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Abstract

A characteristic common to every power system is the need to balance the energy
demand and the clectricity supplied. In order to guarantee this balance, a dedicated
market, the Ancillary Services Market, is run to ensure the continuity and security
of the system.

Today, these regulation services are mainly supplied by large fossil-fuel power
plants, but with the diffusion of renewable resources and the decarbonisation of
the energy production, new regulation service resources will be required. Hence, in
the last years an opening process of the ancillary services market to distributed
resources has been launched. In agreement with the Italian Regulatory Authority
for Energy, Networks and Environment (ARERA), some pilot projects, aimed
at measuring the performance of these resources, have been defined. Terna, has
identified the following pilot projects as being particularly innovative:

o Virtually Aggregated Consumption Units (UVAC)
« Virtually Aggregated Production Units (UVAP)
« Virtually Aggregated Mixed Units (UVAM)

+ Relevant Production Units (UPR) not subject to mandatory participation

This thesis carries out some tests on a system under the UVAM statements.
This case study proposes a model of a car park with 20 bidirectional charging
stations, divided in 5 groups of 4 wallboxes. FEach charger is capable to inject 10kW
under vehicle to grid (V2G) operations for a total power equal to 200k, which
is the minimum requested power for an UVAM based on electric vehicle charging
stations.

In order to evaluate the impact and performances on a distribution network,
the Real time simulation (RTS), with power hardware in the loop configuration, is
used. In this simulation layout, the medium and low voltage distribution network
is simulated on the RTS, while a real charger is connected to the model through a
power amplifier interface and three current probes to fed back the currents into
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the simulation. The injected currents are then multiplied to evaluate an higher
number of wallboxes.

The first part of the work is based on how the simulation should be configured
and how the model, laboratory set-up and time delays influence the stability of the
system. Through this studies, a more straightforward method to configure a stable
model is proposed, starting from the interface algorithm till the input/output signal
processing.

Secondly, with a stable laboratory set-up, some simulations are run to evaluate
voltage levels, disturbances on the grid side and power losses through the low
voltage lines. These tests are aimed at evaluating the feasibility of this kind of
regulation technology, based on an high number of charging stations. As expected,
the voltages on the low voltage side are lower than the nominal value during G2V
operations, while they are higher in V2G. Some analysis are also done on the power
losses on the low voltage side, following which some hypothesis on the possible
microgrid topologies could be formulated.

v



Table of Contents

List of Tables

List of Figures

Acronyms

1

Introduction

1.1 The rise of electric vehicle . . . . . . ... ... ... ... .....
1.2 V2G provided functions . . . . . ... ..o
1.3 Charging Infrastructure . . . . . . .. ... .. ... L.
1.4 UVAM Pilot Project . . . . . ... .. ... .. ... ... ...
1.5 Project overview and objectives of the thesis . . . . . .. ... ...

Real time Simulation

2.1 Real time simulation overview . . . . . . . .. ... .. ... ..

2.2 OPAL-RT simulation platform . . . . . .. ... .. ... ... ...
2.2.1 Preparing the model for real time simulation . . . . . . . ..

Power hardware in the Loop
3.1 Hardware in the Loop . . . . . . . . ... ... ... ...
3.2 Power Hardware in the Loop . . . . . . . . . . .. ... ... ....

Stability

4.1 Interfacing HUT in HIL simulations . . . . . . .. ... . ... ...
4.1.1 Used interface algorithms . . . . . ... .. ... ... ...

4.2 Amplifier characterization . . . . . . . ... ... ...

4.3 Improving PHIL stability . . . . . . . ... ... .. ... ... ...

Wallbox modeling

5.1 Input and Output signals. . . . . . . ... ... ... ... .....

5.2 Low Voltage Network Topology . . . . . . ... .. ... .. ....
5.2.1 Signal conditioning . . . . . ... ..o

VII

VIII

XII

11
11
12

14
14
14
20
24



2.3
0.4
9.5

5.2.2  Filtering approach . . . . . .. ..o
Wallbox multiplication . . . . . . . ... ... ... . 0.
Time step influence . . . . . . .. . ... oL
Final model . . . . . . . .. ...

Electrical grid model

6.1
6.2
6.3

Network topology . . . . . . . . . ...
Cores assignment . . . . . . .. ...
Loads . . . . . . .

Experimental layout

7.1 Laboratory layout . . . . . . . . .. ... oL
7.1.1 Measurement & data acquisition setup . . . . . . .. .. ..
7.1.2 Load Emulator CINERGIA EL-15 vACDC Full . . . .. ..

7.2 Charger communication . . . . . .. ... .. ... L.
7.2.1  Wallbox status and connection procedure . . . . . . . .. ..
7.2.2 APIrequests . . . .. . .. . . ... ...

Tests

8.1 Test procedure . . . . . . . . ...
8.1.1 Test with load emulator . . . . . .. .. ... ... .....
8.1.2 Test on real hardware . . . . . ... ... ... .......

8.2 Voltage profile . . . . . . . ...

8.3 Low voltage microgrid power losses . . . . . . ... ... ... ...

8.4 Disturbances . . . . . . .. ...
8.4.1 Harmonics content . . . . . ... ... oL
8.4.2 Alternative simulation voltages . . . .. .. ... ... ...
8.4.3 Power factor . . . . . .. ... ... o

8.5 Disturbed voltages power supply . . . . . . . . ... ... ... ...

9 Conclusions

Bibliography

VI

41
41
43
47

49
49
33
54
o6
o6
o8

61
62
62
66
66
70
74
74
79
80
30

86

89



List of Tables

5.1
0.2
9.3

6.1
6.2
6.3

7.1
7.2
7.3
7.4

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8

Resin transformer parameters . . . . . . .. . .. ... ... .... 39
Low voltage line unipolar underground cable specifications . . . . . 39
Wallbox connection line cable specifications . . . . ... ... ... 40
Cores assignment . . . . . . . . ... 43
ZIP load coefficients . . . . . . . ... ... 48
Load type foreach bus . . . . . . .. .. ... ... ... 48
Output images accuracy . . . . . . . . . . . .o 51
Input characteristics . . . . . . . . ... 51
Wallbox technical specifications . . . . . . ... ... ... ..... 52
Wallbox status color code . . . . . . ... ... ... L. 56
Voltage levels in the three working cases . . . . ... ... ... .. 69
Efficiencies and power losses . . . . . . . . ... .. ... 73
THD phase 1 . . . . . . . . . 74
THD phase 2 . . . . . . . . . 75
THD phase 3 . . . . . . . . . . 75
Harmonics amplitude limits % . . . . . . .. ... ... ... .... 76
THD phase 1 in stand-by . . . . . . ... ... ... ... ...... 7
Power factor . . . . . . . ... 80

VII



List of Figures

1.1
1.2
1.3
1.4

2.1
2.2
2.3
2.4

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

5.1
5.2
2.3

Chargingmode 1. . . . . . . . . . . ...
Charging mode 2. . . . . . . . . . . ...
Charging mode 3. . . . . . . . . ...
Charging mode 4. . . . . . . . . . . ...

Computation time comparison. . . . . . . . . .. .. ... ... ..
OPAL-RT software interface. . . . . . . . . . .. ... ... .....
Possible top level configuration . . . . ... ... ... ... ....
Input OP-comm blocks. . . . . ... ... ... ... ... ...,

HIL scheme . . . . . . . . ...
PHIL scheme . . . . . . .. . ... .
Power amplifier operating quadrants . . . . . . . .. ... ... ..

Example HIL circuit . . . . . . .. ... oo
HIL Implementation scheme . . . . . . . ... .. ... ... ....
PHIL Implementation scheme . . . . . . .. .. ... ... ... ..
Base block diagram of ITM interface . . . . . . ... .. ... ...
Step response with zg > 2, . . . . . . .. ...
Step response example with % =075. .. ... .. ... ...
Step response example with ii =025. . ... .
Step response example with f—;ﬂ =0.025 . ... ...
Amplifier step response acquired with the HBM . . . . . . . . . ..
Step response comparison . . . .. ...
Block diagram of I'TM interface with amplifier transfer function

Step response of the whole system . . . . . . ... .. ... .....
Diagram of I'TM interface with LPF . . . . . . . . . ... ... ...

Open loop step response comparison . . . . . . . .. .. ... ...

Input currents scheme . . . . . . . ...
Output voltages simulink scheme . . . . . . ... ... ... ....
Small model . . . . . . . . . ...



5.4
2.5
0.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16
5.17
5.18

6.1
6.2
6.3
6.4
6.5
6.6

7.1
7.2
7.3
7.4
7.5
7.6
7.7

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11

Currents reconstruction . . . . . . . . . .., 29

Voltages reconstruction . . . . . . ... ... 29
Currents reconstruction delay comparison. . . . . . . .. .. .. .. 30
Voltages reconstruction delay comparison . . . . . . . . . . ... .. 30
Bode diagram input currents filter . . . . . . ... ... 31
Input currents with filter scheme . . . . . . . . ..o 32
Multiplied input currents . . . . . . . . . .. ..o Lo 32
Low voltage network . . . . . . . ... ... oo 33
Protection intervention . . . . . . . . . ... ... 34
Filtered output voltages . . . . . . . . ... ... oL 35
Complete control scheme . . . . . . . . ... ... ... ... ... 35
Closed loop step response comparison . . . . . . . .. .. ... ... 36
50us model,standby voltages and currents, correct behavior . . . . . 37
80us model, standby voltages and currents, wrong behavior . . . . . 37
Final low voltage network . . . . . . .. .. .. ... ... . .... 38
Simulated network topology scheme with core assignment . . . . . . 42
Top level simulink model . . . . . . .. ... ... ... 43
HV transmission . . . . . . . .. ... 45
Older measurement set-up . . . . . . . . . . . . ... ... ... .. 46
New measurement set-up . . . . . . . . .. ... 46
OpWrite Block . . . . . .. .o o 47
Experimental layout . . . . . . ... ..o 49
CHAdeMO DC socket . . . . . . .. ... ... ... ... ..., 52
HBM Gen7TA . . . . . . . 53
Cinergia EL-15 load emulator . . . . . . ... ... ... ...... 54
Cinergia EL-15 operating range . . . . . . . .. ... .. ... ... Hh)
Appscreens . . . . ... 59
App logic . . . . . 60
Load emulator divergence . . . . . . ... ... ... ... ... .. 63
10 chargers simulated . . . . . . . . ... ... L. 63
11 chargers simulated . . . . . . . ... ..o 64
10 simulated chargers currents FF'T . . . . . . .. .. ... L. 65
11 simulated chargers currents FF'T, start of divergence . . . . . . . 65
11 simulated chargers currents FF'T, loss of control . . . . . . . .. 66
Measurement points positions . . . . . . .. ... 67
20 stand-by wallboxes voltage profile . . . . . . ... .. ... ... 68
20 charging wallboxes voltage profile . . . . . . .. ... ... ... 68
20 discharging wallboxes voltage profile . . . . . . . ... ... ... 69
20 charging wallboxes power profile . . . . . .. . . ... ... ... 71

IX



8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
8.21
8.22
8.23
8.24
8.25
8.26
8.27

