,
CAN high and CAN low).

During this introduction we will also mention some of the ISO norms that specify certain
parameters that have to be followed when building a CAN network.

2.1.2 OSI Model Layers
The Open Systems Interconnection (OSI) model describes seven layers that computer
systems use to communicate over a network, where each layer has its own function.

Open Open
System System

1— Peer protocol
Application ———————— <

Presentation ———p <

A 4

Session e <

Transport ——————»|

A 4

Network —¥ < >

DataLink ——— ¥ »

Physical ——

L 4

TIS02920-94/d10

I— Physical media for OSI

Figure 6. Visual representation of the OSI model and its layers, as well as the virtual
connection between two systems.

In more technical terms, the controller area network is described by a DLL (data link
layer) and a PL (physical layer). In the case of high-speed CAN, ISO 11898-1 describes the
DLL, while ISO 11898-2 describes the PL. The role of CAN is often presented in the 7-layer
OSI model as per the following illustration.
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Data link layer

LLC Supervisor
Acceptance filtering ‘
Qverload notification I
Recovery management }
|
I
|

MAC

Data encapsulation
/decapsulation

Frame coding Fau':[
(stuffing, destuffing) confinement
Medium access management f (MAC_LM E)
Error detection

Error signalling
Acknowledgement
Serialization/deserialization

Physical layer

PLS Bus failure
Bit encoding/decoding management
Bit timing (PLS-LME)

Synchronization

PMA

Driver/receiver characteristics

MDI \

Connectors I

Figure 7. Detailed representation of the Data Link and Physical Layers.

2.1.2.1Physical Layer

ISO 11898-2 dictates several parameters, including: bus voltage, baud rate, termination
resistor and network and connector topology [5].

e Bus voltage:

The bus can have one of the two logical states: recessive or dominant. For the
recessive state, the nominal value of both VCAN_H and VCAN_L is 2,5 V. For
the dominant state, the nominal value of VCAN_H is 3,5 V and VCAN_L is 1,5
V.

e Baud rate:

This norm specifies the high-speed CAN protocol, which can reach transmission
rates of up to 1Mbit/s.

e Termination resistor:
Its value must be between 100 Q and 130 Q, with a nominal value of 120 Q.
e Network connector topology:

Specifies 3 parameters. Firstly, the bus length must be less than 40 m. Secondly,
the cable stub length must be less than 0,3 m. And lastly, the distance between
nodes must be less than 40 m.

2.1.2.2 Data Link Layer

ISO 11898-1 comprises the functions and rules related to: encapsulation/ decapsulation
of the transmit/receive data, error detection and signaling, and codification of the transmitted
message [6].
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e Encapsulation/ decapsulation of the transmit/receive data:

Messages are divided in frames, which have the following structure:

#bits

SOF

Start of
Frame

Standard CAN frame

16 2

RTR Control

Remate Trans-

mission Reguest

CRC

Cyclic Redundancy
Check

ACK

Acknow-
ledgement

Figure 8. Standard CAN frame and its fields [7].

Table 2. List of fields in a CAN frame.

EOF

End af
Frame

Name Bit length | Description
Start Of Frame 1 The S_OF is a 'dominant 0' to tell the other nodes that a CAN
node intends to talk.
. The ID is the frame identifier - lower values have higher
Identifier 11 -
priority.
Remote Transmission 1 The RTR indicates whether a node sends data or requests
Request dedicated data from another node.
. . The IDE is a 'dominant 0' for 11-bit IDs, and a 'recessive 1'
Identifier Extension 1 .
for 29-bit IDs.
Reserved 1 Reserved bit.
The DLC specifies the length of the data bytes to be
Data Length Code 4 transmitted (0 to 8 bytes)
The Data Field contains the data bytes or payload, which
Data Field 0-64 includes CAN signals that can be extracted and decoded for
information.
EKS; Redundancy 16 The CRC is used to ensure data integrity.
The ACK slot indicates if the node has acknowledged and
Acknowledgment 2 .
received the data correctly.
End Of Frame 7 The EOF marks the end of the CAN frame.

e Arbitration:

The message priority is address-based. If a collision is detected between two or
more nodes, the one with the highest priority (lowest address) gets access to
the bus, and the other nodes are set to reception mode.

e Codification and bit stuffing:

