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Abstract

The objective of this research is to develop a model for the electrical components that are
involved in charging and discharging of an electric vehicle (EV). This will enable testing differ-
ent energy management strategies that improve energy efficiency, battery lifetime, and ener-
gy availability. Furthermore, the model will enable the investigation of vehicle to grid (V2G),
thermal preconditioning of vehicles, and an economic analysis and optimization.

In order to achieve the above goals, the effects that determine the performance of the infra-
structure, rectifier, and battery are investigated and included as a second step in a parameter-
ized model. Implementing an open loop control enables sample times of one minute and, by
simplifying the process for a low runtime, multiple EVs can be included in the simulation of a
smart grid. The structure is designed in a way as to support both uncontrolled and controlled
charging with variable charging power and variable charging current.

For the battery, a simple model approach was developed that limits the computational com-
plexity and the effort for parameterization. It was found that the energy management of an
electric vehicle is a complex process with battery handling being a key issue. The performance
is dependent on various parameters that involve battery temperature, depth of discharge, and
charge and discharge rates.
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1. Introduction

Road transport contributes to approximately one-fifth of the EU's total carbon dioxide (CO,)
emissions. CO, is one of the most prevalent greenhouse gases, and CO, emissions from road
transport alone increased by nearly 23 % between 1990 and 2010, and could have been even
higher without the economic crisis [1]. Cars with different degrees of hybridization are a solu-
tion because they can have up to 6 times more fuel economy relative to vehicles powered
solely by conventional internal combustion engines (ICEs) [2]. Furthermore, hybrid vehicles can
offer economic benefits through the integration of electric mobility in a smart grid with a high
share of intermittent generation by shifting demand to off-peak hours and using the car bat-
tery as a storage device in vehicle to grid (V2G) applications. This is achieved by optimized and
controlled charging and the usage of the electric vehicle (EV) battery as an integrated part of
the electric grid.

It is expected that plug-in hybrid electric vehicles (PHEV) will soon become cost effective and
that higher investment costs for the battery will amortize over the lifetime of the vehicle. A
market study by A. T. Kearney forecasts that by the year 2025 PHEVs and all electric vehicles
(AEVs) together will contribute a share of 30% of the compact car market in Europe. Only 35%
of powertrain configurations will be based solely on an internal combustion engine [3]. Still,
there are obstacles such as relatively uneconomical high usage times combined with a defi-
cient charging infrastructure. Compared to cars with an ICE, PHEVs require a higher investment
and can only become economically advantageous for high usage times. The investment cost
amortize over the lifetime of a PHEVs, due to the lower operational cost. Considering the costs
PHEVs are not expected to become cost effective by 2016 assuming a daily operation of less
than 7.3 hours and an average speed of 40 km/h. However, by 2020 PHEVs the minimum
operational time is expected to drop to 2.7 hours per day [4]. Apart for economic reasons
customers are also hesitating because the charging infrastructure for EVs is not satisfactory.
This is a problem because there is no economic incentive for companies to invest in charging
infrastructure if only few people use EVs.

In order to take advantage of the benefits, overcome the hurdles mentioned, and raise public
awareness, the German government launched several research projects that analyse the
integration of several technologies in a smart grid. As a partner, the Reiner Lemoine Institute
develops a simulation tool called SMINT (Simulation Model for Intelligent Energy Systems) for
the energetic, economic, and ecological characterization of a micro smart grid. This new and
universal tool accurately covers various present and future technologies by parameterizing key
values and, at the same time, limiting computational time and complexity. The following
research documents the component of SMINT that models electric mobility, specifically the
charging infrastructure and the EV as one of the main elements of a micro-smart-grid.

A unique aspect of this analysis is the straight forward top-down approach which enables
simulations of both controlled and uncontrolled charging in one tool. In addition instead of a
control with a feedback loop that regulates the grid power, the behaviour of the control is
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imitated by an open loop control. This allows sample times of up to one minute, low runtimes,
and a high accuracy.

The power that is drawn from the grid can be controlled either by referencing the battery
current or the grid power. In addition, also the boundaries of the SOC window are realized in
two ways. The first algorithm measures the current into the battery, integrates it over time
(coulomb counting), and limits it accordingly. The second one is realized by reducing the cur-
rent, so that certain voltage limits are retained.

These developments are highly interesting for both research and industry. For research activi-
ties, the low computational requirements enable a variety of studies. Firstly, different energy
management strategies that improve energy efficiency, battery lifetime, and energy availability
can be tested. Secondly, it enables studies for the investigation of vehicle-to-grid (V2G), ther-
mal preconditioning of vehicles, and an economic analysis and optimization. Thirdly, the dy-
namic behaviour of a large fleet of vehicles and their effect on the distribution grid can be
studied and improved. For industry, this study incorporates essential parts that can be used for
product and service innovation. Typical companies can be found in the field of vehicle fleet
management, virtual power plant operation, and battery technology.

1.1. Structure of the Thesis

The charging infrastructure and the EV (including the charger and the battery technology) are
modeled and simulated. The study is structured as follows: Chapter 2 gives an overview of the
technology incorporated in the operation and the charging of an electric vehicle. Special focus
is put on the battery because it is by far the most complex and important component. Chapter
3 introduces the framework for the representation of the charging infrastructure and the EV as
a model. Here, the requirements and boundaries are set and basic modelling methodology and
specifically different battery modelling approaches are presented.

Chapter 4 includes the implementation of the model and the open loop control strategy.
Starting from the general structure this section outlines the way the submodels are construct-
ed and programmed. In Chapter 5, the model and the control strategies are verified and a test
case is presented. At the end, concluding remarks and an outlook on further work round up
the thesis.
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2. Electric Components

In this section, an overview of the relevant technologies that are necessary to transfer electric
energy between the distribution grid and the vehicle battery is presented, along with their
characteristics. In the following section, focus is placed on conductive charging, which repre-
sents the most common charging technique. Charging techniques such as battery exchange
and inductive charging are not considered.

The aim of this section is to serve as a basis for modelling in terms of the following questions:

e Which technologies and components are used for charging and how do they interact?
e What are the effects that influence the performance of different components?
e How can the impact be quantified?

Starting from this point the devices that are needed for charging can be introduced. The most
important are (a) the battery, (b) the battery charger (or power converter), (c) the cable con-
necting the car to the charging station, (d) the charging station itself, and (e) the cord connect-
ing the charging station with the house connection box. Several fittings are necessary as well,
such as (f) the cords inside the vehicle and the charging station and (g) the receptacles and the
attachment plugs at the car and the charging station. All these components cause losses that
can be either constant (e.g. standby) or vary with the power exchanged (e.g. ohmic losses).
The standard IEC 62196-1 covers the interface between the charging equipment and the
electric vehicle and specifies the mechanical, electrical, and performance requirements for
involved plugs, socket outlets, vehicle connectors, and vehicle inlets [5].

For the representation of the major losses during charging, several German research projects
showed the importance of the operation on the performance of a charging and discharging of
an AEV. Sankey diagrams visualize the power flow and losses in [6] and [7].

2.1. Charging Station and Grid Connection

There are various different possibilities like battery exchange stations, high power charging
stations (“shock charging”), and inductive charging for the provision of electric power. Accord-
ing to [8] in international standard IEC 61851 there are 4 different modes for conductive charg-
ing with the following characteristics:

e Mode 1 (AC): Charging using a standard plug max. 16A three phases without communica-
tion, charger is in the vehicle

e Mode 2 (AC): Charging using a standard plug max. 32A three phases, security and control
functionality in cable or house

e Mode 3 (AC): Charging using a special plug max. 63A three phases, security and control
functionality implemented in EV, charger is in the vehicle

e Mode 4 (DC): DC charging station with a special plug for EVs, the power equipment, secu-
rity and control functionality is implemented in the charging station, the cable cannot be
disconnected from the station
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Maximum power Maximum power
single phase three phase
Mode 1 3.7 kW 11.0 kW
Mode 2 3.7 kW 22.0 kW
Mode 3 3.7 kW 43.5 kW
Mode 4 DC-Low max. 38 kW -

DC-High max. 170 kW

Table 1: Specifications of the maximum power demand according to industrial specifications [9]

The charging station is the device that connects the car to the power grid. It also sends the
control pilot signal to the charger for starting the charging process and disconnects the EV in
case of a fault. For a power analysis it is important to research the efficiencies across the
power flow chain. For the charging station the major losses originate from:

e the current limitation, the 12V pilot for the contacting process, and standby (~10W) [7];
e and eventually additionally switches, internal cables, the screen, and the master control
station [9].