20 discharging wallboxes power profile . . . . . . .. .. ... ... 71

20 charging wallboxes sankey diagram . . . . . . . .. .. ... ... 72
20 discharging wallboxes sankey diagram . . . . . .. .. .. .. .. 72
20 charging wallboxes power profile with limits . . . . . . . . . . .. 76
20 discharging wallboxes power profile with limits . . . . . . . . .. 7
20 stand-by wallboxes power profile . . . . . . ... ... ... ... 78
Alternative software circuit . . . . . . . . ... 79
Alternative simulation voltages . . . . . . . .. ... .. ... ... 79
Console command for filter swapping . . . . . . . . ... ... ... 81
Filter values in the model . . . . . . . ... .. .. ... ... ... 81
Bode diagram of the lower cut frequency voltage filter . . . . . . . . 82
Bode diagram of the higher cut frequency voltage filter . . . . . . . 82
Voltages and currents in normal operations . . . . . . . . . . .. .. 83
Voltages and currents with high harmonic content . . . . . . . . .. 83
Current harmonic content at control limit . . . . . . ... ... .. 84
Load emulator resonant control scheme . . . . . . . . ... ... .. 84






Acronyms

RTS

Real time simulator

HIL

Hardware in the loop

HUT

Hardware under test

DUT

Device under test

PHIL

Power hardware in the loop

LPF
Low pass filter

EVs

Electric vehicles

G2V
Grid to vehicle

Va2G
Vehicle to grid

THD

Total harmonic distortion

XII



SOC
State of charge

XIII



Chapter 1

Introduction

1.1 The rise of electric vehicle

In the last years a growing number of governments started to care about the climate
change problem, making the overall C'O, level abatement necessary. One of the
identified sectors among the most polluting ones is the transport sector, making the
clectric vehicles one of the solutions for the people private mobility. Because, even
if at the moment the Italian energy mix is mainly generated by thermal plants, the
overall efficiency of these power stations is higher than the efficiency of an engine.
The electric vehicle demand has undergone an outstanding growth in the last few
years, as a result some new opportunities for the electric infrastructure have been
explored. The one assessed in this thesis is the V2G or vehicle to grid technology, a
system where electric vehicles connected to the grid feed power back to the network
from the battery of the cars.

1.2 V2G provided functions

Vehicle to grid technology can be exploited to smooth the load curve during the
peaks, provide backup capacity, improve reliability of power system with a growing
penetration of distributed generation power plants, furthermore throught this
service an additional revenue to the vehicle owners is offered. Due to V2G features,
like the relatively quick response, these systems could be employed for the ancillary
services as a combination of [1]:

o Spinning reserves
Spinning reserves are usually supplied by power plants that can be switched
on and provide energy in short periods, generally within 10 minutes. Actually
generators already synchronized to the grid are providing spinning reserves,

1



Introduction

they are paid for the time they are available furthemore if the reserve is called,
the generator is paid for the energy delivered. Similarly electric vehicles could
provide an equivalent service.

+ Regulation services
This service takes care of the frequency regulation of the grid by matching
generation to load demand. The generator must communicate directly with
the grid operator and has to be capable to receive signals from the grid and
respond within a minute increasing or decreasing the output. This kind of
regulations have a short average duration, typically a few minutes.

1.3 Charging Infrastructure

Actually the most of charging stations available on the market are studied for
charging the vehicles so they allow unidirectional energy flow while in the vehicle to
grid applications the used converter must be bidirectional to inject power into the
grid. It is clear how the infrastructure, in the near future, needs to be upgraded to
see real application of this technology, in laboratory a specific V2G ready wallbox
is suited. Another consideration concerns the charging modes that are described
by International Electro-technical Commission (IEC) standard 61851-1:2018 [2].

Figure 1.1: Charging mode 1.

The charging mode 1, showed in Figure 1.1, supports the direct connection to
a socket without any safety systems. For electric car charging is allowed only in
private properties. The connection could be both three-phase or single-phase with
a rated current of 16A and respectively 480V and 250V.

2
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' [N

CONTROL BOX 0 -

Figure 1.2: Charging mode 2.

Even in the mode 2, in Figure 1.2, is forbidden in public areas, but unlike the
mode 1, on the charging cable is required a control box equipped with a specific
safety system. The voltage level are 480V and 250V three-phase and single-phase,
while the rated current must not exceed 32A.

AC

Figure 1.3: Charging mode 3.

The mode 3, in Figure 1.3, requires a power supply system permanently connected
to the electrical network with the control box integrated into the charging point.
This mode is allowed in public spaces. Voltage levels are the same, 480V in three-
phase and 250V in single-phase, with a current up to 32A even if the legislation
does not set limits.
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Figure 1.4: Charging mode 4.

The mode 4, in Figure 1.4, the only charging mode that provides direct current,
requires an external AC/DC converter before the charging cable towards the electric
car. Two standards are actually in use, the Japanese CHAdeMO and the European
CCS Combo, also in this mode the legislation does not provide any limits on current
and voltage levels. In the performed tests, because of the presence of the AC/DC
converter the mode 4 is used.

The Standard IEC 62196 [3] gives some details about the connectors types, here
a specific connector is used, indeed not all of them are suitable for the bidirectional
energy flow because of the communication protocol.The car used is a Nissan Leaf
with the CHAdeMO connector, the only charger type on the market with a public
protocol designed for V2G application.

1.4 UVAM Pilot Project

The increasing share of non programmable energy sources, like most of the renewable
power plants, in the Italian energy market is a cause for the rising demand for
ancillary services. The low system inertia typical of renewable generation leads
the need for higher reserve margin, actually in the Italian regulation some studies
pilot-project are undergoing. As of now the UVAM project enabled the digital
aggregation of small-scale plants to partecipate to the Ancillary Service Market with
no technology distinction, here take place a new opportunity for V2G operations.
As the UVAM pilot project states [4], for the first time, vehicle to grid technology
is enabled to the Ancillary Service Market under specific requirements in terms of
net power of the UVAM plant and response time, these requirements are two of
the main aspects we considered in the tests. The minimum power that has to be
provided from an UVAM plants constituted by only electric vehicle chargers, as
the ARERA documents states [5], is 200 kW. So the model under test will emulate
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an infrastructure with this feature to evaluate the impact of a V2G aggregated
infrastructure in terms of voltages amplitude and injected distorsions on a simulated
grid, modeled as a real distribution line with real data.

1.5 Project overview and objectives of the thesis

This study is part of a research project which involves Edison S.p.A and Politecnico
di Torino, its purpose is to investigate the market opportunities offered by the V2G
applications in the Italian panorama. The thesis is focused on the experimental side
of this project and aims evaluate a bidirectional electric vehicle charger connected
to a realistic network. In order to do so, the PHIL simulation has been chosen.
In this way a simulated medium voltage network can directly interact with a real
hardware through a power amplifier. This dissertation have two main objectives,
the first is defining a stable set-up to run a PHIL simulation, figuring out how to
configure simulation and hardware in the right way to obtain consistent results
for the requested tests. Secondly, the purpose of the joint work of Edison and
Politecnico di Torino, is evaluate the impact of a low voltage microgrid, configured
as an UVAM, connected to a medium voltage network. This will be done in terms

of:
» Voltage profile on the MV and LV nodes.
» Power losses on Low voltage network.
» Disturbances injected in the network.

e Power factor evaluation.

Evaluation of the issues caused by with multiple wallboxes connected to the
same node.

In the Section 7.2 a brief overview will be done also on the communication of
the examined charger and the software used to set the power level requested. In
order to define a stable set-up simulation a stability study will be carried out in
the Chapter 4, untill the Chapter 5 which report in detail the model layout and
the used strategies to keep the simulation working in this specific scenario. Finally
in the Chapter 8 the mentioned tests will be presented.



Chapter 2

Real time Simulation

2.1 Real time simulation overview

Simulation modeling solves real-world problems in a safe and repeatable way.
Simulations are often exploited to conduct experiments where these are impossible
or impractical on the real system. First of all a distinction has to be done between
offline and online simulation [6]. We refer to the offline simulations when the
time required to solve all the system could exceed the time step, in this kind of
simulation variable steps can be also used to solve the mathematical functions.
The online term mean that all the calculations are accomplished during the time
step, so the used time step has to be fixed, if the time required exceed the fixed
step an overrun occurs. This approach called real time can definitely speed up the
simulation process. The ability to solve the system during the time step, including
the interaction with the input/output exchange, allows to interface the simulation
with the real hardware acquiring and driving signals from the I/O boards of the
real time simulator once per time step. Briefly, the simulator in each time step,
has to:

1. read the inputs and generate the output
2. solve all the model functions
3. wait for the next time step, this time is defined as "idel time"

In Figure 2.1 a representation of the needed computation time within the time step
is showed.
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Figure 2.1: Computation time comparison.

2.2 OPAL-RT simulation platform

In this project the real time simulator used is an OP5700 from OPAL-RT while

the software for interfacing the real time simulator with the host Pc is RT-LAB
(Figure 2.2), wich is used to configure, compile, load and execute the models on the

simulator. The OPAL-RT platform is fully integrated with Matlab and Simulink

ecosystem, used to design and control the model.
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Real time Simulation

2.2.1 Preparing the model for real time simulation

To get the model ready for the real time simulation the structure of the simulink
project must respect some guidelines. According with the OPAL-RT documentation
[7] the main steps are:

1. Grouping the model in subsystems
2. Set the correct names to the subsystems
3. Add OP-Comm blocks

First of all a distinction between computation elements and gui elements has to
be done. Each computation blocks is assigned to one of the available core while
the gui subsystem is the only section of the model you can interact with while
the simulation is executed. At the top level of the simulink model is mandatory
the presence of the subsystems, without other components, these blocks have
to be correctly named to be rightly interpreted by the RT-Lab software during
the building process. Some configuration examples are showed in the Figure 2.3.
RT-Lab indeed, recognizes computation and gui block from the name assigned to
them, so the correct naming of the subsystem is important.

The lables used from the sistem to identify the function of the block are:

o SM__ for the Master block assigned to one single core
o SS_ for the Slave blocks assigned to the others availables cores

o SC__ for the gui component
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SM_block

I K.
SM_block SC_block
Legend:
_] GUI components
. Computation components
SM_block SS_block SC_bIock/ n number of availables cores

Figure 2.3: Possible top level configuration

With our RTS configuration the four top level layout showed in Figure 2.3 are
possible. With three licensed cores, the used configuration is the fourth, with two
SS_ blocks. The division of the model sections is to be carefully done in order
to allow the model to run with the lower time step as possible. In fact, as better
explained later, a lower time step is an important condition to keep the model
stable and to achieve correct results.