The SOF segments such as frame, arbitration field, control field, data field and
CRC sequence shall be coded by the method of bit stuffing. Whenever a
transmitter detects five consecutive bits (including stuff bits) of identical value
in the bit stream to be transmitted, it shall automatically insert a complementary
bit in the actual transmitted bit stream. The bit stream in a frame shall be coded
according to the NRZ method. This means that the generated bit level is
constant during the total bit time.
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2.1.3 Benefits
Some of the benefits of using CAN are the following [8]:
e Simple & low cost:

CAN provides an inexpensive, durable network that helps multiple CAN devices
communicate with one another. An advantage to this is that ECUs can have a
single CAN interface rather than analog and digital inputs to every device in the
system. This decreases overall cost and weight in automobiles.

e Broadcast communication:

Each of the devices on the network has a CAN controller chip and is therefore
intelligent. All devices on the network see all transmitted messages, and each
device can decide if a message is relevant or if it should be filtered. This
structure allows modifications to CAN networks with minimal impact. Additional
non-transmitting nodes can be added without having to modify the network.

e Priority:

As mentioned in the previous chapter, every message has a priority. This
arbitration is non-destructive and results in non-interrupted transmission of the
highest priority message. This also allows networks to meet deterministic timing
constraints.

e Error capabilities:

The CAN specification includes a CRC to perform error checking on each frame's
contents. Frames with errors are disregarded by all nodes, and an error frame
can be transmitted to signal the error to the network. Global and local errors
are differentiated by the controller, and if too many errors are detected,
individual nodes can stop transmitting errors or disconnect itself from the
network completely.

e FEasy access:

The CAN bus provides a 'one point-of-entry' to communicate with all other
network ECUs, thus enabling central diagnostics, data logging and
configuration.

e Extremely robust:
The system is robust towards electric disturbances and electromagnetic
interference, which is ideal for safety critical applications (e.g. vehicles or
machines).
2.1.4 Applications
e Logging/streaming data from cars:

Data from cars can e.g., be used to reduce fuel costs, improve driving, test
prototype parts and insurance.

e Heavy duty fleet telematics:

Data from trucks, buses, tractors etc. can be used in fleet management to
reduce costs or improve safety.

e Predictive maintenance:

Vehicles and machinery can be monitored via IoT CAN loggers in the cloud to
predict and avoid breakdowns.
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e Vehicle/machine blackbox:
A CAN logger can serve as a 'blackbox' for vehicles or equipment, providing data
for e.g. disputes or diagnostics.
2.2 CAN specifications of the demonstrator

Within the project, all the devices in the demonstrator that use CAN to transmit data can
be organized in three main categories:

e Batteries

e Supercapacitors

e Others

The devices in each of these categories have a different way to structure data and CAN
messages.
2.2.1 Batteries

The elements that follow this category are the four battery packs. They use a BMS and
an additional module that gathers data from each individual cell and then sends it to the CAN
bus. The BMS used is a '123\SmartBMS gen3', by 123electric, and the additional module is the
'123\SmartBMS extended module', also by 123electric.

Figure 9. 123\SmartBMS gen3 [9].

Figure 10. 123\SmartBMS extended module [10].

The data collected by the BMS is divided into eight 8-byte messages, which are sent with
a starting ID of “N”. As this ID can be modified, we thought of a simple way to assign an ID
to each battery pack to make them easy to understand and interpret: the first pack will have
an ID of 0x10 (the number with this description are hexadecimals), the second one of 0x20,
and so on. This also allowed us to have a scalable and flexible system.

The structure of the CAN bus messages is the following [11]:
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Table 3. Structure of the CAN bus messages from the BMS.

Address | Byte O Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7
N+0 Total voltage Current IN Current OUT Current Battery
N+1 Energy stored Battery capacity SOC -
N+2 Energy today collected Energy today consumed
N+3 Total energy collected Total energy consumed
N+4 Cell voltage MIN Cell voltage MAX (E)ell Vel - - -
ypass
N+5 Cell voltage Lowest | Low Nr | Cell voltage Highest | High Nr | Sbyte 1 | Sbyte 2
Min Min
N+6 UiSin2 Low Nr 'I_'emp High Nr charg discharg Max -
Lowest Highest temp
temp temp
Current cell voltage | Current | Current Cell - Isolation -
N+7 cell cell Nr count resist
temp

Out of all these signals, only the ones highlighted in blue are necessary to get an
overview on the state of the batteries, but the ones highlighted in yellow give more detailed
information on each cell of the pack and general characteristics of the pack, and we will use
them later as well.