For the cable losses, standard equations for AC and DC power systems can be used. In AC
systems the power flow is determined by the equation:

P3<p:3'P1<p:3'Vpn'IAC'COS((P) (1)

where P;, is the transmitted power for 3 phases respectively, Py, for one phase, 1, the root-
mean-spare (RMS) voltage from phase to neutral, I the RMS current, and cos(¢) the power
factor. In a DC system, the power flow is calculated by:

Ppc =Vpc " Ipc (2)

Where Pp is the power transmitted V is the voltage and I the current. The losses for AC and
DC are

Pr3p =3"Iac” - Reapie (3)
Piip = lac” * Reabte (4)
Pipc = Inc® * Reapie (5)
with
p-l (6)

Reaple = T
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where P; 3, and P, are the losses for three phases and one phase, R.qp is the cable re-
sistance, p is the specific resistance, A the diameter of a cable, and [ the length. In DC systems
the length has to be multiplied by two, in order to consider both the high and low voltage
cables.

For the design of the connection from the house connection box to the electric appliance, the
German standard DIN 18015 can be consulted. It states that the allowed voltage drop depends
on the required apparent power and the distance of the house connection box to the recepta-
cles [10]. The charging cable is typically made out of copper, 5 meters long, and has a cross
section of 10 mm? [9]. According to [7] the resistance is 2*0.2 mOhm for the plugs and 2*21.7
mOhm for the cable. This amounts to losses of about 11 W for a one phase charging system
when charging with 3.68 kW.

2.2. Battery

A battery is a storage device consisting of one or more electrochemical cells that convert the
stored chemical energy into electricity. The most prevalent battery technologies that are used
in the automotive sector today are lead acid batteries. In conventional cars these batteries are
used to provide the starter motor, the lights, and the ignition system with power. Because of
their low specific weight and volume, Li-ion batteries are the most promising technology for
traction [2]. Hence, they will be the only battery technology considered. Accordingly, the usage
of the term battery implies Li-ion batteries in the course of the thesis.

The most important value when characterizing a battery is the capacity, which is measured in
ampere hours (Ah). For the operation the current state of charge (SOC) of the battery is essen-
tial. It is represented as a percentage and defined as follows:

SOC (t) = flbat (¢)-dt _ Qact (7)

Qnom Qnom

where I, is the current to the battery, Q. is the actual capacity stored in the battery, and
Qnom is the nominal capacity of the battery. The DOD is defined as:

DOD (t) _ Qnom — Qact (t) = 1-S0C (t)

Qnom

(8)

For small time steps At the SOC is approximated as:
SOC (t) = SOC (-1 + Ipgs - At (9)
and when just considering the SOC window the SOC becomes:

50 = Sz~ i -
max mn

This makes an analysis easier because the offset of the minimum and maximum capacity, Qnin
and Qax, is Not incorporated. The consequence is that the value varies are between 0 and 1.
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2.2.1. Performance Indicators

From a user perspective, the battery performance in relation to an EV is energy capacity,
efficiency, and life expectancy. These parameters are strongly dependent on a number of
variables such as temperature, depth of discharge (DOD), charge and discharge rates (CR), and
the number of cycles (CN).

The lifetime of a battery is defined as the time between startup and the outage of a battery.
According to German standard DIN 43539 / part 4 and also internationally [11], outage is
reached as soon as the capacity drops under 80% of the rated capacity. Similarly, there is a
definition that represents the state of health (SOH) of a battery. It is defined as:

Qaged (11)

Qnom

SOH =

where Qg4 is the reduced maximum capacity due to aging and Quom is the nominal capacity at
the beginning of the lifetime. A mathematical approximation of the capacity fade can be found
in[12].

The charging efficiency according to [13] is defined as:

0.
charging ef ficiency = Qin (12)
AQOut
and the energy efficiency as:
AE;
energy ef ficiency = —— (13)
AEOut

where AQ;, is the amount of charge during charging, AQ,,: the capacity that is discharged
during one cycle, and AE;,, is the electric energy during charging, and AE,;; the electric energy
during discharge. According to [13] for temperatures higher than the freezing point the energy
efficiency is above 95%. The energy efficiency for T=-20°C drops to 88%.

In general, it is possible to distinguish between short term effects and long term effects, as
well as reversible and irreversible effects. Short term is defined as having a significant effect
(change in thévenin voltage or resistance of about 1%) during one cycle whereas long term
effects have a consequence after several cycles. Usually the car operation is optimized in order
to avoid harmful conditions. However, they cannot be fully avoided due to operational re-
quirements. In some cases there must be a trade-off due to a condition having both positive
and negative effects. For example, higher temperatures reduce the internal resistance, but at
the same time accelerates aging.
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Long term Short term
Irreversible effects NC, temperature, CR, DOD -
and calendary time on im-
pedance
Reversible effects Self-discharge on capacity Temperature and CR on open

circuit voltage

Temperature and SOC on
impedance

Table 2: Effects of external and operational parameter on entities of the electric circuit model

The conditions in Table 2 are not reflected in specification sheets in which the data is generally
idealized and set to specific parameters. However, this is only natural considering the complex-
ity of this electrochemical device. Likewise the information provided in scientific papers is also
limited due to the necessity of large amounts of data. Table 3 summarizes the effects that
influence the performance of a battery and compares their weighted impact. The effects are
explained in the following chapters in detail.

Energy efficien-  Energy efficien- Energy capacity  Energy capacity

cy during a cycle cy long term reversible / irreversible /
short term long term
Temperature low medium high medium (avoid-
able)
Charge or dis- medium medium medium medium (avoid-
charge rate ance limited)
Discharge to low very low medium No medium (avoid-
DODs able)
Number of No medium No medium
cycles
Calendary time very low low very low (self- No information
discharge) found

Table 3: Overview of the influence of operational conditions on the performance of EV-batteries

Figure 1 shows the self-discharge of a battery for the duration of one year. It shows that the
capacity drop is less than 1 % per day or 1 mV for a battery cell with a nominal voltage of 3.7 V.
Considering that an EV is used several times a day in order to account for the higher invest-
ment cost this effect can be neglected. As such, this effect is not investigated further. Howev-
er, it would not be problematic to include it in a model.
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Storage curve in normal temperature
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Figure 1: Self-discharge of a battery over a year [14]

A battery simulation at the Danish Technical University [14] has shown that the performance
of the battery depends heavily on the operational conditions. For different use cases the
battery lifetime varies between 14 and 27 years and the efficiency between 90.8 % and 95.5 %.
High lifetime is expected for slow charging and work home driving profiles, while reduced
lifetimes are expected for a large number of cycles and higher usage times. The following
chapters describe the complex relationship between the performance and the operational
conditions such as temperature, DOD, CR, and the number of cycles.

2.2.2. Temperature and Number of Cycles

For a detailed analysis of the Li-ion technology the battery of the Boston Power company was
investigated using the datasheet [15]. The results are summarized in Table 4 and Table 5. The
data for five different discharging curves were extracted using eleven to 18 data points and
interpolated as well as extrapolated using a cubic spline function. When comparing the ex-
tracted data with given data (nominal energy capacity, nominal capacity) in the datasheet the
results are satisfying, with a variation of less than 1%.