As more than one computation block were used, the correct communication
among the subsystems has to be assured. To guarantee the real time data exchange
two different types of connection are defined, the first and quicker is the Synchronous,
capable of real time simulation, is the communication used among the computation
blocks as it replicate the communication among the CPU cores. Master and slaves
subsystems run on the RTS while the console on the host computer, the resulting
delay due to the connections is not negligible. As a consequence, between console
and computation blocks, the synchronous communication can not be used. So a
second connection type is needed, the Asynchronous, it is slower than synchronous
and is used also for feedback and data logging and can not operate in real time.
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Lastly, in the model, to exchange data among the subsystems some communi-
cation blocks are needed, they are the OP-comm blocks, as showed in the Figure
2.4, they are placed before the signals being processed and can handle multiple
inputs. If in one subsystem both synchronous and asynchronous communications
are required two OP-comm blocks will be necessary, one for each communication

type.

asynchronous

synchronous ||

SC_block

SM_block SS_block

Figure 2.4: Input OP-comm blocks.
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Chapter 3

Power hardware in the Loop

3.1 Hardware in the Loop

The main purpose of simulations is testing repeatedly a system or an apparatus in
standard test conditions, even long before the real system has been built. With
the hardware in the loop (HIL) simulaton a piece of real hardware equipment is
incorporated into a large simulated system. This approach allows to investigate a
real equipement into the simulation, getting data from a more realistic environment.
It minimizes cost and risk to examine the setup under extreme conditions. HIL
symulation sctup is composed by the three main components showed in the Figure
3.1

+ Real time simulator
It takes care of simulating the virtual system connected to the HUT. In this
thesis we used the TCP/IP protocol to communicate with the workstation.
The signals from the virtual environment are supplied by the output card of
the RTS and sent to the device under test, while the measured signal comes
from the real hardware and processed by the input board, thanks to the I/O
interface card the HIL/PHIL configuration can be exploited.

« Host workstation
It is used to make the model and communicate with the real time simulator
while the simulation is running. Moreover through a specific software (RT-
LAB) the RTS can be configurated.

o System under test It is the hardware that need to be validated, it is
connected directly to the simulator to interact with the simulated model.
Hence, this approach does not introduce an error due to the approximation of
the hardware model.

11



Power hardware in the Loop

WORKSTATION REAL-TIME SIMULATOR ACTUAL SYSTEM

Controllers, Protective Relays

Figure 3.1: HIL scheme

3.2 Power Hardware in the Loop

If the communication between the simulated system and the hardware to test is no
more at signal level, an higher power exchange between these two components will
be involved. Unfortunately the output interface of the simulator can not provide
such an high power. In order to study power system scenarios the introduction
of a power amplifier stage between the simulator and the HUT, as showed in the
Figure 3.2, is needed.

ACTUAL SYSTEM

PV, Wind Farms, Motors, Loads,

' Controllers, Protective relays

WORKSTATION REAL-TIME SIMULATOR POWER AMPLIFIER

A

SENSORS 1

Figure 3.2: PHIL scheme

The power amplifier, as explained, interface the RTS and the HUT, amplifying
the needed power. In V2G operation a bidirectional power amplifier is needed,
in fact, the first distinction is made on the operating ranges of the amplifier, the
quadrants reported in the Figure 3.3 are those of the used amplifier. In order
to guarantee high dynamic performances with lower delay introduced into the
simulation, the used amplifier will be linear. According to [8], non linear amplifiers
are used, for higher power applications, because they are generally cheaper, even if
they have lower performance.
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Power hardware in the Loop
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Figure 3.3: Power amplifier operating quadrants
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Chapter 4

Stability

4.1 Interfacing HUT in HIL simulations

Ideally, the interface between the HUT and the simulation should not introduce
time delay to the control loop, it should have unity gain and infinite bandwidth
in order to assure perfect synchronization between simulated system and the real
hardware. Unfortunately such an ideal connection between the two systems is not
achievable in practice. As a result, HIL simulations might contain some errors
due to the introduced delays, leading to accuracy and stability problems on the
simulation setup.

4.1.1 Used interface algorithms

The connection between simulation and the DUT is established with the interface
algorithms. There are some possible configurations as reported in [9] and [10],
here is explained the one used during the whole model developing process, the
ITM interface algorithm. This interface type is the simplest and straightforward
method to connect the hardware side to the simulation, in PHIL applications the
power amplifier receives the reference voltage signals from the real time simulator
and provides power to the HUT. In the meantime the current sensors measure the
current signals on the hardware and feed them back to the real time simulator with
an ideal current generators setup as explained later.

To better understand the ITM interface, a simple hardware in the loop circuit
is shown in Figure 4.1. In the example two impedances Zg and Z, are reported,
which represent in order the simulated impedance and the real hardware one.

14
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Zs
[ I »-

| I
@ Vs \ ZL

Figure 4.1: Example HIL circuit

Simulator Hardware

Zs e | L- - -i ----------------------------------------------------------------- l2
i1 Current Feedback
| . ! »

Figure 4.2: HIL Implementation scheme

The scheme in figure 4.2 shows the voltage and current signals between software
and hardware side in the simplest way to implement, without a power amplification
stage. In the examined case, we need to interface the simulation with an high
power demanding converter so a power amplification stage is required. As shown
in the laboratory setup, the used amplifier is linear, able to provide really clean
waveforms and capable to reach high dynamic performance, introducing shorter
time delay in the closed loop configuration with respect to the non linear amplifier.
Such features are important to have less stability problems.
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Simulator Hardware

Figure 4.3: PHIL Implementation scheme

The power amplifier, as shown in figure 4.3, introduces a delay which is often
underestimated but should be considered for stability evaluations. As stated in [9],
starting from the error introduced from the power amplifier is possible to evaluate
its transfer function. We can assume to not have any ideal interface, so at a generic
time t;, the voltage amplifier produces an error in the V5 voltage on the HUT.

If the voltage mismatch is produced from the amplifier the difference on the
HUT side is then the error

Auy(ty) = ¢ (4.1)

Uy =11, +¢ and lg = 2 (4.2)
2L

So the error on the voltage v, causes an error on the current calculated as in 4.2

. Ayt , €
AZQ(tk)—% > Db = (4.3)

The current measured on the DUT side are fed back to the simulation side and
injected in the circuit with an ideal current generator, from the simple scheme
V] =g — 25+ 1y (4.4)

Ideally, the current 7; should be equal to i but the error is fed back so

. . . . €
11 =19 + AZQ = 11 = 12 + Z_ (45)
L
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In 4.4 we obtain the voltage difference on the simulation side that will be applied
to the amplifier input at the time t;,,

z
Avy(tyg1) = —¢ - 2 (4.6)
2L

It is shown how the error is amplified by the ratio of the impedances. In order to
keep the system stable, it is clear that the ratio between zg and z;, must be lower
than 1. If the simulated grid impedance is higher than the real one the error is
going to increase its amplitude until the hardware limit, triggering the protections.

From the interface algorithm scheme it is possible to derive the equivalent block
diagram of the PHIL system and check the step response in the two cases, zg > 2,
and zg < z.

1 i2(s)

WV

Figure 4.4: Base block diagram of ITM interface

In the Figure 4.4 is reported the base control diagram of the system, which
includes the power amplifier contribution. It is composed by zg, the equivalent grid
impedance, and z;, the load impedance. Then, the delay between the input and
output signal is introduced. It is constituted by the power amplifier delay and the
one caused by the interface latency, which includes the real time simulator time
step. Finally, T represent the output signal sensing of the power amplifier (here it
is negligible).

Figures 4.5, 4.6, 4.7, 4.8 show how the impedance ratio influences the stability
of the system with a stable response obtained with zg < z. Of course, also the
value of this ratio contributes to a better dumping, indeed the following pictures
show an higher damping with higher value of load impedance, keeping constant
the grid side value.
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Figure 4.5: Step response with zg > 2z,
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Figure 4.6: Step response example with jiL =0.75
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Figure 4.7: Step response example with ii =0.25
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Figure 4.8: Step response example with i—i = 0.025

This behavior is essential to keep in mind during the experimental part in
the laboratory because the condition for a stable system zg < z; is not always
sufficient. The figure 4.8 represents the more similar case to the tested system,
so the impedance parameter has been left with the same ratio during the tests.
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Nevertheless some issues were found, at the first stage, them were attributable to a
stability problem, but the protection were probably triggered for the insufficient
dumping and the high value of the overshoot. In order to understand the possible
cause a better characterization of the hardware platform is necessary.

4.2 Amplifier characterization

As stated before, the delays introduced in the loop are at least the one of the
amplifier and the time step, the second is always identified while the first depends
from the used amplifier. Different applications may require different technology of
the amplifier, according also to the time step reachable with the tested model, indeed
ideally zero delay from the amplifier and the lowest time step in the simulation
are the best conditions. With bigger models the needed computation time rapidly
increases and lower delay introduced from the amplifier means more expensive
equipment. Therefore a lot of power hardware in the loop setup use switched
mode amplifiers, they are non linear and can be used to feed high power loads, but
increasing the power will increase the delay introduced in the simulation loop. In
8] some alternative for the amplification stage are examined.

1. Linear amplifier
This type of amplifiers has very high dynamic performance. The short time de-
lay introduced enables the use of simpler interface topology and less instability
issues.

2. Switched mode amplifier
Non linear amplifiers have lower accuracy and higher time delay compared to
the linear technology. On the other hand they are less expensive and can be
used for higher power applications.

3. Syncronous generator amplifiers
This approach is used if a balanced three phase supply is required, for testing
motor-drive or to test the interaction among devices connected to the three
different single phases.

In the laboratory both a linear and non-linear power amplifiers are available so,
considered that the minimum time step required is high, the linear one has been
chosen to reduce the total delay.

The dynamic behavior of the amplifier is a crucial element in a PHIL simulation,
so some tests to characterize the amplifier have been done. The step response,
reported in the Figure 4.9 has been evaluated and from the response its transfer
function has been found. To measure the response of the power amplifier a small
model with the same time step has been used, three perfect voltage sinewaves
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are sent to the amplifier and, on the phase 3, a step has been introduced on the
peak. With the HBM data acquisition system, both input and output voltages are
acquired. The output is then multiplied by a gain to have both the signals on the
same scale. Due to the fast response of the amplifier it is possible to see how the
output signal is running after the imposed step.

Amplifier Step response
T T T

0.35

Vin
Vout||

0.25- ‘ VT VTR Y
02 | .

0.15 |

Voltage (V)

0.05- o 1

_005 1 L L L L | 1
0 10 20 30 40 50 60 70 80 90 100

Time (s) «107®

Figure 4.9: Amplifier step response acquired with the HBM

In order to evaluate the amplifier behavior in the closed loop the transfer function
was calculated starting from some measurements on the real step response of the
linear power amplifier showed in the Figure 4.9. First of all, the delay between the
input voltage and the the start of the response is measured, and it is tgeay = 4p5.
Then, some characteristic values will be measured starting from the maximum
overshoot and damping;:

cak — Ysteady— state 0.3124 — 0.2631
M P = Ypeak — Usteady—stat - = 0.1874 (4.7)

Ysteady—state 0.2631

In M P?
=/ ——— =04 4.
¢ InMP? + 7 047 (4.8)

Then from the period between the firsts two peak of the response the natural
frequency was found

1
Ty =15.495us = fq = T = wg =2 m- fg =405497.6 (4.9)
d
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Wd

Wp =

With damping and natural frequency the transfer function of a second order
system can be written in the form

2
ysteady—state s Wy, —t .
ampli = 5 5 g tdetay’s (411)
2 4+2-& w, +w?

This transfer function can be used in the control loop to verify if some instability
issues could affect the simulation. The first step is to verify if the step response
follows the original one, so in the Figure 4.10 both the calculated and real step
response of the amplifier are reported.