2.2.2 Supercapacitor

Both supercapacitors follow the same message structure. They send two messages
based on the 11939 format [12].

5 R | Control End OF
o CANID T ‘:;;13’ Data Field CRC Field ACKl
r (29 Bit) R o) {0-8 8yte] (16 Bit) (2 8m) o o
L. Source
Priority PGN Address
{3bit) (18 8it) (8 8it)
Data
Reserved Page PDU Format PDU Specific

18] (8 Biz) ® mit)

{1 8i)

Figure 11. Structure of the 11939 message format.

Instead of the ID assignation method that we used for the BMS of the battery, the IDs
of the supercapacitor are fixed [13].

Table 4. IDs used by the supercapacitors.

_ Source _
ID Priority PGN Address Frequency Description
0x0CF091xx 3 61585 XX 10 Hz Electrical data
0x0CF092xx 3 61586 XX 1Hz Thermal data
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For the first supercapacitor, the Source Address will be 01, and for the second one it will

be 02.

The structure of the CAN bus messages is the following:

Table 5. Structure of the CAN bus messages from the supercapacitors.

PGN Byte 0 Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7
Electrical Life
61585 Status Voltage Sum Highest Voltage Average Voltage
Flags Counter
Thermal | Highest | Lowest Life
61586 Status Cell Cell - -
Counter
Flags Temp Temp

Similar to the case with the batteries, only the signals highlighted in blue are necessary,
and the ones highlighted in yellow can be used to provide more detailed information.
Nonetheless, we don't have information on the current value, so we will have to get it in
another way. A possible solution is installing a current sensor at the output of the converter
and sending that signal to a transceiver to then send it to the CAN bus.

2.2.3 Others

The previous two categories already had a defined message structure, because the
device itself had a transceiver and a protocol to create these messages using all the signals it
could gather.

This category encompasses all the other devices that we needed to gather data from but
did not incorporate a way to send CAN messages, e.g., the DC/DC converters, the DC bus, the
SST, etc.

These devices will send only one message with an ID of “"M”, which follows the same
pattern as the battery packs. As an example, the first device of this category will have an ID
of 0x50.

Table 6. Structure of the CAN bus messages of the devices from the third category.

Address Byte 0 Byte 1
M Voltage

Byte 2 Byte 3 Byte 4 Byte 5 Byte 6 Byte 7

Current - - - -

2.3 Description of the CAN network

We built the physical CAN network and buses following the instructions given by ISO
11898-2:

ECU ECU

ECU
2 3 n-1

ECU ECU

Figure 12. Wiring network topology, according to ISO 11898-2.
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The bus was built with a pair of twisted wires, and at both ends of it, we added a
termination resistor of 120 Q.

All the devices have a CAN_High and CAN_Low output, but in this network, we used two
kinds of connectors: a 20-pin Minifit Junior connector and a D-sub DE-9 connector. The battery

packs use the 20-pin connector, and the sb-RIO and the supercapacitors use the 9-pin
connector.

For the 20-pin connector, CAN_High and CAN_Low can be found in pins 17 and 7,
respectively:

' \

20-pin connector 8-pin connector

OOZ00O0E)  (EOCE]
WLOZOOOOUOM (MOUOW

.

Figure 13. Diagram of the 20-pin connector and location of both CAN pins.

For the 9-pin connector, CAN_High and CAN_Low can be found in pins 7 and 2,
respectively:

Figure 14. Diagram of the 9-pin connector and location of both CAN pins.
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3. SCADA system

3.1 Design methodology

The methodology used for designing the SCADA system of the demonstrator is module-
based. This methodology allows for high versatility because each module is replicable and
independent of the rest. The modularity also allows for scalability, as a master module from
each category mentioned in the previous chapter (batteries, supercapacitors, and others) can
be copied and used for another device from the same category.

Hardware-wise, the system runs on two platforms: an FPGA board that reads the frames
from the CAN bus and converts them into signals, and an external computer that permits the
visualization and recording of data.

There are four types of modules: communication, conversion, visualization, and
recording.

The communication and conversion modules are located on the FPGA board. The
communication modules read the CAN messages from the CAN bus and send the payload-the
data carried by each message frame—-to the next module, which is the conversion module.
These modules are responsible for transforming hexadecimal, non-scaled, and non-
dimensional values (called frame values) into decimal, scaled, and dimensional values (called
signal values).

Table 7. Example of a conversion of a voltage value from the BMS, from a frame value to
a signal value.