The results show that high temperatures increase the capability of the battery to store energy.
For example, at a temperature of 45°C the capacity is 3.7% higher than if the battery were at
25°C. This is similar to the results of [15] and unique when comparing with other battery
technologies [13]. For temperatures above 45°C, the capacity decreases. Taking 25°C as a base
case, both the capacity and the energy rise towards higher temperatures. However, when
considering the energy the effect is even stronger. The energy available at -40°C more than
halves and the capacity drops to 58%. When solely looking at the capacity, a misinterpretation
of the effect of high discharge rates is most likely. Therefore the focus should be on the energy
which accounts for lower operating voltages.
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Conditions Parameter Energy avail-  Capacity avail-
variation able able
Discharge rate: 0.5C 45°C 19.5 Wh 5.4 Ah
Discharge Voltage: 25°C 18.8 Wh 5.2 Ah
2,75V 0°C 16.2 Wh 4.6 Ah
-20°C 13.3 Wh 4.0 Ah
-40°C 8.9 Wh 3.0 Ah

Table 4: Energy available for discharging batteries at different temperatures based on datasheet [15]

According to [13] the behaviour is ideal for a wide range of variables with the charging effi-
ciency exceeding 99%. Exceptions are SOCs higher than 95% and temperatures underneath the
freezing point (Figure 2). The energy efficiency of a Li-ion battery is also high (~ 95 %) for a
wide range of conditions as compared to other technologies.

a) b)
§1oo 4
g » £ g
£ 60 £ 5
w 2

| 40 w [ e et ens
) ] CONTS
2 2 2 % \::}‘:s;‘f%
3. g “ e
8 -2 w - :

e 80 Y| 80
0 80 s — ~
T wree 0% soc/% e O * soc/% 0
emperatur Temperatur / °C Temperatur / °C SOC /%

Figure 2: a) charging efficiency, b) energy efficiency and c) resistance (vertical axis) depending on the temperature
(bottom left axis) and the SOC (bottom right axis) [13]

a) b)
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c £
> >
2 ]
o 80 S 80
) S
o o
: g
= 60 8 60
2 g
< z
40 -20 0 20 40 40  -20 0 20 40
Temperature in °C Temperature in °C

Figure 3: Influence of temperature on a) available energy and b) capacity based on [15]

Nevertheless, it is not recommended to operate at high temperatures due to faster aging.
According to [11] using the battery at 45-50°C can halve the lifetime. Furthermore the ohmic
resistance increases over time while the polarization resistance stays almost constant. At 40° C
the ohmic part increases about 20% for hundred cycles (1C charging and discharging current
and 100% DOD variation). These are rather detrimental conditions. However, the conclusion to
be drawn is that the electric performance degrades over time. [16]
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2.2.3. Depth of Discharge and Number of Cycles

In general operating the battery at high DODs is harmful and significantly decreases the life-
time (Figure 4). According to [15] discharging a battery up to 100% instead of 90% of DOD
could result in about 1000 cycles of difference in lifetime. The lifetime decreases to more than
3000 cycles for DODs less than 80%. So to preserve the battery lifetime, the DOD level should
not exceed the 80% for pure EVs and 60% for PHEVSs. [11] Assuming a utilization ratio of about
500 cycles a year (DOD is 80%) the average lifetime of a HEV-battery is 4 years and for PHEV
(DOD is 60%) it is 6 years. Concluding from Figure 4 the correlation between life expectancy
and the operation is shown. For a DOD of 10 % energy is exchanged 40000 times during the
lifetime and falls to 2000 times for rates of 80%.

Similarly to the effect in temperature also for high DODs the internal resistance increases over
time. That has a negative effect on the electric performance. To show the effect a test is per-
formed in [16] for 150 cycles at a temperature of 40°C and CR rates of 1C. Quantitatively it can
be mentioned that for 60 % DOD the internal resistance rises to 150% of its initial value while
the rise is only 130% for 20% DOD.

100
90 | \ [Typical PHEV Cyces|
‘ ol .-41 During Life of Vehicle: e
g 80 l | i-ion
a 70 +—4
3 \
- 60
©
El e \ \ Typical FEV
o . § Operating Window
e —
a —_— - v
8 20 —— — :ﬁq_\-
10 e
0 T T T
0 10000 20000 30000 40000

cycles

Figure 4: Life expectancy for different DOD rates [17]

2.2.4. Charge Discharge Current Rates and Number of Cycles

The influence of charge and discharge rates on the battery capacity, also known as Peukert-
effect, describes the decrease in capacity at high current rates (CRs). The effect is studied
based on datasheet information [15] and the results are summarized in Table 5. The trend
shows that for high CRs the Peukert effect is moderate and that the available capacity even
increases (Table 5). The reason for this can be a temperature increase of the battery. When
looking at the energy instead of the capacity the effect is clear. The energy available decreases
for higher discharge current rates from 19.4 Wh (0.2 C) to 18.3 Wh (2 C). This has two reasons:
One is that, due to the Peukert effect the capacity is reduced, the other is that the average
voltage is lower.
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So, from an energetic point of view it is advisable to operate at low CRs. But in reality, the
occurrence of high discharge rates is not avoidable, e.g. during the acceleration of a vehicle.
Also low current rates extend the charging time, which is user unfriendly.

In the long term charging and discharging the battery at high discharge rates harms the bat-
tery. As an example charging at 2 C instead of 1 C or C/2 can halve the lifetime [11]. Also high
CR rates cause a rise in the ohmic part of the internal resistance which negatively affects the
electric performance (energy efficiency, energy capacity) [16].

Conditions Parameter Energy avail-  Capacity avail-
variation able in Wh able in Ah
Temperature=23+2°C 0.2Corl.1A 19.4 5.3
Discharge voltage lower 0.5Cor2.7A 18.8 5.2
limit: 2,75V 1.0Cor53A 18.5 5.2
1.5Cor8.0A 18.4 5.2
2.0Cor10.6 A 18.3 5.28

Table 5: Energy available during discharging at different CRs based on datasheet [15]
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Figure 5: Influence of CR on available energy based on [15]

2.3. Auxiliaries in Cars

When comparing AEVs with conventional cars, there are several auxiliaries that are necessary
in both kinds of vehicle, others are technology specific. A summary of different auxiliaries
including maximum power and average power requirements for EVs is listed in [18]. The aver-
age power is stated to be 2.47 kW. However, the demand of the auxiliaries heavily depends on
the energy management of a car, the driver behaviour, and the external conditions.

In cold climates the electricity consumed by the high voltage heater reduces significantly the
available capacity of the battery for driving. In electric cars for very low temperatures of -15°C
heating amounts to up to 4.5 kW and can be reduced to 3 kW if air from the interior is mixed
with fresh air [19]. Additionally pumps, fans and other equipment connected to the high and
low voltage network add up to the power demand of EVs. Other typical auxiliaries used in both
conventional cars and EVs that have a high electricity demand are vacuum pumps for braking
enhancement and high voltage compressor for air conditioning [4].
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Compared to this the power required for the charging interface module that enables the
communication with the charging station and activation of the charging process is rather low
(4 W).

A very important auxiliary in terms of energy efficiency is the battery charger which can be
categorized into off-board and on-board types with unidirectional or bidirectional power flow.
Unidirectional charging reduces hardware requirements and simplifies interconnection issues.
Bidirectional charging supports battery energy injection back to the grid but increases com-
plexity [20]. The performance of the charger depends on the technology. Chargers that allow a
wide range of input voltages are applicable worldwide (e.g. Europe ~235 Volt and USA / Japan
~115 Volt) but generally have a lower efficiency. Chargers that are optimized for a certain
input voltage range perform better.

In literature various values for the efficiency can be found. In [7] a charger efficiency of 93%
was assumed which is in-line with information from the industry (up to 94%). A rather good
efficiency was measured in [21] with efficiencies ranging from 95.5 % for full load to almost
98.5 % for a load of 1.5 kW (Figure 6). The efficiency curve characterizes a bidirectional on-
board charger. In [22] a charger efficiency of 88 % was measured and then used for simula-
tions.

98.5

On-board charger
= Equation (7)

Efficiency (%)

95

L L L L L L L
0 1000 2000 3000 4000 5000 6000 7000 800C
Active Power (W)

Figure 6: Bi-directional charger performance
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3. Modelling Approach

In order to clarify the major implications, the following sections summarize and define the
terminology which is necessary to describe complex energy systems. Furthermore, the general
requirements of the model are established and boundaries are set. This will ensure that the
work achieves the goals and can be used in the defined application.