Time Response

0.35 \ I
Calculated Step response
b —Real Step response
0.3 \ p resp /|
e S— — ]
0.25+ e *\—V/‘/—/ |
3 02F 4
2
g
Z0.15F 2
0.1F 1
0.05 J
0 1 | |
0 15 20 25 30

Time (seconds) %1078

Figure 4.10: Step response comparison

The measured error between them is 3us, due to the fact that the calculated
response is an approximation of the real. Indeed the calculated one is assumed to
be a second order transfer function. However the peak value is the same, so to
evaluate the stability of the loop the retrieved transfer function will be implemented
in the lop scheme, showed in the Figure 4.11.
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A4

V2(s)

Figure 4.11: Block diagram of ITM interface with amplifier transfer function

At this point, it is possible to evaluate the step response of the whole system
and verify if the loop is stable with the amplifier contribution.
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Figure 4.12: Step response of the whole system

In the figure 4.12 is visible a different behavior of the system with the amplifier
contribution, the system is still stable but the overshoot is higher, in the plotted
scenario is equal to 19.40% and could involve a protection intervention.
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4.3 Improving PHIL stability

The simplest method to reduce possible stability issues consists in the implementa-
tion of a low pass filter on the simulation side, as proposed in [10], in the open loop
transfer function will be included the transfer function of the LPF, the problem
of this method is the introduction of a phase shift, which, in turns, impacts the
power hardware in the loop system accuracy, depending on the LPF size. The new
scheme of the system is showed in Figure 4.13, also here, the delay introduced by
the output signal sensing of the power amplifier (7%) is negligible.

Va(s)

Figure 4.13: Diagram of I['TM interface with LPF

To summarize the open loop transfer function without LPF was:

A
G = Z—Iz - Gampti - T (4.12)
While the new open loop transfer function, reported in the Equation 4.13, has
more poles introduced by the low pass filter, so will have a smoother response with
a lower overshoot.
ZR

G=—"- G(LPF : Gampli : Ts (413>
Zy,

In the Figure 4.14 both the step responses of the filtered and unfiltered open
loop configurations are reported. Without the low pass filter is visible a faster
response with an higher overshoot equal to 18.74%, which could cause some issues
due to the intervention of the protections at the insertion of the load. Conversely,
the presence of the LPF on the currents feedback keeps the peak under safe values
with an overshoot equal to 4.32%, without causing the system failure. The overall
response becomes slower, however the stability conditions are respected.
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Figure 4.14: Open loop step response comparison

25



Chapter 5
Wallbox modeling

One of the aims of the thesis is to study the impact of a group of wallboxes in a real
distribution grid, so from the first model developed with only one wallbox in the
loop, a more realistic simulation platform is derived, so in this chapter an overview
on the topology of the grid and on the wallbox representation in the model is given.

5.1 Input and Output signals

To interface the "real world" to the simulation the input and output block of the
simulink environment, showed in the Figures 5.1 and 5.2, are needed. In the input
section before splitting the signal to obtain the three currents is visible a gain 8.06
used to calculate the real currents value from the input signal, the value is specific
for the current probes used and it is given in the manual.

Volts 8.06
Slot 1 Module B Subsection 1
Status

‘OpCtrl

i$i$i@

Ampli_Current_Image_Gain2

>

[ReceiveStatus]

Figure 5.1: Input currents scheme
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Figure 5.2: Output voltages simulink scheme

Also in the output section a gain must be used to adapt the voltage level in
output from the simulator to the level accepted by the amplifier. In the Figure
5.2 is also showed a configuration through which it is possible to send in output
a perfect sinewave given the RMS value from the console, without stopping the
simulation.

5.2 Low Voltage Network Topology

The topology of the low voltage network modeled would like to simulate a real
plant that could be built in an pre-existing car park. The wallbox group will be
supplied by the medium voltage network, hence a transformer is necessary to adapt
the voltage level to 400V, then a three phase line, modeled as a 100m long PI line,
is used to connect the transformer to the wallbox groups departure node. From
this node five groups made up of four wallboxes will be connected with a 20m long
PI line to emulate the distribution of the chargers on the park surface.

Before starting to develop the whole system a first small model was developed
to test the PHIL set-up reliability. In figure 5.3 only one charger station is modeled
connected to the transformer through a PI line. Moreover the medium voltage
grid is replaced with a simple three phase generator to supply the load with clean
voltages.
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Figure 5.3: Small model

As expected a direct connection between simulation and HUT is going to
introduce some errors, hence some modifications to expand the stability region of
the PHIL are explored.

5.2.1 Signal conditioning

At the initial stage the model receives the equivalent currents of one wallbox to
simplify and test the stability of the model. In this first try some stability issues
have arisen, so to keep the system working, voltage and current signals were treated
to receive from the HUT and to send to the amplifier perfect waveforms.

Currents and voltages reconstruction

Firstly the current signals were reconstructed in order to feed the model with
sinewave without any distortion. This process needs to identify the amplitude and
the angle phase of the fundamental to create the new current. Amplitude and
phase angle are then passed to a delay block to shift the sinewave to the right
angle.
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Figure 5.4: Currents reconstruction

The same process is then applied to the output voltages in order to send clean
sinewaves to the amplifier, keeping the system stable.

Y d
z r]
d vur

Dl
=k

Figure 5.5: Voltages reconstruction

After some tests, some instability problems have been found despite to the
perfect waveform used in input and sent to the amplifier, so is needed to evaluate
the impact of the reconstruction on the whole system, hence, on the same scope
both reconstructed waveforms and not are showed, the currents are on figure 5.6
and voltages on 5.7. It is clearly visible how the reconstruction structure introduces
a delay with respect to the real waveforms at the iserction (axes origins), while,
when the system is already connected the delay becomes negligible. As explained
in Chapter 4 more delay introduced in the loop means more intability issues. So
the stability problems, found on the insertion of the currents into the simulation,
could be only worsened by the delay introduced by the waveforms recontruction.
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Figure 5.7: Voltages reconstruction delay comparison

This way of handling input and output has its main problem in the insertion of
the currents into the simulation, in fact if the simulation starts with the loop already
closed no stability issues will arise. This workaround, to make the simulation work,
was unacceptable because the main purpose of this thesis is the evaluation of an
high number of chargers connected to the network. In order to evaluate ti impact
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in many load conditions the wallboxes must be connected in separated groups.
With this kind of layout the stability problems will appear for the insertion of each
group. A second incompatibility is the need of evaluating the harmonics on the
measured currents and the output voltages, but in the reconstructed waveforms all
the disturbances are discarded.

5.2.2 Filtering approach

According to the section 4.3 to resolve the instability found in the system without
the reconstruction approach a filter is placed on the feedback currents to smooth
out the response of the system.

The cutting frequency is calculated to remove any high frequency disturbances
on the measured input currents. The filter is tuned to let till the fortieth harmonic
pass, as stated in [11], the contributions of the disturbances should be considered
till the fortieth order. Moreover through the bode diagram, reported in Figure
5.8, is assured that the fundamental component was not penalized from the filter
in terms of amplitude. Furthermore, in figure 5.9 the discrete transfer function
represents the filter.

Bode Diagram
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Figure 5.8: Bode diagram input currents filter

The introduction of the LPF on the feedback currents successfully keeps stable
the system, so in order to going on with the scheduled test the model could be
enhanced to emulate real applications.
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Figure 5.9: Input currents with filter scheme

5.3 Wallbox multiplication

The new simulink scheme, used to multiply the number of chargers, will emulate
the presence of more wallboxes with some separate subsystems. Each of them
represents a group of four converters through a simple gain placed on the input
current signals, as reported in the Figure 5.10. The Figure 5.11 shows the topology
of the low voltage network. Inside each subsystem are modeled, as showed, three
current generators which inject the currents measured on the HUT side in the
simulation. Through the line are also present some measurement point to collect
voltages and current data in order to evaluate voltages level and distortions on the
waveforms in different load conditions. For testing purpose each wallbox group,
except for the first, will be switched on individually to evaluate the impact of a
growing load on the network.

0.220062 +0.12222
Volts 8.06
Slot 1 Module B Subsection 1 7 - 0.82992+0.17216
Statis 50 ust

‘OpCrl Ampli_Current_Image_Gain2 NUM_WB_Max->1

[ReceiveStatus]

Figure 5.10: Multiplied input currents
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Figure 5.11: Low voltage network

In the used model, configurated as showed in the Figure 5.11, the simulation
starts with the HUT already connected, so the first chargers group (the zoomed
one) can not be disconnected from the grid. If it is needed to run the simulation
without any loads the model can be started with the amplifier turned off.

In order to evaluate other load conditions the last four groups can be switched on
separately. As the simulation starts loaded we found that, with four virtual chargers
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connected, in steady state conditions the system is stable. However some instability
problems appear at the insertion of the other groups while the simulation is running.
In Figure 5.12 is showed the insertion of the second group, as a consequence of the

initial overshoot, the waveforms are saturated and the amplifier protections are
intervened.

500 Voltages |
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Time (s)
Currents
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g 20 B
[2]
ls /
© .20 3
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Figure 5.12: Protection intervention

The recording 5.12 shows how the transient on voltages and currents was really
fast introducing a sort of step to the amplifier input. Hence a second low pass
filter is placed on the output voltages to smooth the transient. Firstly a cutting
frequency of 800H z was selected to avoid instability and keep the system stable.
Unfortunately, even though the impact of the filter was positive and the system was
stable, with this frequency some unsuccessful tests has been performed. So, how

explained later, the cutting frequency has been finally set to 500H z, as reported in
the Figure 5.13.
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Figure 5.13: Filtered output voltages

Adding the new filter int the control scheme, reported in the Figure 5.14,
contributes to smooth the closed loop step response, and following the section 4.3,
the calculated step response has a lower overshoot. In the Figure 5.15 are then
showed the two closed loop step responses, with and without the low pass filter.
The reached peak is lower on the filtered response, indeed, the overshoot reach the
values of 19.51% without the LPF and 4.44% with the filter on the output voltages,
keeping the system stable on the other groups insertion.