Frame value Scale (Step) Signal value
Ox15FF 0.1 V/bit 563.1V

The visualization and recording modules can be found on the computer. The visualization
modules are responsible for creating and updating the user interface with the most recent
values. The recording modules only activate when the program stops running, either due to a
manual stop or an error, and take the data that has been received during the program’s
runtime and put it into an Excel file, which then is saved in the computer.

The workflow of the SCADA system is represented in a flowchart below:
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C Start >
P1: FPGA
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M1: Read CAN
frame from bus
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M2: Convert CAN
frame to signal

A 4

Send signals to
PC

\ 4

P2:
Computer

M3: Display signals
on PC screen

Stop
request?

M4: Save data to
Excel file

=

Figure 15. Flowchart that represents the workflow of the SCADA program.

Looking at this flowchart we can clearly see each of the four modules, the two hardware
platforms, and how they interact with each other.
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3.2 Description

The user interface of the SCADA system is comprised of two different types of panels:
the main panel and the individual panels. From the main panel, the user can open an individual
panel by clicking the image of a device. Then, the user can close the individual panel window
and go back to the main panel (without stopping the individual program) by clicking the “Close”
button.

3.2.1 Main panel

/ CONTROL PANEL \

Emu 1 (Car) Emu 2 (Moto)

(oo Jvac
(oo Jaac

Total time

S
SAVE OPTIONS /
3

Save all Don't save

Cov

Save Emu 1 (Car)

Save Emu 2 (Moto)

Save Batt pack 1

Save Supercap 1

Save Supercap 2

\ / K Batt pack 1 Supercap 1 Supercap 2 /

Energy storage system

Figure 16. Screenshot of the main control panel of the SCADA program on the computer
on standby.

Figure 16 shows the user interface of the SCADA system, which is divided in two parts.
On the left there is the control panel, and on the right, there is the visualization panel.

The control panel contains all the user controls. These controls include a counter of the
program runtime, a stop button to end the execution of the program, and several buttons to
control data recording (to choose which devices will have their data recorded).

The visualization panel displays on the screen all the information necessary. The
information is displayed in two formats: values and icons. Values are used to display the
current and voltage values, which are measured either from the batteries or supercapacitors,
or from the power converters. Icons are used to show the status of the CAN connection of
each device to the network, according to Table 8.

Table 8. List and of connection status icons and their meaning.

Icon Meaning

The device can be connected to the CAN network but is currently disconnected.

The device can be connected to the CAN network and is currently connected.

The device cannot be connected to the CAN network.

Rt |
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3.2.2 Individual panels

The individual panels are used to show detailed data from the batteries and
supercapacitors. Due to the high amount of data that we receive from each device, we created
several pages that include diagrams, graphs, and counters to be able to display all the data in
one panel.

Additionally, as the individual panels can be run separately, we added a small control
window. From it the user can choose whether to save the data, see the program runtime and
close or stop the program.

The first page is the overview. In this page we displayed general information of the
device such as total and average values, configuration values, and links to three documents
with useful information about the program and the device.

Controls
[7] Save Emu 2 (Moto)

Simulation Time (s) CLOSE

os
Overview | Module | Cells

Current module state Module information

Number of cells Minimum charge cell temperature

- Battery voltage (V)  Battery current (A) o
= CH
55 o Minimum voltage Min_discharg_temp
0.00V | 0°C ‘
50 o
45- “10- I Bypass voltage Maximum cell temperature
jo- -20- [o00v |
oV 0.00 A Maximum voltage State of charge
Average cell Average cell Documents
ife voltage (V) temperature (°C)
% power ™ 3 15 Help | Help-Useful information about this software
¥ g 30-
- Datasheet | Datasheet- ELERIX LTO cell EX-T30K
- 20-
L5- 15-
0.000V 0.00°C Test report | Test report - Low temperature test data

Figure 17. Screenshot of the overview page of the individual panel of the SCADA program
on the computer on standby.