3.1. Simulation Requirements and Validity

The purpose of the model is to estimate the performance of different configurations, compo-
nents and designs as well as to mirror the impact of internal as well as external operational
conditions. Consequently, the requirements and constraints can be defined as follows:

e High precision and validity
e Simplicity of the characterization
o Based on datasheet and generic information
o No special measurements or data obtained by impedance spectroscopy for battery
parameterisation
e Low simulation time
e Validity for fixed sample times in the range of 1 minute or less and simulation periods of
up to 1 year

This will permit testing different energy management strategies that improve energy efficien-
cy, battery lifetime and energy availability, enable optimized engineering designs and allow
simulating various different parameterized models for the investigation of a fleet of electric
vehicles.

Required functionalities of the model:

e Consideration of regenerative breaking and V2G in simulation

e Uncontrolled charging as well as controlled charging with variable charging power

e Model applicable for all electric vehicle drivetrains with typical examples being Citroen C-
Zero, Mitsubishi i-Miev, Peugeot iOn and Smart electric drive

e Different charging modes according to IEC 61851

e Considerations of CR on battery performance

e Only conductive charging

The major limitations related to the model are defined as:

e Modelling of a specific charging station and a specific car not modelling of the behaviour of
a fleet of cars

e European or international standards as a basis for technical applications

e Use of Matlab Simulink for the implementation and compatibility with other models that
consume, produce or store electricity

e No modelling of battery exchange and inductive charging
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Considering the requirements there are opposing objectives. The reason for this is that as a
rule of thumb a more complex model gives more accurate and exact results, but requires
higher computational capacity and more knowledge about the components involved. As a
result, a trade-off between precision and complexity is ideal that supports the required func-
tionality and is capable of describing the major variables involved.

3.2. Modelling Basics

The general approach for modelling the charging infrastructure and the electric vehicle is to
first apply system thinking to understand relationships and linkages between the components
that form the system. Here, it is essential to understand that a system can only be defined by
the function and not by the components it comprises. In modelling complex systems the gen-
eral methodology is the following: First, the system is divided into smaller subsystems accord-
ing to their function. These are described by independent models. By combining the different
submodels and defining their interactions the behaviour of the entire system is accomplished.
[13]

The step from the subsystem to the submodel can be accomplished in two different ways. One
is called physical and the other phenomenological modelling. In physical modelling electrical,
chemical, or thermodynamic equations are used for the characterization, which can be a
rather complex task when modelling e.g. the interaction of molecules in an electrochemical
device.

For reasons of simplification and if the physical conditions and correlations are not known, a
system or its entities can be described phenomenologically. This means that the entity is
treated as a black box and only the correlations between input and output parameters are
analysed. However, in that case the detailed processes are not known so there is danger of not
considering all possible effects. This makes a thorough verification of the characteristics neces-
sary which is in general more complex than in physical modelling. Also, great care has to be put
on the separation of the underlying effects and relations. [13]

Today, in many existing applications hybrid modelling is used, which combines phenomenolog-
ical and physical models. The chosen approach is one factor that determines the complexity
and the accuracy of the model.

Concluding a model is a description of the relations of a certain physical situation. The rela-
tionships are described using mathematical expressions or correlations whereas the quantities
appearing in the equations are interpreted either as variables, parameters, or constants.
Variables in that sense are not known and have to be calculated, while parameters can be
determined and are therefore predefined. Constants in that sense are parameters that are
determined by nature or have a permanent and immutable character. Also, a distinction can
be made between time variant and time invariant parameters.

A simulation is representing a physical situation or a process over time, whereas the basis for
the simulation is a model. If a system is either ,,warming up" or taking its time to respond to a
disturbance, transient behaviour occurs. It is able to describe the transition between different
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states. Whereas, if a system for an interval of time has properties that are not changing the
system is in steady state. The derivative of state variables over time is zero.

In order to achieve a certain engineering decision, certain tools are developed with this work
representing one of them. These tools can be used to fit to a certain application by varying
certain parameters and examining the effect on the results. This makes testing of different
components possible, without changing the underlying relations. Especially when analysing
various use cases and researching different configurations, the comparability and adoption
becomes a powerful characteristic of a parameterized model.

3.3. Battery Models

Therefore, an optimal representation of the efficiency, the capacity and the state of health of a
battery is crucial. This chapter is supposed to establish the basic advantages and disadvantages
in terms of accuracy, computational complexity, configuration effort, and analytical insight of
different models discussed in literature. Similarly to the general modelling approaches pre-
sented in the previous Chapter 3.2, also for batteries there are three approaches. It is not
intended to describe specific models. Examples are listed in [14] and [23]. Rather a categoriza-
tion and review of the categories is presented. Based on this a decision can be achieved which
approach is suited best for the application in the tool.

3.3.1. Physical or Electrochemical Models

This method is based on the internal workings of the battery. Thus, the physics of the battery is
included in electrochemical models, making them very demanding calculations with regard to
time and computation power. Electrochemical models are typically used to optimize the bat-
tery design and the composition. Hence, this approach is not considered as a possible solution,
as the focus remains on the battery performance estimation, rather than the physical design.
Also these models are known to require high computational power, which makes them inap-
propriate for a series of simulations in connection with other green technologies. [14]

3.3.2. Empirical or Phenomenological Models

This approach is simple when there is only one effect to be considered and the operation is
invariant. This would be the case if the car is charged and discharged at the same temperature
to the same DOD. Also in that case this approach needs a low amount of data and has low
computational requirements. However, in this thesis dynamic simulations are required with
changing conditions of the environment and the operations. So this approach seems to be
inappropriate, due to low accuracy of the results or high amount of measured data needed.
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3.3.3. Electric Circuit Models

These models are based on the representation of the battery by an electrical circuit. What is
different to empirical models is that measurements and other data are the basis for parame-
terizing values of the electric circuit. Typically a voltage source is connected in series with
resistances, RC circuits and inductances modelling the voltage response of the battery.

The complexity depends on the dynamics that are supposed to be reflected. The elements of
the electrical circuit change over time which is analysed in Chapter 2. Generally these models
can be categorized in abstract approach and mixed approach [13]. Abstract models consist
solely of an electric circuit, whereas mixed models are extended by a thermal (mostly physical)
model or ageing models (mostly empirical). Using these models it is possible to take different
effects and transients into account, by adding and adjusting the values of the electric circuit
elements [24]. E.g. in [13] the OCV adjusts according to the CR rate, the SOC, and the tempera-
ture. The inner resistances, capacitances and inductances vary according to the temperature
and the SOC. Equivalent circuit models are seen as an intermediate approach between elec-
trochemical and physical models, where the model accuracy and computational efficiency are
balanced [24].

One big issue when dealing with equivalent circuit models is parameterization. For complex
models impedance spectroscopy combined with a mathematical fit is used to define the ele-
ments of the circuit at different conditions. For determining the OCV though a simple and
common approach is presented in [14].

A typical method based on battery data sheets is presented in Trembley et al. [25]. This battery
model is also included in the Matlab/Simulink library SimPowerSystems and has the following
advantages and disadvantages:

Advantages Disadvantages

represent the transient state of the battery limited to describing the charge and discharge
cell curves of a battery cell at constant tempera-
ture and aging

simple parameterization level of accuracy is unknown and will be very
dependent on the available operation infor-
mation from the manufacturer

accuracy cannot be improved

internal structure of the model is not known

Table 6: Disadvantages and advantages of the model of Trembley et al. [25]

Also the approach in [24] is based on data sheet information, but considers the temperature as
well as the discharge rate. Another difference is that there is a differentiation made between
the internal charging and discharging resistance. The idea is to fit the OCV and the resistances,
so that the resulting voltage behaviour matches with the datasheet information.
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Nevertheless the problem remains that the information provided by the manufacturer is
generally idealized and does not capture the complexity of the electrochemistry. The internal
resistance R; provided in the datasheet is measured at low currents and is about 50% to 100%
higher in reality [26]. However, in this application abstract equivalent circuit models based on
datasheet information are the best option. They do not require measurements or complex
physical modelling.
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4. Simulation of Charging and Discharging Process

Considering the requirements and basic modelling considerations outlined in Chapter 3 and
the technology presented in Chapter 2, a model was developed. It is a top-down approach with
the energy management system controlling the power of the EV (controlled charging). Also
uncontrolled charging is possible. In that case e.g. the power is set to the maximum power
supported by the hardware according to the charging mode and the capacity of the charger.
Furthermore the functionality of investigating V2G is possible. V2G is not a standard in real
applications but offers great potential in terms of provision of grid services.