Vi) Td H Gampli J—)[ Gurerv
Va(s)

Figure 5.14: Complete control scheme
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Figure 5.15: Closed loop step response comparison

5.4 Time step influence

This configuration is the one chosen to develop the final model, firstly some test at
higher time step are done because in the final model the medium voltage network
modeled requires more time to solve the entire system. The small model initially
was working at 25us so the same system was compiled at 50us, 80us and 100us.
The system resulted to be stable but at higher time step the ripple, produced
by the digital to analog converter, on Voltages at the output ports of the RTS
produces enough disturbances to prevent the wallbox to operate correctly, indeed,
the currents produced from the wallbox in standby were so disturbed to prevent
the charging of the car. In the Figures 5.16 and 5.17 are showed the stand-by
waveforms for two different time steps, respectively 50us and 80us. The axes scale
and the acquisition resolution are the same for both cases. In the first case the
standard stand-by currents are reported, while in the second, the higher time step,
causes such great disturbances that it prevents the charging procedure. On the
voltages side the ripple is negligible due to the low RMS value of the currents with
respect to the voltage values.
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Voltages
P T 0 Te— T J—
L R S A e k.
S 200 \// \\ N N\ v
] / \\ / / \\ / 4
o 00/ . // / \. /
] / N/
5 \\ N d % g :
> 2001 L A P4 1
| ~ N | I ~ S |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Time (s)
Currents
1 T T T T
—~ 'h ol W\ \ M il M [ i HH T . m
< 05 WI‘\H\M W\’”‘"“/y ) W‘L\UH‘}‘ “VH NH\MU‘I\\W\H ﬂ‘ \'\Il‘”"" \‘”\L‘;\‘u“l“‘\”‘\m‘\”‘fﬂ;‘m u“\“"»‘,‘,“,‘,‘ M “‘|“h|‘ﬂ\”\\‘\w\wuWH“JUU‘I hw W V’\””\“‘\‘WN“H“HV‘,"F‘\‘(””\ w w
2 w““w\’w‘ i My, M un‘\'uu‘\‘“ " f Uik
GC) 0 W M " W) ‘\” w"‘“ \ ! W ‘ o
S \ (‘ il T | T J I | ({ | I il i
305/l 'wuxm'wM"}‘w‘v“v‘wu’“ “vw‘m 'uf‘m‘\ “.\'\‘ﬁw“‘.‘l}“‘“‘“ y "‘”‘«:v'w«w;qﬁwwwh“x’w"\‘“w"‘ J‘J\d‘uw}‘w 'H/‘N\;“\“m“ﬂ‘v“““““‘""'““‘
_ I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Time (s)

Figure 5.17: 80us model, standby voltages and currents, wrong behavior
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5.5 Final model

Now it is clear that for stability reasons [chapter 4] and to ensure the right operation
of the wallbox it is mandatory to use the lowest possible time step. The complete
model is then lightened in order to solve the whole system in less than 50us, deleting
some real time measurement point and collecting the data to be processed offline.
In the figure 5.18 is showed the final low voltage section.
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Figure 5.18: Final low voltage network
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The simulated load represents a group of wallboxes up to twenty with a maximum
rated power equal to 220kW, so the low voltage line section should be chosen
according to the maximum power. In the tables 5.1, 5.2 and 5.3 transformer and
lines parameters are reported.

Table 5.1: Resin transformer parameters

Parameter Symbol | value
Frequency fn 50H z
Nominal power Sn 315kV A
Primary voltage i 22kV
Secondary voltage %) 400V
No laod losses Fy 1.03kW
Full Load losses (120°C) P.., 4.60kW
Short circuit Voltage (120°C) Vet 6%
No load current Iy, 1.8%
Secondary rated current I, 455A

Table 5.2: Low voltage line unipolar underground cable specifications

Parameter Symbol value
Cross section o 240mm?
Length L 0.1km
Frequency fn 50H =
Positive sequence resistance 1 0.0943%
Zero sequence resistance ) 0_1318;_7271
Positive sequence capacitance c1 5- 10—8%
Zero sequence capacitance Co 5- 10*8%
Positive sequence inductance I 2.8712 - 10*4%
Zero sequence inductance lo 0.0072%
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Table 5.3: Wallbox connection line cable specifications

Parameter Symbol value
Cross section o 35mm?
Length L 0.02km
Frequency fn 50H z
Positive sequence resistance 1 0.0.641%
Zero sequence resistance To 0.896%
Positive sequence capacitance c1 5 - 10_8%
Zero sequence capacitance Co - 10*8%

Positive sequence inductance

Zero sequence inductance
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Chapter 6
Electrical grid model

The model of the medium voltage network was already used in [12] in a previous
work. The grid previously modeled supplied a single wallbox connected to the
model, while the purpose of this thesis is modeling the connection with an higher
number of electric vehicle chargers.

The simulation was elaborated to emulate a real electrical network based in
Turin. Due to its size and high number of real time measure points, the model
had high computational burden, running, at least, in 100us. So in order to keep it
running with the lowest time step possible the network was simplified and some
redundant measurement points were deleted.

6.1 Network topology

As mentioned before, the network is modeled on real data provided by Turin DSO,
the wallbox group is then "installed" at the terminal node of the Brenta feeder. In
figure 6.1 a simple representation of the electrical grid is given, each node represents
a medium voltage to low voltage substation.
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Figure 6.1: Simulated network topology scheme with core assignment
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6.2 Cores assignment
The simulation was running on the same simulator with three cores licensed of [12],

so the model id divided in the same subsystem, each of them, assigned to one core
as indicated in the Table 6.1

Table 6.1: Cores assignment

Core number Subsystem Type Name
1 SM_HV Master
2 SS_ MAGRA_BRENTA | Slave
3 SS_FIAT GROSSO Slave

The subsystem division showed in the table 6.1 is reflected in the simulink model
top level as described in the section 2.2.1. In figure 6.2 the structure is visible, here
appear also the console that will run on the host computer as user interface of the
simulation.

Monitor_SM ‘
LP Commands
Monitor_SM
Alp— Monitor M-B
2 \—P Monitor M-B
L= 1.947 mH Commands
B1 C= 1.284 uF B Monitor F-G
R= 0.01102 Q Wallbox Measurements ‘\—»
WB Measurements
-0 - acC
c1 u—, &
SS_MAGRA_BRENTA SC_Console
A2 u—\—u
A
L= 1.604 mH
B2 C= 1.558 uF B Monitor F-G
R= 0.01463 Q
N ¢
c2 g
SS_FIAT_GROSSO
SM_HV

Figure 6.2: Top level simulink model

In the figure 6.2 the three computational subsystem are connected through
an Artemis block called Stubline. This block implements an N-phase distributed
parameters transmission line model with exactly one-time step propagation delay
and is optimized for real-time simulation [13]. The Artemis Stubline block allows
the decoupling of state-space system equations of networks on both sides.

The Stubline is needed in case of absence of long lines, to use rightly the block
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is placed in replacement of the secondary winding of a transformer, while the
secondary resistance and inductance are set to zero. Then the block calculate
the correct capacitance to obtain exactly one time step delay starting from the
inductance taken from the secondary winding of the transformer and the time step
as showed in 6.1.

T2
Ts =V Lstub : C1stub = CSstub = I : (61)
stub

However the reactive power should be compensated with an inductive shunt
placed in one of the two side connected to the Stubline following the equations 6.2
and 6.3.

V2 V2
QLshunt =3x% = chtub =3x (62)
Lshunt XCstub
Lt = — (6.3)
shunt — w2 . Cstub .

In figure 6.3 the inductive shunts are visible for the decoupled subsystem
MAGRA_ BRENTA and FIAT GROSSO from the HV side.
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Figure 6.3: HV transmission

From Figure 6.1, it is also visible how splitting the model among the available
cores simulate a physical division. Despite the split on three cores the time requested
to solve the model was about 100us, while as explained in section 5.4 we found in
50us a good value, in order to guarantee accuracy to the simulation and proper
operations to the wallbox. So the first difference from the older model is the
time step used, to reach a lower value the redundant measure point were deleted.
Indeed, we discovered a really high computational burden in the measurement
points previously used, the red one in Figure 6.4.

Moreover, the needed measurement blocks are replaced with others that can be
used to collect and process the data offline. In the Figure 6.5 the new set-up with
a lower computational burden is showed. Then the data are passed to the Artemis
OpWrite block, reported in Figure 6.6, and saved locally after the simulation reset,
as array in a matlab file.
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Figure 6.6: OpWrite Block

6.3 Loads

To implement the loads in the aforepresented network the ZIP model has been
used, described from the following equations:

P(V) =P, [Pp e (%)2 + 7, (;ﬂ (6.4)
Q(V) = Q, lpq v, (%)2 + 27, (%ﬂ (6.5)

In which P, and F, are the coefficients at constant power, I, and 1, the coefficients
at constant current, Z, and Z, at constant impedance. P, and @), are the value at
nominal voltage, while P(V') and Q(V) are the value at defined voltage V.

The load coefficients are sent to the simulation from a matlab script at simulation
start, on this file a difference between the older and newer model is visible on
the loads. Indeed, the HV transformer on the original simulation were almost no
loaded. In order to see a difference on the voltage profile in the tests with the
wallbox the power absorbed was multiplied by ten, so the HV transformer in the
MAGRA_BRENTA feeder is loaded almost at half of its sizing power.

Also the ZIP coefficients value are retrieved from that script as stated in [14]
depending on the load type.

47



Electrical grid model

Load type | P, | I, | Z, | P, | I, | Z,
Residential | 1.21 | -1.61 | 1.41 | 4.35 | -7.08 | 3.72
Commercial | 0.76 | -0.52 | 0.76 | 6.92 | -11.75 | 5.83
Industrial 1.5 | -2.31 | 1.81 | 7.41 | -11.97 | 5.55

Table 6.2: ZIP load coeflicients

While the load type for each distribution line has been assigned to a load class
among commercial industrial and residential as listed in table 6.3

Load type Bus

Residential 5, 8, 10, 17, 19, 20, 26, 34, 35, 36, 37, 40, 41, 42, 43
Commercial | 4, 6, 7,9, 13, 15, 16, 18, 23, 24, 27, 28, 31, 32, 33, 38, 39
Industrial 1, 2,3, 11, 12, 14, 21, 22, 25, 29, 30

Table 6.3: Load type for each bus
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Chapter 7

Experimental layout

7.1 Laboratory layout

As shown in Section 3 some components are needed to perform a real time simu-

lation connecting a re

al hardware to the simulation, in Figure 7.1 the laboratory

configuration is shown in order to better understand the topology of the tested

system.

(" Host Computer

_, input currents

Real measured currents

Amplified output voltages

Electric vehicle supply
i t

Simulation

Data
connection

Opal OP-5700
Real time simulator )

\.

N Puissance
Simulation Plus
output voltages 3x7 kVA

Linear Power
Amplifier

Figure 7.1: Experimental layout
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The main needed components are:

« OP-5700 & host computer

To run the simulation both the real time simulator and a computer are needed,
the first is used to solve the system within the time step while the second
communicate asynchronously with the simulation and allow to control the
simulink model while running, the two systems can communicate through
TCP/IP ethernet. As explained in Section 5.1 the input and output of the
simulation are directly connected with the In and Out connection board of
the simulation. Both for the input and output signals a gain is used to couple
the the simulation and connection board at the right signal level.