The second page is the module information, in which can be shown the current and
voltage values for the whole pack. The data is displayed in charts, to allow for a more visual
clarity. Additionally, the user can modify the axis ranges to facilitate viewing a specific range
of data. On the bottom left there is a table that shows other values for the individual cells
(highest, lowest, and average).
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Controls
[ ] save Emu 2 (Moto)

Simulation Time (s)

CLOSE ST
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Overview Module | Cells
60
Voltage value
176 £55 g5
ax. volts & o
l\ﬁlz\. m]Erage Eu o ?"
0 Z 3 =
G-, g
30+
Min. voltage i5 s} 10 20 30 40 50
© g Time (s)
40 ‘
[[Jautoscale Y o 5 1 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 05 100 _ 207
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o _ Time (s)
=
2X. CurT et
l:h\ current 5 el
20 & 3 Charac. | Value |number
Min. current V Lowest | 0.000V o
E V Highest | 0.000V )
T Lowest 0°C 0
Y -20-1 i o
[Jautoscale Y o 5 10 13 20 25 30 35 40 45 50 55 6o 65 7o 75 80 85 o0 03 100 ;l::;ﬂ:s: 5 ogo S e
Time () &
T Average | 0.00 °C

Figure 18. Screenshot of the module page of the individual panel of the SCADA program

on the computer on standby.

The third page is the cell information. In this page we displayed the voltage and
temperature values for each cell. We also displayed the data using a bar graph, where each
bar represented a cell, and using a color coding (red, orange, and green) to visually represent
the state that each cell is in (far of the nominal value, not too far of the nominal value, close
to the nominal value).

Overview  Module

Current cell
voltage

0.000

Current cell
temperature

Current cell
number

8
COLOR LEGEND

1.5Vto 1.8V
2.7Vto gV

10°C to 14°C

Cells

Voltage per cell

Controls
[]save Emu 2 (Moto)

Simulation Time (s)
0s

‘ CLOSE STOF

Voltage (V)

26°CtogoC  §

1.8Vto 21V
24Vio 2.7V

£
14°Cto18°C
22°C to 26°C

21Vto 2.4V

18°C to 22°C

Bar Width
2

(]
= ]

Temperature per cell

[] 10 11
Cell number

10 1
Cell number

Figure 19. Screenshot of the cell information page of the individual panel of the SCADA
program on the computer on standby.
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3.3 Characteristics

[ BMoS_vS.lvproj - Project Explorer  — O x
File Edit View Project Operate Tools Window Help

S xbOX|| s8Rk o

ltems  Files

= G, MI-sbRIO-9627-0206%a6f (10.20.220.137) A
- &l Main_RIO.vi

i;ﬂ. CAMFrame-to-Array_subVlvi
Er [ Variables.Ivlib

Baud rate_UserlM
Il Batt pack 1

D'ata Batt pack 1
Timeout Batt pack 1
ID Emu 1

Data Emu 1
Timeout Emu 1

I Emu 2

Data Ernu 2
Timeout Emu 2

ID Supercap 1

Data Supercap 1
Timeout Supercap 1
ID Supercap 2

Data Supercap 2
Total Time (=)

- ¥ Total Time (=)_int
Running

B R

=

[+ B8 Chassis (sbRIO-9627)
H- _‘;q'_' Dependencies
G+ - Build Specifications

f‘
L
o

-
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Figure 20. Screenshot of all the files present in the program, on the FPGA platform.

As we mentioned before, the program runs on two platforms. To run the program
properly, the user must execute the main Vis on each platform. Figure 20 shows all the files
that run in the FPGA, and also the variables used. When the user runs the program on the
FPGA, the main VI (“Main_RIO.vi") is executed. This VI can call other subVIs (such as
“CANFrame-to-Array_subVI.vi”), which act as functions. The variables are used to transfer
data from one VI to another.
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Figure 21. Screenshot of all the files present in the program, on the computer platform.

Figure 21 shows the files and variables used on the computer platform. To execute the
program on the computer, the user has two options. The program can be used to display data
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for all the devices or for just an individual device. For all the devices, the user must execute
the main VI (“"Main_PC.vi"), which will automatically execute all the individual VIs. For one
device, the user must execute the individual VI with the name of that device (e.g.,
“UI_BattPack1.vi”). These VIs can call other subVIs as if they were functions and use variables
to send data to other VIs.

This program uses timed structures to synchronize between panels, and as a result,
some timing limitations are present in the program, as seen in Table 9.

Table 9. Actions that present timing limitations.