The top-level layout is shown in Figure 7. The reference input for the electric vehicle model is
the grid power. The output is the actual power and the SOC. In the case of uncontrolled charg-
ing the electric vehicle is not an integrated part of the energy management system and stands
as its own. Simply the outputs like SOC and power demand can be measured.

The parameters determining the behaviour of the electric vehicles can be divided into two
categories:

1. The operational parameters are composed by time variant values for the vehicle
speed, the auxiliary power demand, and the information if the EV is connected or not.

2. The design parameters are time invariant and represent the majority of the total num-
ber of parameters. Here typical examples are connected to the EV (e.g. battery param-
eters) and the charging infrastructure (e.g. cable parameters).

€ electric vehicle and charging €
w H . . . m
£ reference grid infrastructure simulation actual grid £
) 3]
& pOWer . ) power, SOC | &0
c > internal state variables: c
D _— g
E power flows -
bo ols b0
Q battery current a
o battery voltage o

operational design

parameters parameters

Figure 7: Layout of the model for controlled charging of the electric vehicle

Modelling the auxiliaries is outside of the scope of this work, because it is not directly con-
nected to the charging process. However, the influence and the power can be set by a time
variant parameter. This vector should match up the power demand of the auxiliaries (e.g.
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preconditioning) with the itinerary. For more information on which auxiliaries exist and their
power demand, please consult Chapter 2.3.

4.1. Internal Structure

Due to fixed sample times of 1 minute the reaction of the control has to be immediate. This
makes a control with feedback loops inappropriate. Also, iterations are not an option due to
limited computational times. Therefore, the only option is an open loop control system which
can set the desired state directly.

The layout of the simulation tool that is controlled by the reference input of the energy man-
agement system is visualized in Figure 8. First, the reference grid power at the house connec-
tion box is converted into the equivalent power at the 0SS, considering transmission losses
and the efficiency of the power electronics. This feeds in a model of the battery which deter-
mines the reference battery current. For constant current operation the model simplifies
because the algorithm that calculates the equivalent current for a certain power is not neces-
sary.

Except of that the procedure is the same and continues with two options that control the
upper SOC level. One is based on Coulomb counting and the other on a maximum voltage.
Both approaches are presented in more detail in Chapter 4.3.2. So, in total there are four
different control options which are a combination of different settings for the reference input
(battery current or grid power) and the charging limitation (based on Coulomb counting or
voltage). The algorithm continues with calculating the SOC and the actual battery power. Then
the power that is provided by the battery is dispatched to the grid, the auxiliaries and the
electrical machine according to the reference power and the reference car power at the OSS.
At the end, the grid power is converted back from the 0SS to the equivalent power at the
house connection box.
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Figure 8: The flowchart of the electric vehicle and charging infrastructure model
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4.2. Charging Infrastructure and Charger

The charging infrastructure and the charger are involved in two parts of the model. In the first
part the reference grid power is transformed to an equivalent requested power at the OSS. In
the second part the actual power of the grid is transferred from the OSS to the equivalent at
the house connection box.

Both power losses and hardware limitations are taken into account in the simulation. The
losses considered for the charging infrastructure are only the cable losses because they can
represent major losses under certain conditions. Other losses caused by switches, cords and
communication are not considered because they are less than 1 % (Chapter 2.1). The cable
losses calculation is based on Chapter 2.1 and the result between single phase and 3 phase
transmission can be compared in Figure 9 a) and b) assuming a copper cable with a cross
section of 10 mm?, a cable length of 20 meter and a cos(¢) of 1. In a single phase system the
losses are up to 0.5 % for a transmission of 3.7 kW and in a three phase system up to 1% for
43.5 kW. This value is rather low; but may rise for a higher resistance.
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Figure 9: Transmission losses for single phase and three phase transmission

For the charger the efficiency curve presented in Chapter 2.3 based on [21] was implemented.
The curve is normalized to the rated capacity of 8000 W and assumed to have the same char-
acteristic, when operating both as a rectifier or an inverter (Figure 10). The efficiency can be
adjusted according to the application and the charging technology by importing different
curves and the rated capacity. Also the characteristic of a DC off-board charger can be imple-
mented in this way.
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Figure 10: The performance of the bi-directional converter

Other effects apart from part load behaviour were not considered. The reducing effect of frost
on the charger performance was not considered. Saturation blocks in Simulink limit the re-
quested power according to hardware boundaries (charging mode and capacity of the
charger). That way both controlled charging and uncontrolled charging can be simulated with
the same model structure. By setting the reference grid power to infinity will automatically be
reduced to the maximum possible values.

4.3. Electric Vehicle Battery Simulation

Different approaches for battery modeling are presented in Chapter 3.3. The conclusion of this
chapter is that the only suitable approach is equivalent circuit modelling. The model imple-
mented is a constant resistance in series with a SOC dependent open circuit voltage (Figure
11). This model does not include any resistances in parallel with a capacitance and is therefore
limited to quasi-steady state considerations. The advantage is the simplicity which results in
low parameterization and coding effort, as well as low runtime.
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Figure 11: Equivalent circuit model of battery cell

4.3.1. Assumptions

The assumptions for the battery model are the following:

e The internal resistance is supposed to be constant during the charge and discharge cycles
and does not vary with the amplitude of the current.

e The model’s open circuit voltage is the average between the discharge and the charging
curve for 0.7C.
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e The capacity of the battery does not change with the amplitude of the current (No Peukert
effect). However the voltage does change.

e The effect of the temperature of the battery is not considered.

e The self-discharge of the battery is not represented.

e Every cell has the same characteristic, the same parameters and the same behaviour;
there is no mismatch.

e The charging efficiency is not considered.

e Aging is not considered.

The temperature dependence was not considered due to the following reasons: From available
data no correlation between the battery temperature and the resistance or OCV can be devel-
oped because the datasheet information is based on the ambient temperature. Furthermore
the effect of temperature on the terminal voltage is presented. Furthermore it cannot be
distinguished between effect of temperature on resistance or OCV. Also it is not considered
concerning the maximum capacity that can be charged.

The open circuit voltage can be approximated as the average between the charging and dis-
charging curve in the SOC window in the linear zone.

VOC (SOC) = (Vcharge,0.7c (SOC) + Vdischarge,OJC(SOC))/z (14)

For low and high SOCs this assumption does not hold (Figure 12). However EVs are usually
operated in the linear zone between ~90 and 15 % [24], so the average voltage is a good esti-
mate for the OCV. The fact that the OCV increases during longer periods of charging and de-
creases for discharging as described in [13] is not considered. The resistance was assumed to
be the average resistance for an SOC between 20% and 80%. Considering it constant simplifies
the simulation and does cause insignificant changes in the resulting terminal voltage.
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Figure 12: Graphical explanation of determining the open circuit voltage from a charge and discharge curve [15]



4. Simulation of Charging and Discharging Process 24

Furthermore, analyses of a datasheet have shown that the Peukert effect has very little effect
on the capacity (Chapter 2.2.4) and even increases for high discharge currents. Therefore it can
be neglected. The self-discharge of the battery is neglected due to the low influence (Chapter
2.2.1). The assumption that every cell has the same behavior is motivated by the fact that the
model is supposed to represent the average performance of a cell, although in reality cells
even from the same kind vary significantly in their characteristics [16].

The cells are interconnected to modules so that the energy capacity can be scaled. In Chapter
2.2.2 it is presented that the charging efficiency of a Li-ion battery is almost ideal and can be
considered to be 100%. Nevertheless together with the self-discharge this assumption can
cause problems in the long term due to Coulomb counting. For long time periods this will
result in diverging of the model with the reality. Aging is not considered in the sense that the
parameters do not change automatically. Nonetheless, changes in the parameters can be
incorporated by either decreasing the capacity or by varying the electric parameters of the
model (mainly the ohmic resistance).