The RTS sends the voltages reference to the amplifier in the correct range
(£10V'), whereas in input receives and injects into the simulation the currents
measured on the wallbox.

e Puissance Plus 3x7 kVA Linear Power Amplifier

The used power amplifier is a linear amplifier Spherea Puissance Plus, four
quadrants 21 kVA (7kVA per phase) that can be operated both in AC (three-
phase) and DC with four different coupling modes, moreover each of them has
four operating ranges:

— LVAC - Low Voltage Alternate Current
This is the one used for the tests, with its operating range:

- 135 V-54A
=200 V- 36 A
- 270 V - 28 A (range used)
- 400 V- 18 A

— HVAC - High Voltage Alternate Current
— LVDC - Low Voltage Direct Current
— LVDC - High Voltage Direct Current

In the Table 7.1, from [15], will be reported the accuracies of the output images
and gains to correctly couple the signals from the amplifier to the simulation.
Instead, in the Table 7.2 are reported the input characteristics. They are used
to connect, without any damage to the input ports, the output simulation
signals to the amplifier.
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Table 7.1: Output images accuracy

Images
Voltage image accuracy | 1 VRMS for 60.20 VRMS (£+1.5%)

Current image accuracy | 1 VRMS for 8.06 VRMS (£+1.5%)

Table 7.2: Input characteristics

Images
Insulation > 10M$2
Voltage for full output scale | 7.07VRMS / £10V peak
Max. voltage +15Vpeak
Input impedance 10k€2

Input signal frequency
Fundamental DC to 5kH~z

Harmonics (small signals) Max 50k H z

Digital inputs (4 inputs)

Type DC 0 — 24V
"Low" level < sV
“High” level > 11V

Input impedance 10k

« Charging station & car

The car used is a Nissan leaf which use the DC CHAdeMO plug, the only
communication protocol that supports V2G operation and has standard
libraries ready to implement. Of course the results obtained from the tests
will be replicable with other protocols.
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Positive power Negative power
supply

Figure 7.2: CHAdeMO DC socket

The wallbox specifications are also reported in the the table 7.3

Table 7.3: Wallbox technical specifications

General specifications

Frequency 45 — 65 H =z
Maximum AC currents 20A
Full power AC voltage 340 — 440V

Standby power consumption < 200W
Peak efficiency 95.9%

AC input specifications

Input AC power connection 3phase + neutral +ground
Input Voltage 340 — 440V

DC output specifications

DC output voltage range (G2V) 150 — 500V
DC output voltage range (V2G) 150 — 450V
Rated DC power (G2V) 11kW
Rated AC power (V2G) 10kW
Max. DC output charging current 36.7A
Max. DC output discharging current 33.3A
Connection standard CHAdeMO
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7.1.1 Measurement & data acquisition setup

Data acquisition has been entrusted to an HBM data acquisition system, showed
in the Figure 7.3, capable to record and show the data remotely through a RJ45
port on a dedicated PC. During the tests the voltages have been acquired directly
from the wallbox. The others acquisition input ports were used to measure other
quantities during the characterization of the devices under test.

Figure 7.3: HBM Gen7TA

As for the currents injected into the simulation, they were measured from the
images of the power amplifier, described in the Section 7.1, and sent to the HBM
system through BNC cables.
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7.1.2 Load Emulator CINERGIA EL-15 vACDC Full

As explained later, before testing the real wallbox, for safety reasons a load emulator
is used to perform both the tests in V2G and G2V operations. The cinergia EL-15
in Figure 7.4, indeed, is a programmable load with a range of £15kV A making it
able to cover the whole operation range of the tested wallbox, it is a regenerative
devices, so as long as is based on a back to back power converter it is bidirectional.

Figure 7.4: Cinergia EL-15 load emulator

This equipment has different operation modes, in this case:
« Constant Voltage
« Constant Current

e« Constant Power

the mode used for the tests because emulates the wallbox behavior.
o Constant Impedance

The Figure 7.5 illustrates how the converter works in all four quadrants. It
explains where the equipment behaves as a source and where as a load
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Figure 7.5: Cinergia EL-15 operating range

55



Experimental layout

7.2 Charger communication

The tested charger has a rated power of 11kW, but there are two working modes
enabled:

« Offline working mode

This first mode, allows the wallbox to deliver a fixed power of 7kW to the
vehicle with a simple procedure to start the charge. In this mode the car is
just plugged and the button on the wallbox is pushed, the charge will start
immediately. Neither connection to the internet nor target power are needed.

e Online working mode

Here the charger can be controlled remotely from the internet to set the
chosen power, also the V2G operation mode is available. Through a RJ45
connector the wallbox can also send and receive information from the server
of the manufacturer about SOC and power level.

7.2.1 Wallbox status and connection procedure
Wallbox status

The charger under test shows its status only through a led stripe placed on the
front panel and the color indicates the state of the wallbox. In the table 7.4 the
color code is reported. As visible, the status showed from the charger does not
comprehend the internet connection state, so to check the cloud communication
the app showed in the section 7.2.2 has been used.

Table 7.4: Wallbox status color code

Led stripe color | Status
RED powered, but not ready
BLUE stand-by
GREEN ON

Connection procedure

The charger under test has been developed for a consumer use, due to this, some
issues related to the communication establishing have been encountered. In fact
during the laboratory tests the power supply has been disconnected in different
conditions, in the standard use some of these circumstances are related to faults.
The main issues were related to the connection of the CHAdeMO plug or the
Ethernet cable. Indeed, we discovered that the car plug has to be connected only
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after the startup of the wallbox, otherwise the cloud was not correctly queried
about the power setpoints. Unfortunately this kind of circumstance is frequent due
to the need of multiple tests in a short period of time. Another problem is related
to the Ethernet cable connection, in fact it need to be connected with the charger
turned off for a proper initializing process of the network card of the wallbox. In
order to ensure the operation of the charger a standard procedure has been defined
to establish the communication between the cloud and the wallbox.

1.
2.

10.
11.
12.

Connect the Ethernet cable to the charger.
Power on the wallbox through the grid or the amplifier.

Wait for the led stripe to change color from red to blue (this could take several
minutes).

. Connect the CHAdeMO plug.

. Check from the application if the connection is established through the request

of the SOC level. In response the SOC, power level and time of the request
are returned. If the time is upgraded the connection is established.

. Now it is possible to set the power setpoints and the operation mode.

. The button on the charger panel has to be pressed, and the front led should

turn green, this states that the transaction is started

. Now the wallbox is going to wait the setpoint sent from the application, at the

right time the charge (or discharge) will start. If no setpoint are present on
the cloud the led remain green and the charge will wait a new setpoint from
the cloud. Indeed is not necessary press again the button if more setpoints
have to be sent.

To unplug the vehicle press the button on the wallbox to stop the ongoing
transaction, the led should become blue.

Unplug the car.
Wait the cooling process of the wallbox, the fans start to turn at high speed.

When the fans stop, the power supply can be disconnected.
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7.2.2 API requests

In order to access to all the features of the wallbox the manufacturer gave us the
end URLs for the HT'TP requests, through these, power and working mode can be
set. With the same API request the SOC of the car and the power absorbed or
injected can be retrieved. To access to the manufacturer server, the requests must
be preceded by the authentication process, which uses a POST request with the
client credentials to get an access Token. This Token must be passed for each API
call.

Available operations

Through HTTP requests the following features are available:

o Retrieve latest SOC.
o Retrieve power measurement.

o Configure,both in G2V and V2G, the power setpoint schedules.

Mobile app

In order to set all the parameters, the manufacturer gave us a small mobile applica-
tion, but with some limitations on multiple setpoints setting and the information
got from the cloud. Moreover, Edison developed a LabView tool to communicate
with the server, but it had also some problem on multiple setpoints deleting. In
order to manage this issues an alternative software has been developed and compiled
for mobile devices and web applications, the screens are showed in the Figure 7.6.
Through this application both the operation modes, V2G and G2V, are available
and more setpoints can be sent and deleted individually.

In Figure 7.6 the available screens are visible and each of them correspond to a
specific function:

« Token
In the first page it is possible to perform the authentication request retrieving
the SOC and the power level for the Interested wallbox (Turin or Milan).

» Set power
This is the main part of the software, through this page the operation mode,
power to deliver and time of the setpoint are set.

o Check
Thanks to this screen it is possible to check the setpoints in the next 24 hours
and see the ongoing transaction to verify the connection.
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e Delete

In the last page the sent setpoints listed by time are visible, through the label
of each of them they can be deleted both from the manufacturer cloud and
from the external database. The sent commands must be deleted from this
page also if the end time of setpoint is passed.
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Figure 7.6: App screens
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For safety reasons the system gives you the setpoint ID in response to the power
setting, but does not give the ID if you check the present setpoints on the cloud, so
to delete a specific setpoints the corresponding ID must be saved locally. In order
to guarantee a multiplatform application the IDs are not saved locally, but on an
alternative server. With this method the setpoints can be placed on the mobile
app and deleted from the PC web app or with a different device. In the Figure 7.7
the scheme of the app logic is reported.

Manufacturer Authentication, External
Database Setpoint ID, Database
SOC & Power level,
Operation mode Setpoint ID (S
¢ 4 ==
¥ “Firebase

SOC & Power level,
Operation mode

Figure 7.7: App logic
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Chapter 8

Tests

The main purpose of the performed tests is to understand the magnitude of the
impact of grouped wallbox on the low and medium voltage network in different load
conditions in order to evaluate if a similar storage power plant could be connected
to the real distribution grid. We were mostly interested in amplitude and quality
of the waveforms on to the connection point of the plant, so the the test done to
analyze this aspects are:

» Voltage profile
In order to understand if the voltage level will decrease under acceptable level
in G2V operations or will rise above the maximum tolerated voltage of the
wallbox in V2G.

 Power dissipated
Another important aspect in order to evaluate the profitability of the system
is the power lost from the connection point to the charging stations.

« Harmonics
The internal converters of the wallboxes during normal operations generate
distorsion on the fundamental waveforms. This disturbed sinewave are then
injected into the lines. An evaluation of the magnitude of this phenomenon is
necessary to understand if the disturbances level is lower than the allowed.

« Power factor
Due to the connection lines between the chargers and the transformer the
power factor of the aggregated converters could be lower than the one measured
on a single unit, so also the cos¢ should be evaluated.
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8.1 Test procedure

Because of the structure of the model, to start the simulation and perform the
tests, a specific order must be respected to turn on all the devices. This is due
to the first group of wallbox that is always connected to the simulation, so the
bheavior of the system could be divided into:

o No loaded system
The simulation is running on the real time simulator but the power amplifier
is switched off, so a current equal to zero is fed back in the simulation.

» Loaded system
As soon the simulation starts the power amplifier is turned on, because of
the low voltage network topology, the system is virtually connected to four
wallboxes in standby at the same time. Under this condition the PHIL
simulation set-up is complete, the other group now can be connected from the
console and it is possible to perform some tests.

8.1.1 Test with load emulator

Before connecting the wallbox to the amplifier the simulation should be tested
offline to see if some errors appear. In order to avoid some damages to the HUT,
if the offline simulation is rightly executed, the preliminary tests are done on the
load emulator described in the Section 7.1.2. The maximum power provided or
absorbed from this load is the same of the wallbox, i.e. 11kW, so the results in
terms of power withdrawn from the simulated grid should be comparable.

The first evaluation we did was on the voltage level through the medium voltage
feeder that supply the wallboxes group. In order to be in the worst situation the
maximum load power both in G2v and V2G operation was requested, so all the five
wallboxes groups should be connected. As described in section 5.3 each group uses
the HUT currents to emulate the load on the simulation, so the behavior of the
hardware connected to the loop will influence the simulation quantities too. Indeed,
the simulation with just the first group connected was stable and the simulation
continued working well till the fourth group. However the connection of the fifth
group results in an unacceptable behavior. In figure 8.1 is visible that the insertion
of the last group cause instability leading to the system divergence.
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Figure 8.1: Load emulator divergence
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Zooming in the plot we can observe that the current, even though the system
was stable at the beginning, the currents waveforms of ten wallboxes were really
disturbed [figure 8.2], obviously, zooming in the plot after the inserction of the
eleventh wallbox, the sinewaves are even worst both on voltages and currents plots

figure 8.3].
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Figure 8.3: 11 chargers simulated

In this working state load produces its current with its harmonics spectrum, of
course these disturbances will reflect on the simulated network voltages, then these
signals are sent to the amplifier. So the disturbances on the currents tends to be
amplified leading to the divergence of the system. A specific frequency has been
found to cause this behavior and its value depends on the control strategy of the
converter. In this case, as visible in Figure 8.4, the 15th harmonic is critical. If
the amplitude of this specific frequency reaches and overcomes the fundamental,
becomes itself the fundamental on the three phases, loosing the fundamental
frequency and triggering the protections. This behavior is shown in the Figures 8.5
and 8.6 where is visible the FFT plot of the same current along the process. In
order to keep the system stable with a growing number of wallboxes, with a target
of twenty, we enhanced the filter on the voltage output of the real time simulation
to supply the amplifier with cleaner voltages in spite of the currents fed back into
the simulation. As stated in section 5.3 the new frequency was set to 500H z.
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Figure 8.6: 11 simulated chargers currents FFT, loss of control

8.1.2 Test on real hardware

After some tests on the load emulator the model is completed with the right filter
on the voltages output, this change allowed to the system to be stable till the
inserction of the 20th emulated charger. As explained before, the results of the
tests are really dependent on the hardware used, so, in order to evaluate the system
with the real wallbox connected, the tests on load emulator have been stopped.
Nevertheless the wallbox currents were more disturbed than on the load emulator,
the different strategy control of the converter prevented any stability issues, so
from this last version of the model will be possible to evaluate the impact of the
charging station on the whole system.