Action Time limitation
Program reads data from the bus Every 5 ms

Device sends data to the bus Every 1 s, approximately
Update data on the screen, Main Panel Every 50 ms

Update data on the screen, Individual Panel Every 25 ms

3.4 Program structure

All the main and individual VIs are sequential, and for that we used a sequential
structure. This structure divides the program into several parts. Some of the most notable
ones are:

e Header:

It is present in all VIs. It serves the purpose of initializing variables and setting constant
values. See Figure 22.

e Main loop:

This loop will contain the majority of the program for each VI. There are three types of
loops, depending on the period that each one has —5 ms, 25 ms, and 50 ms—. See Figure 23,
Figure 24, and Figure 25.

e Database selection:

This part can be found in the main VI on the FPGA, and selects which database will be
used for each conversion. The database contains the frame structure and the position of each
signal on a frame. See Figure 26.

e Individual VIs execution:

It is located in the main VI on the computer. It is responsible for running the individual
VIs when the main VI is executed. See Figure 27.

e Error management:

It is present in all VIs. The main purpose of this part is managing the errors when the
connection is lost between the computer and the FPGA. Figure 28 is an example of this part
on the main VI on the computer.

e Data recording:

Can be found only on the individual VIs. It takes the data gathered during the simulation
and saves it to an Excel file. See Figure 29.
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Figure 22. Header section of the main VI on the FPGA.

Grau d'Enginyeria en Electronica Industrial i Automatica, Universitat Rovira i Virgili

32



Design of a SCADA system with CAN communication for a portable DC microgrid

00000 0000000000000 00000000000000000000000000000000000000000000000000000000000000]1

rns

L

1' ¥ Timeout Batt pack 1|_,!| [Frame CAN to Signal =|

timeout? 2

Figure 23. Top part of the main loop of 5 ms, located on the FPGA.
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Figure 24. Top part of the main loop of 50 ms, located on the main panel on the computer.
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Figure 26. Database for the frame structure and CAN bus reading initialization.
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Figure 27. Sequence for executing the individual VIs, on the main VL.
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Figure 29. Sequence for saving the data, on one of the individual VIs.
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4. SCADA testing

4.1 Preamble

Although the demonstrator building process has not been finished yet, the software can
be tested by adapting the hardware present.

Firstly, we will test the communication between the devices, then we will do a charge
and discharge cycle for each device individually, and lastly, we will do error testing.

4.2 Testing infrastructure

The elements that will be tested are the 200 VDC battery pack, the 48 VDC battery pack,
and the 102 VDC 88 F supercapacitor. Additionally, in order to charge and discharge the
devices, we needed a power supply, an electronic load, and a bidirectional power supply.
These devices were mounted as shown in Figure 30, Figure 31, and Figure 32.

Bidirectional power supply

. Y == .  ‘
w /
Y

Figure 30. Testing setup. Power supplies and battery pack.
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Monitoring
computer

Figure 31. Testing setup. Monitoring computer, FPGA, and Energy Storage System (shown
in Figure 3, Figure 4).

Figure 32. Testing setup. Connections between the power supplies and the Energy Storage
System.
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4.3 Communication test

The goal of this test is checking if the CAN communication between all the devices and
the FPGA is working properly. For this, we just run the program and check if the values shown
in the main panel are the same as the values measured with a multimeter. We will also check
if the general information shown in the individual panels is correct.

On the main panel, we should see only three devices connected-two battery packs and
one supercapacitor. For voltage values, the two battery packs should be charged at their
nominal values. One battery pack should be at around 48 V, and the other one at around 200
V. For security, the supercapacitor should be discharged while it is not working (at around 0
V). For current values, the two battery packs should be at 0 A, because the power supplies
are disconnected. The supercapacitor is not able to measure current, so there should not be
a measurement.

Figure 33. From left to right, voltage values of the 48 VDC battery pack, the 200 VDC
battery pack, and the supercapacitor.

iError! No se encuentra el origen de la referencia.Figure 34 shows that only the
three devices that we predicted have a working CAN communication, indicated by the orange
icon next to the image of each device. All the other devices have a white icon, which indicates
that there is no CAN communication established. The results obtained in Figure 33 verify the
voltage values from Figure 34, which are very similar for the two battery packs. For the
supercapacitor, we should take into account that the minimum value that it is able to send to
the CAN bus is of 1V, so the value shown in Figure 34 is correct.