4.3.2. Implementation of the Control

The open loop control of the battery is implemented as two stages. The first stage determines
the charge and discharge rate while the second stage limits the current, so that the SOC win-
dow is maintained. For both stages there are two control options.

In stage one Option a) the input is the reference grid and car power including auxiliaries and
the electrical machine. For determining the CR the internal states of the battery are essential.
Basically the algorithm implemented solves the equivalent circuit by taking into account the
open circuit voltage, the reference power and the resistance (Figure 13). The methodology is
presented in Chapter 4.3.3. Option b) is a simplification because the CR is set directly as the
reference input for the second stage. An algorithm is therefore not necessary.

The second stage sets the boundaries for the SOC window by reducing the battery current
(Figure 14). In option a) the current is limited so that the SOC remains inside the operational
window (Coulomb control):

Qmin < Qactuar T 1+ At < Qmax (15)

Here Q,in is the minimum operational capacity, Qgctuq IS the present capacity, At is the time
step and Q4 is maximum operational capacity. In option b) the voltage does not exceed the
maximum (voltage control) by securing the following balance:

Vt,min < Voc +I-R< Vt,max (16)
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Here Vi min is the minimum terminal voltage, V,. the open circuit voltage, | the current, R the
internal resistance and Vi 45 the maximum terminal voltage.
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Figure 13: Layout of the controller stage 1
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Figure 14: Controller stage 2
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4.3.3. Solving the Equivalent Circuit

An important part of the control stage 1 option a) is determining the battery current for the
equivalent circuit. The two basic equations that follow from the chosen equivalent circuit are

Vbat = Voc + Ipat " Ri (17)
and
—Ppat = Ipat * Vhar (18)

where Vy,; is the battery voltage, V. is the OCV, I, ,; is the battery current, R; is the internal
resistance and Py, is the battery power. The reason why the power is negative results from
the definition of the power flow and the current flow. Solving (18) for V3, ,; and inserting in (17)
Vyat and rearranging leads to the quadratic function:

0=R;- Ibatz + Voc * Ipat + Poat (19)

Developing the equation further leads to the following two equations

Voc 2 VOCZ —4-R;- (Pbat)
Lyt + ) _ (20)
( bat 2 . Rl 4 . RLZ
—Voc t \/Vbcz —4- (Pbat) "R; (21)

Ibat; 1,2 = 2 . R
4

Problematic here is that the quadratic function can have either two, one or no solution. This
can cause problems in the simulation and therefore suitable measures have to be taken so that
the algorithm produces valid results. From left side of equation (20) follow two cases. The first
case occurs during battery charging with I, > 0 and P,,; < 0. Here the expression inside the
brackets becomes positive. When the open circuit voltage and the resistance is positive and
the battery power is negative during charging, also the right side of the equation becomes
positive. This allows the conclusion that only one solution for I, is valid and it must be posi-
tive in this case. The result with I;,; being negative can be ignored. The second case occurs
during discharge with I, < 0and P, > 0. Here the equation has no real solution for

Voc? S L . . . .
Ppar > ﬁ. In order to avoid simulation inconsistencies the maximum battery power is set to
i

Voc? . . .
Pya: = -2 so that the root does not become negative. Testing the algorithm revealed that
4'R;

there is only one valid solution for the quadratic function. In the algorithm this is considered by
disregarding the second mathematical solution. The result is visualized in Figure 15. It can be
seen that for high powers as an input (power requested) the allowed output power is reduced.
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Figure 15: The limitation of the power for solving the equivalent circuit.

4.4. Power Allocation

The equipment connected to the HV OSS is visualized in Figure 16. The power flow is defined
towards the OSS. Power flowing towards the charger, the battery, the electrical machine and
auxiliaries is negative. The sum of all power flows are zero:

Pcharger + Ppat + Pauxem =0 (22)

where Pepqrger is the charger power, Py, is the battery power and Py e is the power of
the auxiliaries and the electrical machine. Power flows towards the charger during V2G, to the
electrical machine during regenerative breaking, and to the battery during charging. Both
directions for all three power flows are considered and implemented in the simulation.

on-board supply system

charger battery
Pcharger Pbat

Paux, em

auxiliaries and
electrical machine

Figure 16: Definition of the power flows

The idea is that for each time step the average behaviour of all the components is modelled.
This means that also a situation has to be considered where both charging and driving can
occur. So in the simulation it may happen that power required for the car occurs at the same
time as the power from the grid. The battery will not always be able to meet the request for
example when the battery is almost empty. In this case the battery power has to be allocated
to the car and the grid. Both requests from the grid and the car are given the same priority.
Naturally also the power can be exchanged directly between the grid and the car auxiliaries
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and electrical machine via the charger and the OSS. The condition that the absolute battery
power is higher than the charger and the car power is not possible, due to the architecture of
the control.
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5. Verification and Results

The most important criterion for the assessment of the quality of a model is the convergence
of the simulation with the behaviour of the simulated object in reality. Inconsistencies may
origin from mathematically induced errors, due to modelling architecture, and effects that are
not taken into account. In order to eliminate coding errors, the following methodology is used:

The model and its subsystems are tested systematically, using the two-step clear-box testing
approach. A white box test ensures that every single path of the code returns an expected
solution (either a result or an assertion). For complex models the code can also be translated
into a flow chart, determining the paths that the program can follow, and finally analysing if
expected results are obtained in each of the paths. Black box testing ensures that the outputs
of a code are as expected, but in contrast to the white box testing, the analysis is completed
with no knowledge of the inner code structure. For this examination the code is run for several
numbers of input groups and the result must always be as expected. The code should be
tested for the full range of values that have been set as the boundary conditions.

For testing the model assumptions, the general procedure is to first separate the testing for
steady and transient state. Then, each module is verified independently and finally the model
can be analysed as a whole. The test procedures necessary to confirm the validity depend on
the nature of the model (phenomenological, physical or hybrid) and on the model require-
ments. The testing itself is not part of the thesis and will be carried out as consecutive projects.

5.1. Verification of the Battery Model

Figure 17 represents the validation of the battery cell voltage during operation with constant
discharge current of a) 1.06 A (0.2 C), b) 2.65 A (0.5C),c)5.3A(1C),d) 795A (1.5C) and e)
10.6 A (2 C). The datasheet information is compared with the results of the model. When
looking at the diagram, it can be observed that for every current the error reaches its maxi-
mum for a SOC of 0 %. The reason for the difference are the assumptions for the OCV and the
resistance. The OCV is assumed to be the average between the discharge curve and the charg-
ing curve for a current equivalent to 0.7 C. The resistance is an average over the SOC window
range (Chapter 4.3.1).

When looking at the worst case, for a discharge rate of 1 C the error is 15 % or 0.5 V. Consider-
ing that the SOC for each cell is between 20 % (1.06 Ah) and 80 % (4.24 Ah), the maximum
error is much lower. Here, the worst case occurs for a medium discharge rate of 0.5 C and a
capacity of 1.06 Ah. The maximum error amounts to 2 % (Figure 17 b). For low currents (Figure
17 a) the model shows a higher voltage than the curve of the datasheet. For high currents
(Figure 17 e) the opposite is the case. The model curve is on average beneath the datasheet
curve.
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Figure 17: Discharging behaviour of the model compared with datasheet information
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Figure 18: Charging behaviour of the model compared with datasheet information

During charging the model shows an almost perfect accuracy for errors less than 0.03 % in the
SOC window of 20 % and 80 %. For an SOC of 0 % the error is higher and amounts up to 5 %
(Figure 18). This result is expected because the curve was used for parameterization. Of inter-
est would be other charging curves for the examination of the quality of the model.



5. Verification and Results 31

5.2. Verification of the Control Strategies

The tool is set up for the support of different open loop control strategies. These control
strategies are tested for their applicability and performance. The difference between them is
the reference input, which is either a variable power or a constant current. Also the control
strategies differentiate in how the SOC is limited during charging and discharging. In one case
the charging current is reduced, so that it converges to a predefined capacity. In the second
case the current is controlled, so that it converges to a certain voltage.