8.2 Voltage profile

The connection of a lot of electric vehicles might exert an adverse effect on the
existing power grid both in G2V and V2G operations, especially when coincides
with daily peak load at distribution level. One of the first indicator of the impact of
the EVs on the grid is the voltage level along the distribution feeder. The voltage
values are measured in different points, showed in the Figure 8.7, on two medium
voltage distribution feeders:
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» Brenta feeder
Which supplies the low voltage section that model the wallbox group.

o Magra feeder
Wich is the nearest lines to the one connected to the load. Indeed, both Magra
and Brenta feeders start from the secondary of the same transformer.

Legend:
: : : 1-5 Node numbers
Start Magra End Magra
Jugy Y, : U

I ] < Q > : : :
Start Brenta  Half Brenta End Brenta Start LV End LV

n : (D— i e

Transmission Grid T2

5 2 3 ) .
J J

MV line LV line

Figure 8.7: Mecasurecment points positions

Given the measurement in the shown points, in blue in the Figure 8.7, it is
possible to analyze offline the data. The first indicator, as mentioned before, was
the voltage level in p.u. with respect to the nominal value. The voltage level along
the transmission line defines the voltage profile.

As known the maximum tolerance on the voltage value is 10%. So to evaluate
the deviation from the nominal voltage value, in the normal and worst working
conditions, three main load working cases have been evaluated.

« 20 wallboxes in stand-by (Figure 8.8)
Here the profile should be almost flat on the low voltage side (used as reference
case).

« Full load with 20 wallboxes in charging operations (G2V) at 10kW
(Figure 8.9)
In this state the voltage profile should decrease from the first measure point
to the last on the low voltage side.

» 20 wallboxes in discharging operations (V2G) at 10kW (Figure 8.10)
Conversely in V2G the voltage level should has the opposite behavior.
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Figure 8.9: 20 charging wallboxes voltage profile
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Figure 8.10: 20 discharging wallboxes voltage profile

Table 8.1: Voltage levels in the three working cases

Measure points Voltage level (p.u.) Voltage Deviation %
Charge | Discharge | Stand-by Charge | Discharge | Stand-by

Start Magra-Brenta 0.97 0.97 0.97 3 3 3

End Magra 0.95 0.95 0.95 5 5 5

Start Brenta 0.97 0.97 0.97 3 3 3

Half Brenta 0.94 0.94 0.94 6 6 6

End Brenta 0.93 0.94 0.94 7 6 6

Start LV 0.91 0.96 0.94 9 4 6

End LV 0.89 0.98 0.94 11 2 6
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The Figures 8.10, 8.9 and 8.8 show the obtained voltage profile of the tested
section of the network, as expected the voltages are higher during V2G operation
and lower in G2V, while in stand-by the impact of the load on the medium voltage
feeder is negligible and on the low voltage side the profile is almost flat.

Some interesting observations can be made, first of all, from the pictures and
briefly from the table 8.1, is clearly visible how the impact of the load on the
voltage level of both the medium voltage lines is negligible during the three working
cases. Only while all the 20 wallboxes are charging a 1% difference, on the terminal
node of the medium voltage feeder, is present with respect to the other use cases.
Secondly the 10% of maximum tolerance on the voltage level is exceeded on the
terminal node of the low voltage line, during the charging of the cars, indeed,
the voltages are lower than 206V, and can cause some problems auxiliary loads
connected on the same node. Moreover such a low voltage value caused in some
occasions the end of the charge operations by the wallbox despite the minimum
voltage requested from the hardware was lower. Furthermore the internal converter
of the charging station tries to control itself as a constant power load, in this case if
the voltages tend to decrease the currents absorbed will increase leading to higher
power losses on the low voltages cables.

8.3 Low voltage microgrid power losses

Because the energy accounted from the DSO is not the nominal injected power,
but the power measured on the connection point, the power losses through the
MV/LV transformer and low voltages lines have been evaluated. In this way it is
possible to evaluate the profitability of the presented plants and, if necessary, to
oversize some components like the low voltage cables.

In the figures 8.11 and 8.12 are briefly reported the profile of power absorbed
through the line from the medium voltage connection point to the end of the low
voltage line, as expected in G2V operation the higher power is on the MV connection
point while in V2G operations is on the last node of the LV line. In Figures 8.13,
and 8.14 are graphically reported the power losses through the components of the
microgrid.
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Figure 8.14: 20 discharging wallboxes sankey diagram
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The global computed efficiencies are then summarized in the Table 8.2. As
visible, the values of the losses are not negligible, in fact, the global efficiency should
consider also the conversion efficiency of the chosen converters, which increase the

total energy losses.

Table 8.2: Efficiencies and power losses

Component Efficiency % Losses %
Charge | Discharge Charge | Discharge
MV/LV transformer 98.32 98.43 1.68 1.566
LV line 98.42 98.65 1.578 1.349
LV line + MV/LV transformer 96.77 97.11 3.231 2.893
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8.4 Disturbances

The quality of the electrical power is critical nowadays. As the renewable power
plants represents a growing percentage of the power production and technology
advances, more disturbances are injected into the electrical network by the power
converters, leading to expensive downtimes, production losses and a low power
factor which have an economic impact, as examined in [16]. For these reasons
some requirements must be satisfied in order to connect a device to the grid and of
course the tested modeled power plants must satisfy these requirements too.

8.4.1 Harmonics content

In the simulated grid the wallbox currents are injected into the model and the
voltages on the line are sent to the amplifier. The output voltages are partially
filtered to guarantee a stable simulation, so we can not evaluate correctly the
impact of a really disturbed voltage on the HUT, but the voltages acquired from
the simulation are subjected to the harmonics injected from the converter so in
order to evaluate the impact of the charging stations in terms of power quality the
THD indicator is computed both for voltages and currents. The total harmonic
distortion has been computed on different points through the line to know if it was
under the value of 5% on the connection point and even on the nearest medium
voltage feeder Magra. So it is possible to evaluate if the power quality of a different
line is subjected to the injected disturbances.

Table 8.3: THD phase 1

Component Voltages THD % Currents THD %
Charge | Discharge Charge | Discharge
4 WB group 2.28 1.91 1.97 1.95
20 WB group 2.24 1.90 1.97 1.95
Start BT line 1.62 1.48 1.97 1.95
End MT line Brenta 0.21 0.29 2.02 2.09
Half MT line Brenta 0.27 0.24 0.21 0.32
Start MT line Brenta 0.26 0.23 0.15 0.28
Start MT line Magra 0.27 0.21 0.38 0.44
End MT line Magra 0.27 0.24 0.13 0.27

In Table 8.4 and 8.5 are then reported the values of the THD indicator for the
phases 2 and 3, here the stand-by case is neglected because as mentioned before
the THD should be evaluated at the rated power.
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Table 8.4: THD phase 2

Component Voltages THD % Currents THD %
Charge | Discharge Charge | Discharge
4 WB group 2.28 1.92 1.93 2.01
20 WB group 2.26 1.90 1.93 2.01
Start BT line 1.60 1.47 1.93 2.01
End MT line Brenta 0.28 0.16 1.90 1.95
Half MT line Brenta 0.24 0.14 0.29 0.23
Start MT line Brenta 0.24 0.14 0.27 0.18
Start MT line Magra 0.24 0.14 0.27 0.18
End MT line Magra 0.24 0.14 0.27 0.19

Table 8.5: THD phase 3

Component Voltages THD % Currents THD %
Charge | Discharge Charge | Discharge
4 WB group 2.25 2.12 2.05 2.14
20 WB group 241 2.1 2.05 2.14
Start BT line 1.78 1.63 2.05 2.14
End MT line Brenta 0.18 0.22 1.95 2.13
Half MT line Brenta 0.15 0.28 0.24 0.21
Start MT line Brenta 0.14 0.28 0.19 0.16
Start MT line Magra 0.14 0.28 0.19 0.16
End MT line Magra 0.15 0.28 0.20 0.14

As shown in Table 8.3, 8.4 and 8.5, the value of 5% has never been passed
both in G2V and V2G operations and as expected the highest values are measured
on the points nearest to the converters. During the stand-by of the chargers the
THD indicator is higher than 5% but it is negligible due to the lower fundamental
amplitude value respect to the harmonics.

Of course the THD indicator is not sufficient to evaluate the quality of the
waveforms, indeed, as stated in [17] for the connection of converters groups to the
grid, different harmonics must be lower than specific level, reported in Table 8.6,
respect to the fundamental. The suggested general procedure is exposed in IEEE
Std. 1547.1 Section 5.11 [18], so to perform the test, voltages and currents were
acquired at the nominal power for both V2G and G2V process, then a fast fourier
transformation has been done to retrieve the harmonic components.
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Table 8.6: Harmonics amplitude limits %

Odd harmonics

Distortion limits %

3" to 9t 4%
11t to 154 2%
17t to 21th 1.5%
231" to 33th 0.6%

Even harmonics

2th to gth 1%

10" to 32t 0.5%

In the Figures 8.15 and 8.16 are then showed the harmonic spectrum with its
limits for the currents of the 20 wallboxes group, which results the worst case in

terms of measured disturbances.
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Figure 8.15: 20 charging wallboxes power profile with limits
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Stand-by

Through the Table 8.7 and in the Figure 8.17 the total harmonics content is
reported, the THD indicator is not totally reliable in low load condition because
the ratio between the harmonics and fundamental amplitude is higher than in full
load applications. However, in the simulated scenario the total stand-by load could
be a non negligible operating condition, specially if we assume an higher number
of electric vehicle charging stations in a real application.

Table 8.7: THD phase 1 in stand-by

Component Voltages THD % | Currents THD %
4 WB group 0.39 10.42
20 WB group 0.29 10.43
Start BT line 0.27 10.42
End MT line Brenta 0.22 3.63
Half MT line Brenta 0.27 0.17
Start MT line Brenta 0.27 0.19
Start MT line Magra 0.27 0.22
End MT line Magra 0.27 0.17
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Figure 8.17: 20 stand-by wallboxes power profile

As visible, the harmonics injected from one unit is so high that can cause an
abnormal value of the THD if we consider the aggregate of converters. As a result
this indicator could be non negligible despite, as known, the harmonics content,
injected by a converter, must be measured during a full load tests.
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8.4.2 Alternative simulation voltages

In this configuration the disturbances are introduced from the injected currents
and replicated on the voltages with lower magnitude, but these distorted voltages
then supply the chargers and can cause some issues with the converter. In order to
evaluate if the harmonics on the voltages are real and not caused from the simulink
solver, a small model with an ideal generator and the real injected currents is
build up in an alternative software. The used circuit is showed in Figure 8.18,
the impedances values are the same of the simulink scheme, modeled as lumped
parameters. In Figure 8.19 are then reported the imposed voltage and the load
voltage on the same phase.