For the individual panels, as all of them are created from the same pattern, we only test
one of them. Figure 35 is the result obtained from the individual panel of the 48 VDC battery
pack. The values in the “Current module state” section are the same as the ones in the main
panel, and we can verify with the datasheet that the values displayed in the “Module
information” section are correct.
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Emu 1 (Car) Emu 2 (Moto)

/ CONTROL PANEL \

SST

C_Jvac
CJaac

(4750 ]V
1 Cowa

Total time
’—‘1 s STOP I

SAVE OPTIONS I 4
Save all Don't save /%1 ofo [%l Eas a % \

Save Emu 1 (Car) V . V

Save Emu 2 (Moto)

Save Batt pack 1

Save Supercap 1

Save Supercap 2

\ / \ Batt pack 1 Supercap 1 Supercap 2 /

Energy storage system

Figure 34. Test result of the communication test for the main panel.
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Figure 35. Test result of the communication test for an individual panel.
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4.4 Charge/discharge test

This test aims to check the program’s ability to gather and save the data received. For
this, we will do one charge and discharge cycle for each of the three devices. We will also
check whether the two other pages of the individual panels—module and cells—are working

properly.

4.4.1 Supercapacitor

The easiest way to verify the results is with the supercapacitor. If we charge it, we can
experimentally obtain the curve defined by (1). The discharging curve can be obtained with
(2). After that we can use the approximation (3) to calculate the theorical time required to
charge or discharge the supercapacitor and check if it corresponds with the simulation runtime.

¢
Vsupercap () =Vps(1 — e_ﬁ) (1)
_t
V;upercap (t) = Vps(e rc) (2)
tsim = 5T 3)

where Veypercap (t) is the voltage value in relation to time, Vp is the voltage of the power
supply, and tg;,, is the approximate time required for Viypercqp 0 reach Vps.

Voltage charging for 102 V 88F supercapacitor

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

Figure 36. Experimental voltage charging graph for the supercapacitor.
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40
35
30
25
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f
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Figure 37. Theoretical voltage charging graph for the supercapacitor.

Using a voltage level of 48 V in the power supply and the data gathered with the
program, we obtain Figure 36. The experimental data show that V;,,¢rcq, takes around 4300
s to reach 98 % of the final value. We can compare this to the theoretical values, shown in
Figure 37. Lines r and s indicate when t = 4t and 57, respectively. Checking the experimental
data, we can see that function f takes between 3500 s and 4400 s to reach 98 % and 99 %
of the final value.

Voltage discharging for 102 V 88F supercapacitor

o

Voltage (V)
N N W
o U

0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure 38. Experimental voltage discharging graph for the supercapacitor.
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Figure 39. Theoretical voltage discharging graph for the supercapacitor.

Similar to the case with the charging values, we obtain the discharging curve presented
in Figure 38. From it we obtain that it takes around 3200 s for V;,,ercap tO reach 1V, which as
mentioned before is the minimum value that the supercapacitor can send to the bus. If we
take a look at the theoretical values, shown in Figure 39, we can see that the function takes
around 3350 s to reach 1 V.

Additionally, during the test, we verified that the module page of the individual panel is
working properly:
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Figure 40. Screenshot of the module page during the discharge test of the supercapacitor.
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4.4.2Battery packs

For the two batteries, we gathered the voltage and current values during the discharge

— charge tests. For the 48 V battery pack, the battery was discharging to a constant current
of 7,5 A until reach the minimum value of 42,5 V, and charged with the standard constant
current — constant voltage protocol with an initial current of 15 A.

When performing this test, we noticed that the current sensors did not read the same

current values as the power supply and that they should be calibrated in order to display the
correct current value, therefore we had to carry out a calibration test.

the current sensor on an Excel sheet:

Sensor current

-25

Current sensor readings
250

200

y = 9,943x - 1,0463
150

100
50
0
-20 -15 -10
-50
-100
-150

-200

-250
Power supply current

Figure 41. Current sensor readings before calibration.

For this calibration test, we noted the current values from both the power supply and

We can see that the values are almost directly proportional with a proportionality

constant of 10, but we are looking for a proportionality with a constant of 1. After applying
the constant of 9,943 and the offset of 1,046 to the current sensor values, we obtain Figure

42.
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Current sensor readings
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Figure 42. Current sensor readings after calibration.

After the calibration test, we can begin testing with the batteries. The results for the
tests are represented in graphs:

Voltage and current discharging for 48 V battery

46 0

45,5 -1

45 -2

44,5 -3
s <
(0] -
o 44 4 5
£ -
el =
= (&)

43,5 -5

43 -6

42,5 -7

42 -8

0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60 1,80 2,00
Time (s)
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Figure 43. Experimental data of the discharge test for the 48 V battery.