In industry voltage control is applied because Coulomb counting is more complex in the im-
plementation. This has two practical reasons. The first is that measuring the voltage is simpler
than measuring the current and integrating it over time. The second reason is that inefficien-
cies, leakages and self-discharge cause deviations of the real and the counted capacity. This
error increases over time if it is not set back regularly. However, it is a useful and simple con-
trol that can be used for simulations.

Standard for most vehicles is CCCV control which is known as uncontrolled charging and is also
implemented in this tool. The reason for choosing open loop control is that it allows long
simulation time steps in the simulation.

5.2.1. Controller Stage 1: Power and Current Control

The power control which is used for V2G and to manage the power that is exchanged with the
grid is the option a) for the controller stage one. The results and the response are depicted in
Figure 19. It can be observed that the grid power varies and drops under 0 (V2G). For better
visibility the actual grid power was lifted by 0.5 kW because the two curves match. The fact
that they match is expected because there is no delay considered for the battery charger. Also
there are no disturbances considered that influence the actual grid power.

- \ Py
- - - ~

~ — Actual grid power + 0.5 kW \
Reference grid power

Power from the grid [kW]

time [minutes]

Figure 19: Behaviour of system for variable power control

The second option b) is to set the reference current directly which makes developing an algo-
rithm for the first stage unnecessary. Also here V2G application can be tested, but in this case
a constant current was assumed. The result is depicted in Figure 20 with a slightly rising power
which corresponds to the rise in voltage. Although the actual grid power and the terminal
voltage show a similar behavior, the changing efficiencies of the transmission and the charger
cause a non-proportional relationship. Combined with the constant voltage control (Chapter
5.2.2), this control strategy represents the so called uncontrolled charging for EVs (CCCV).
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Figure 20: Behaviour of the system for a constant current of 0.53 A (0.1C)

5.2.2. Controller Stage 2: Capacity and Voltage Control

Also for the second stage there are two options implemented. The first one is based on the
capacity of the battery. Before reaching the upper or lower boundary the algorithm reduces
the current, so that the capacity converges to its maximum (Figure 21 a). The terminal voltage
decreases, once the current drops (Figure 21 b and c). As a result, also the battery power
converges to zero (Figure 21 d). For the simulation a constant current of 0.53 A as a reference

input and a sample time of 1 minute was assumed. For lower sample times the response time
is even shorter.
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Figure 21: Behaviour of the battery for the controller stage 2 based on capacity

The second option is called voltage control. Also here the current is controlled, so that the
voltage remains within the upper and lower boundary. For the verification charging to a maxi-



5. Verification and Results 33

mum voltage of 4 V was simulated. The battery current drops to zero as well as the power
once the upper voltage limit is reached (Figure 22). Also here the current is 0.53 A and the

sample time is 1 minute.

=
<
= 43
= r
o
g 428
a) g
o
5 4.26
2z
& 424
<3 0 1 2 3 4 5 6 7 8 9 10
© Time of the day [hours]
s 4
()
g
b) S 3.995
©
£
E
()
F 399
1 2 3 4 5 6 7 8 9 10
time [minutes]
- 1
<
E 0.5
c)
> 0
g
3
@ 05
0 1 2 3 4 5 6 7 8 9 10
time [minutes]
2
B}
<3
g 0 I
d) :
> 2
2
3
o 4
0 1 2 3 4 5 6 7 8 9 10
time [minutes]
Figure 22: Behaviour of the battery for the controller stage 2 based on voltage
5.3. Test Case

In order to test the electric performance of an AEV, a simulation was carried out. The usable
energy capacity is assumed to be 15.9 kWh and the simulated period is a one day starting at
midnight. As a control strategy, constant current with coulomb counting and a sample time of
one second was chosen. The assumptions are the following:

Infrastructure and charger

e Grid voltage of 230 V (phase to neutral) and a cos(¢) of 1

e Cable length of 20 meters between the charging station and the house connection box
2 :mm?

with a cross section of 10 mm? and a relative resistance for copper of 1.678 - 10~

e Charging cable length of 5 meters [9] and a copper cable with a cross section of 10 mm?

e Single phase mode 2 charging with a maximum power of 3.7 kW

e Charger with a capacity of 3 kW similar to Mitsubishi | Miev [27] and Smart for two
(Source: Flinkster car sharing)

Battery
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e 100 cells in series resulting in a nominal voltage of 365 V (Voltage level between 300 V and
500 V according to [2])

e 11 cells in parallel resulting and a usable energy capacity of 15.9 kWh which is similar to
the energy capacity of Smart for two (16.5 kWh [28]), and Mitsubishi | Miev' (16 kWh [29])

e Characteristic of the Boston power Li-ion cell with a rated capacity per cell of 5.3 Ah [24]

e Minimum amount of charge of 1.06 Ah and a maximum amount of charge of 4.24 Ah per
cell resulting in a nominal energy capacity of 21.23 kWh

e Aninitial SOC of 1 equivalent to a capacity of 4.24 Ah per cell

Vehicle
e Electricity consumption of 0.2 kWh/km including auxiliaries [30]

As operational parameters, the velocity profile in Figure 23 (a) was set. It represents a typical
dynamic profile for a car that is used inside the city for a service company. Together with the
constant specific electricity consumption per km the car power is proportional to the speed.
During the period of 24 hours, the car is used 4 times which can be seen as a use case for a
cost effective operation of an electric vehicle. The power availability is depicted in Figure 24
(a). The basis for this curve is a maximum grid power of 3.7 kW and an availability of the charg-
ing station at three periods of the day (from 03:10 to 08:20, 12:15 to 18:00, 19:00 to 23:10).
For the simulation fixed time steps of one second are used. The vehicle speed data has a
resolution of one second as well.

Number of . .
. . Final . . Grid energy
journey / Travel distance Charging time
. . SOCyindow demand
charging period
1 42.5 km 35.2% 3 hours and 3 minutes 9.09 kWh
2 18.0 km 73.19% 1 hour and 17 minutes 3.86 kWh
3 25.3 km 62.1% 1 hour and 48 minutes 5.42 kWh
4 17.7 km 73.8% - -

Table 7: Summary of the test case simulation

Considering the assumptions made and the parameters that were set, the simulation shows
interesting results for the performance of the electric vehicle (Figure 23). The vehicle drives a
total amount of 103.5 km and requires 18.37 kWh from the grid. After each journey, the vehi-
cle can be fully charged. The power from the grid amounts to 3.009 kW including losses of the
transmission of 9 W.

! The Mitsubishi | Miev is also called Peugeot iOn, Citroén C-Zero and Mitsuoka Like (LWB)
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Figure 23 e) shows the SOC,;.4ow during operation. It represents the SOC based on the differ-
ence in capacity between the maximum and minimum operational amount of charge (Chapter
2.2). Considering the values after the third charging process, where the battery recovers to a
SOC,indow Of 1, conclusions for the performance of the charging system can be drawn.

The specific electricity consumption at the grid is 0.214 kWh/km. Recalling that the electricity
consumption from the battery for propulsion and auxiliaries was assumed to be 0.2 kWh/km,
this results in energy efficiency of the charging process of 93.45 % (including 97.9 % for the
battery, 95.5 % for the charger and 100.0% for the transmission). The SOC,ingow drops to 35.2 %
for the first journey, to 73.19 % for the second, 62.1 % for the third, and to 73.8 % for the
fourth journey. For the use case this means that a successful operation in terms of battery
capacity can be realized. Also fully charging the EV after each journey is possible. Without
charging the battery it is empty after 64.2 km, so in theory there is no necessity for the second
charging process. In total it takes about 5 hours and 30 min to fully charge the battery from an

empty state.
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Figure 23: Performance of the EV

The internal states of the battery can be observed in Figure 24. The first plot shows the grid
power that is available in theory during the charging process as well as the power that is actu-
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ally used. Both curves indicate that the full power is used immediately after the vehicle arrives
at the charging station. Also they illustrate that the charging process stops after 3 hours and 17
minutes with a buffer of about 2 hours until the next journey starts. Hence, there is potential
to either reduce the charging power or to delay the charging process.