R1 L1 R2 L2

/\/ V1 VLoadT ILoad

Figure 8.18: Alternative software circuit
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Figure 8.19: Alternative simulation voltages
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We can conclude than the disturbances on the voltages are real and the results
of the simulink simulation are reliable.

8.4.3 Power factor

As reported in [17] the charging stations should provide a power factor higher
than 0.9 when the output of the converters is over the 50% of the rated output
power. In order to know if this request is met, the power factor of the wallboxes
has been measured in G2V and V2G operations in different points of the microdrid
to evaluate the impact of the lines on the power factor of the converters when they
absorb or inject their maximum power. The results arc reported in the Table 8.8

Table 8.8: Power factor

Measure points cosp
Charge | Discharge | Stand-by
End Brenta 0.93 0.953 0.362
Start LV 0.954 0.938 0.417
End LV 0.956 0.935 0.417
Four wallboxes group 0.955 0.935 0.417

As visible the power factor is lower than the nominal value of a single charger,
which is controlled to be almost equal to 1, as tested in different load conditions
in [12]. We can conclude that the lower value is due to the inductive components
introduced by the low voltage lines. In the Table 8.8 the stand by power factor
is reported. Indeed, a consideration needs to be done on the stand by operations.
The total power withdrawn in stand by could be non negligible in a real application
with an high number of electric vehicle chargers connected, and such a low value of
the power factor could lead to economic penalties from the energy authority.

8.5 Disturbed voltages power supply

At this stage, the reliability of the model with all of the five wallbox groups
connected has been proven. In order to evaluate the behavior of the aggregated
hardware with more disturbed input voltages the model has been modified. To
change the cut frequency of the output signal filter during the simulation a logical
switch has been added into the console, showed in Figure 8.20. Indeed, in the
model a switch, triggered from the console, changes the filter between two discrete
transfer functions, the minimum cut frequency was the same used in the tests
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(500H z), while the maximum frequency has been raised to 1kHz as showed in

Figure 8.21.

filter 1 kHz
1
\—b e}
>
0 —}f/
Commands
filter 500 Hz

Figure 8.20: Console command for filter swapping

0011449z + 0.010631
Vem Y| Z— 177872+ 08008
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TimeStep 50e-6

[Filter_trigger]

0.0029716z + 0.0028636
72— 1.889z + 0.89487

V_sim

Butterworth 2order 500 Hz
TimeStep 50e-6

Figure 8.21: Filter values in the model

In order to not have a lower amplitude of the fundamental component the bode
diagrams, reported in Figures 8.22 and 8.23, of the two filters are examined.
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Figure 8.22: Bode diagram of the lower cut frequency voltage filter
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Figure 8.23: Bode diagram of the higher cut frequency voltage filter

Hence, with all of the 20 virtual chargers connected, the simulation has been run
with the two different filters and voltage and currents were acquired. In Figures
8.24 and 8.25 are then showed voltages and currents measured on the real hardware.
In the first case the output voltages are more filtered and the wallbox absorbed
currents are the one registered during the normal operations. In order to evaluate
a more disturbed power supply voltages, in the second case, the output voltages
are less filtered.
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Figure 8.24: Voltages and currents in normal operations
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Figure 8.25: Voltages and currents with high harmonic content

As visible in Figure 8.25 the waveforms are highly disturbed, in particular a 23"
order harmonic appears. This behavior is almost the same of the load emulator as
explained in the Section 8.1.1, the difference is the limit frequency of the internal

converter control, which is higher. In Figure 8.26 is reported the harmonic spectrum
of the currents showed in Figure 8.25
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Figure 8.26: Current harmonic content at control limit

As in the tests on the load emulator, seems that the harmonics higher than the
control limit frequency, injected from the chargers, are going to increase with the
number of connected wallboxes on the same node. As a result, it is assumed that
the control strategy is similar to the load emulator converter, in Figure 8.27 is
reported the control scheme of the load emulator from its manual [19].
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Figure 8.27: Load emulator resonant control scheme

This kind of regulation algorithms is structured in block resonating at a given
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frequency. Within the resonant frequency each block allows the suppression of gain
and phase errors of the current, so each harmonic can be controlled independently.
For the load emulator the manual illustrates 15 control loops per phase, so the
harmonics can be controlled up to 760H z, which is almost the frequency that
caused the loss of control. For the electric vehicle charger under test it is assumed
the same behavior, but with 23 resonant blocks, due to the frequency that caused
the instability issue on the HUT.

The amplitude of the harmonics in the Figure 8.26 are the sum of the amplitude
at the frequencies that can not be controlled by the converter. In a real application
the SOC of the car and the phases of the harmonics of different chargers are
unpredictable. In the studied case the total load is made up by multiplying the
measured currents of the real hardware, so the amplitude and the phases of the
generated disturbances are exactly the same, similar to the case reported in [20].
As said in [21], different phases can lead to harmonics sum or cancellation, and
multiplying the same currents with the same amplitudes and phase angles, the
summation of two harmonics vectors at the same frequency is certain. Moreover,
in [20] and in [22], is shown how ignoring diversity among distributed harmonic
sources, such as EV battery charger leads to a significant overestimation of the
harmonic problem, due to the same harmonics pattern.

In [21] some electric vehicle chargers are tested and it is observed that all angles
vary within a range that actually tends to have a higher density around an average,
so the summation of some harmonics is possible if we assume an high number of
wallboxes.

In our study the high number of converters connected to the same node caused
some issues to the charging process, but due to this possible overestimation of
disturbances magnitude the results could be different and need to be deepened in
future works. The next step could be the simulation with the same layout, but
instead of multiplying the measured currents, two equal chargers can be connected
to the power amplifier, so it will be possible to check if the harmonics will sum in
the real applications.

85



Chapter 9
Conclusions

Edison S.p.A. and Politecnico di Torino joined forces to deepen research into
the V2G topic in terms of profitability and impact on the network. The thesis
work has been conducted at the Officine Edison facility, situated at the Energy
Center laboratory. The main focus was testing a possible configuration for a
virtually aggregated mixed unit (UVAM) to evaluate the feasibility of a future real
application. The power hardware in the loop simulation was used to analyse the
hardware response at "wall clock" time, evaluating the impact of a real hardware on
the network under test without the approximation given by a modeled hardware.
The simulated medium voltage network has been built on the simulink environment
and properly calibrated to represent a realistic load state, then the low voltage
microgrid model has been connected to a terminal node of this network. During the
thesis work, two main aspects have been arisen about the programmed tests. Indeed,
in order to evaluate the impact on the network of the real hardware was requested
the multiplication of the connected real load in the simulated environment. In
this context some stability issues have been found during the connection of more
wallbox groups, due to the transient of the electrical quantities. Secondly some
conclusions on the grid impact have been carried out.

As said, the first part of the work is centered on how to configure a stable
simulation layout, considering the specific hardware exploited for the tests. In fact,
the hardware characterization was fundamental to correctly set up the filters in the
model. The stability study started with the analysis of the delays introduced by the
simulation and the interface algorithm, so, it was possible to implement a simple
transfer function to study the system response. Hence the transfer function of the
amplifier has been calculated and used to see the impact of the amplification stage
in the control loop. As a result, we discovered that some of the instability issues we
had on the load insertion were caused by the high overshoot of the response, so the
problem has been solved through a low pass filter that smoothed the response. In
conclusion has been observed that the simulation set-up and the characterization
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of the used hardware is important to have consistent results in the tests we did.

Secondly, with a stable simulation layout was possible to test the impact of
the UVAM on the connected grid in terms of voltage profile, power losses and
injected disturbances. High voltage deviations were observed from the nominal
value, due to the high power withdrawn or injected in the low voltage side. Indeed,
the voltages at the end of the low voltage side were lower than the limits in the
G2V case. Due to the high power withdrawn also the power losses on the MV /LV
transformer and on the low voltage lines are not negligible with a total value of
3.2% in G2V operations and 2.9% in V2G. These values, have to be summed to the
conversion losses of the wallboxes, increasing the total losses. In order to enhance
the effciency of the low voltage microgrid it is worth to consider to oversize the
MV/LV transformer and the low voltage lines. With the same configuration also
the power factor has been evaluated, indeed, the power factor of the single unit is
controlled to be almost equal to one, but the value of the aggregated needs to be
measured. At full load, both for G2V and V2G, the power factor is higher than
the limit (0.9), but lower than 1 due to the low voltage lines. Morcover the value
in stand by is really low for the total load and if we consider an higher number
of chargers this value could represent an issue, because the total stand by power
withdrawn is not negligible, and some penalties could be applied. From the point
of view of the injected disturbances, they are always under the limits in normal
operations, and their influence on the medium voltage side is neglectable.

However the harmonics content in the low voltage side, under particular con-
ditions, is not negligible. An interesting scenario is the worst case proposed in
the test, indeed, the total load is the sum of the contribution of 20 identical
emulated chargers. As a result the total disturbances injected is the sum of the
harmonics generated by the converter. In particular the frequency identified as the
limit control frequency seems to be uncontrollable above certain values, leading to
charging issues or, in the worst case, simulation instability. In order to keep the
system working a low pass filter has been placed on the voltages output to block
this limit frequency. The encountered behavior is comparable to the one obtained
from the load emulator in a preliminary test. As a result, has been assumed that
the control strategy is similar to the load emulator internal converter.

During the tests some other aspects have to be considered to guarantee a proper
execution of the measures. In particular the wallbox operation requires attention
to get it correctly works. The correct procedure to make the charger works, at the
initial stage, was not under study, but, in order to get some results, the characteri-
zation of the wallbox became an important part of the work. In fact, the hardware
has been studied for a consumer use case, while in the laboratory the converter
has been pushed in operating conditions that in a normal environment could be
associated to faults. The most important aspects to consider are the CHAdeMO
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and the ethernet connections. The network cable needs to be connected with the
charger turned off to correctly initialize the network card, while the CHAdeMO
plug has to be connected only with the charger turned on. If one of this two
connections are incorrectly done, the charger starts to behave in the wrong way
and needs to be resetted.

Considering this study, some solution and future works could be proposed. The
transformer act as a filter for the disturbances, so, the chargers could be divided
in more groups, supplied by more than one unique transformer, in this way both
safety and disturbances rejection will be enhanced. Furthermore the low voltage
lines could be oversized to reduce the power losses.

In terms of future developments, with this simulation set up, will be possible
to implement a new model with more transformer and also more wallboxes to
simulate mixed cases with some groups in stand by and others at full load, studying
the interaction among them. From the hardware side could be interesting to test,
connected on the same node, two real chargers to check if the sum of the harmonics
it is real or if there will be a cancellation among the different frequencies.

In the end the network model could be modified to emulate a daily load profile
to better understand the compatibility between this kind of low voltage load with
the power withdrawn on the medium voltage network.
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