Voltage and current charging for 48 V battery

48 16,00
14,00
47
12,00
46
10,00
S <
%45 800 §
% 5
> o
6,00
44
4,00
43
2,00
42 0,00
0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60 1,80 2,00
Time (h)

Figure 44. Experimental data of the charge test for the 48 V battery.

The same protocol was employed for the 200 V battery pack, where a constant current
of 10 A was applied in both tests.

Voltage and current discharging for 200 V battery

198 2,00
196
0,00
194
-2,00
192
4,00 __
S 190 2
o 3
< 188 6,00
186
-8,00
184
: -10,00
182 \
180 -12,00
0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60
Time (h)

Figure 45. Experimental data of the discharge test for the 200 V battery.
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Voltage and current discharging for 200 V battery

204 12,00
202 /
e 10,00
200
8,00
198 .
2 <
2 600 5
S 3
196
4,00
194
2,00
192
190 0,00
0,00 0,50 1,00 1,50 2,00 2,50
Time (h)

Figure 46. Experimental data of the charge test for the 200 V battery.

We also tested if the module and cells pages of the individual battery panels were
working as expected:
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Figure 47. Screenshot of the module page during the charge test of the 200 V battery.
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Figure 48. Screenshot of the cells page during the charge test of the 200 V battery.
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4.5 Error test

4.5.1 FPGA is disconnected

This is arguably the most common error, and on most occasions is caused when either
the computer or the FPGA:

e get disconnected from the local network.
e lose power and shut down.

In these circumstances, the program should give the user the choice to either save the
data recorded up to that point, or simply stopping the execution of the program without saving
the data. This solution will be implemented with a pop-up window that displays the general
information about the error and allows the user to choose either option.

To test this error, on one occasion we disconnected the Ethernet cable from the FPGA,
and on another we disconnected the power cable from the FPGA. On both occasions we
obtained the same result:

Current module state

a
An error ocurred while the program was running.

- Device name: Emu 2 (Moto)
Possible reason:

- Target disconnected,
Error details:

- Shared Variable in Ul_Emu2Moto.vi< APPEMD >
This errar or warning cccurred while reading the following Shared Variable:
YiMI-sbRIO-9627-02069a6f Vanables\ Timeout Emu 2

4410.20.220.137 Vanables\ Timeout Emu 2

Do you wish to save data?

Yes Mo
P B

voltage (V) temperature (°C)

Figure 49. Screenshot of the error pop-up window.

4.5.2 Target folder for data files does not exist

If this problem was not treated properly, the program could get stuck before saving the
data, and thus it would be lost.

The way we solved this error was by saving the data in a folder located in the same
directory as the program, and if said folder does not exist, it creates one.
4.5.3 Executing a panel that is already running

This error happens when the user tries to execute the main panel on the computer while
an individual panel was already running. The main panel tries to automatically execute the
individual panel at the start but finds that it is already running.
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If this happens, we can just disable the program block that tried to execute the individual
panel a second time.
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5. Conclusions

5.1 Goal fulfillment

The main objective of this project, which was to develop a program that is able to gather
data from all devices in the system, visualize this data on a screen, and then save it to a file,
has been accomplished. The program fulfills all the requisites, and it has been tested on several
devices to prove its proper functioning.

It is worth mentioning that the modular methodology used for designing the SCADA
system was very helpful, in the sense that it allowed us to basically only have to design one
of the panels from scratch. The other panels were implemented using the first panel as a
pattern, thus reducing the amount of time spent in the process.

Another conclusion that we can take away from this project is that the decision to use
the CAN protocol was probably the correct one. It allowed us to have a very flexible and
lightweight communication network, since we could add or remove devices from the bus
without impact on the network.

5.2 Future work and improvements

5.2.1 Adding more devices

Due to the limited number of devices available during this project, the program has only
been able to be tested on a few devices. Nonetheless, one of the biggest advantages of the
modular methodology used on this project is that it allows for easy expansions and, as such,
more devices can be added in the future. This means that more batteries and supercapacitors
can be added to the SCADA system, as well as the devices mentioned in chapter 2.2.3, and
others, e.g., power supplies.

5.2.2 Controlling and managing the system

Another topic that is left open to research is adding the capability for the SCADA to
manage and control the system. Currently the program can only monitor the system, which
encompasses visualizing the data and creating data backups. In the future, the program could
be able to send orders to the devices, such as initiating a charging or discharging process, or
remotely disconnecting devices from the system. It could also be used to test energy
management techniques and its optimization.
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