The vehicle power demand which is proportional to the vehicle speed is shown in the second
plot. The power is negative because all the electricity flowing towards the OSS is defined to be
positive. The terminal voltage per cell varies between 3.59 V and 4 V and the current between
0.71 A (charging) and -4.96 A (discharging) per cell. The battery power at the OSS varies be-
tween 20.5 kW (discharging) and -2.9 kW (charging).
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Figure 24: Internal states of the model for the test case

5.4. Review of the simulation tool

The test case has shown that the tool is able to describe the major variables involved in the
charging and discharging process of an EV. The accuracy of the complete tool depends heavily
on the assumption for the specific power consumption per km. For the battery the only effect
modelled is the charge and discharge rate during a cycle. Other effects as described in Chapter
2.2 are not considered.
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As a guideline the test case demonstrates the methodology for parameterizing the model.
Together with the explanations in the previous chapters the characterization of the compo-
nents becomes simple and allows users a quick understanding of the tool. All the information
needed is based on datasheets, on publications or input from the industry and can be freely
used. The methodology avoids measurements for parameterisation of the battery and other
components. However, measurements are seen as a possibility to improve accuracy.

Further low simulation times are achieved. The elapsed time for a simulation with a time step
of 1 minute and simulation of one day takes typically about 1.6 seconds. For the simulation a
standard processor with 3.4 GHz, a random access memory of 4 GB and a 64 bit operating
system was employed. The sample time and the simulation period can be adjusted to serve
different study purposes.

The tool permits testing different energy management strategies that improve energy efficien-
cy, energy availability, and battery aging by controlling the CR to the battery during charging.
Limiting the CR causes a reduction in temperature of the battery and an in general an exten-
sion of the lifetime. However, a quantification of the aging process is not possible. For analys-
ing the charging infrastructure the tool incorporates cable losses and charging modes. This
allows researching the effect on the charging process in terms of time required and resulting
efficiency. In addition the tool is implemented as a referenced model in Matlab/Simulink which
permits the investigation of a fleet of EVs with the same underlying model but with altered
parameters. In terms of universality the allocation of power allows a bidirectional flow of
battery, car and grid power which simulates regenerative breaking and V2G operation.

For the analysis of different charging processes a useful feature is the control system. Both
uncontrolled charging as well as controlled charging with variable grid power is implemented.
As a result it is possible to study an EV as a controllable load for an optimal dispatch of the
available electric power in a smart grid.
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6. Conclusion

The tool developed in the thesis contains a model of the electric vehicle and the charging
infrastructure, as well as a control algorithm. It allows the simulation of an electric vehicle
including driving and charging and is optimized for low computational effort and wide applica-
bility. The simulation takes 2 seconds for one day with a sample time of one minute on a
standard computer. The battery is modelled as an equivalent electric circuit with a variable
open circuit voltage in series with a constant resistance. The charger is characterized by an
ideal response time and a power dependent efficiency. The losses of the transmission are
composed of the charging cable and the cord to the house connection box. Defining parame-
ters of the respective models allows the simulation of various designs and operational condi-
tions.

A review of different battery models showed that simple equivalent circuit battery models are
the only option for an application in the presented simulation tool. They require low parame-
terization effort, are based on generic information, and have low computational time. More
sophisticated equivalent circuit models need measurements, and physical models involve
knowledge of the composition, as well as complex calculations. Accordingly, a battery model-
ling approach for EVs is implemented that fulfils all requirements. It is based on an electric
circuit and considers the performance for different CRs. For the applied battery the voltage
error is less than 2 % when comparing with information provided in a data sheet.

The main performance indicators for batteries are energy efficiency and energy capacity. High
temperatures and high current rates have negative consequences as well as discharge to low
DODs and large number of cycles. These operational parameters can be differentiated be-
tween having short and long term as well as reversible and irreversible effects. The findings are
that (a) low temperature strongly affects the charging/discharging capability and the available
energy of a battery, (b) high temperatures and full DOD accelerate the energy fade and short-
en the battery lifetime, and (c) high current rates decrease energy efficiency and shorten the
battery lifetime for both charging and discharging.

The main components that cause losses during charging are presented and found to be the
charger (around 93 %) and the battery (around 95 %). The auxiliaries are found to have a
strong impact on the EV performance. They require an average of approximately 2.47 kW and
can cause a quick depletion of the battery due to thermal conditioning.

The implemented control mimics the behaviour of a real charger. No feedback loop is imple-
mented due to simulation sample times of up to 1 minute. Rather, a two stage open loop
control enables simulations of controlled and uncontrolled charging (CCCV). The first stage
determines the current rate and the second stage limits the current to the SOC window. As a
reference input for the control the grid power or the current is set.

In a test case, an EV with similar parameters to the Mitsubishi iMiev and a typical charging
process is simulated. A dynamic velocity profile was chosen resulting in a specific grid electrici-
ty consumption of 0.214 kWh/km. The energy efficiency is 97.9 % for the battery, 95.5 % for



6. Conclusion 39

the charger and 100.0% for the transmission resulting in a total efficiency of 93.5 %. A total
distance of 64.2 km is the maximum value for an EV with a battery energy capacity of 15.9
kWh.

6.1. Further Work

It is evident that the integration of EVs requires further research and development on both the
grid and the vehicle level. Here the tool can be used to investigate current research topics such
as energy management strategies, vehicle fleet operation, and thermal preconditioning.

As a continuation of the project further research on both the electric vehicle and certain
components such as the battery are highly recommendable. The review of different battery
models has shown that battery characterization is a key for understanding the complex
interconnected effects that influence battery performance. Furthermore, sophisticated models
allow the incorporation of more characteristics that influence battery performance
parameters such as temperature. A first step could be the expansion of the battery model by
considering the themal behaviour. A common approach is presented in [14]. This also enables
long term characterization of batteries and incorporation of aging models.

In the tool a constant value for the electricity consumption per km was used. This assumption
can be avoided by modelling the demand dynamically. Here the consideration of acceleration,
recuperation, and losses will improve the model noticeable. As a verification of the model, the
messages that are transmitted via the CAN-bus contain useful information about the state of
the vehicle. It is possible to read this data using commercial measurement technology. Conclu-
sions can be drawn in terms of:

e energy and cycle efficiency

e charger efficiency

e battery temperature level

e battery terminal voltage level

e storable energy at different temperature levels
e electricity demand of auxiliaries

e power limitations of the charger

From the perspective of the industry, this work sets the basis for service and product devel-
opment. In particular, virtual power plant operators and distribution system operators require
simple simulation tools that can be applied in the control of an energy management system.
Implemented in a SCADA (Supervisory Control And Data Acquisition) system, the algorithms
can help organize generation, storage, and demand. They can also control electric vehicles.

Furthermore, the tool can be used for demand forecast of electric vehicle charging stations
because it can generate a profile that varies with the design of the EV, the charging station,
and the control strategy. For vehicle fleet operators, this tool can help test the application of
EVs as an alternative to conventional cars, as well as estimate the distance an EV can travel
and charging times according to different charging modes. In conclusion, the algorithm pre-
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sented above offers a promising and effective methodology with which to model and predict
the performance of electric vehicles in society.
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In general, the capacity of a cell may refer to the amount of charge that can be charged, dis-
charged or stored by the cell. Capacities are specified in the unit Ah and are the product of
current and time. A discharge rate of 1C means that the battery is depleted in 1 h while 2C
indicates that the battery is discharged in only half an hour. The different types of capacity are
described below:

Nominal Capacity

The nominal capacity is known as the capacity of a cell, which can be discharged at nominal
conditions (nominal current and nominal temperature) until a certain predefined minimum
voltage is reached.

Removable capacity

The removable capacity is the amount of charge that can be discharged at any predefined
power and temperature until the final discharge voltage of the cell is reached. Due to the
arbitrariness of power and temperature, there is one value for each case.

Maximum available capacity

The maximum available capacity describes the amount of charge that can be removed from a
fully charged cell. For a new cell the maximum available capacity is equal to the rated capacity.
For used batteries the state of health (SOH, see below) is the mathematical representation of
the age.

Capacity loss

The capacity loss refers to the phenomenon that a cell can store and release less capacity. The
capacity loss can either be reversible (SOC) or irreversible (SOH).



